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CYCLOTRON PRODUCTION OF SHORT-LIVED RADIONUCLIDES AND
LABELLED COMPOUNDS FOR USE IN BIOMEDICAL RESEARCH AND
CLINICAL DIAGNOSIS

John C Clark BSc (Durham)
Submission for the Degree of DSc in the University of Durham 1994.

ABSTRACT

The works submitted in this thesis cover the development of
methods for the production in a cyclotron of a variety of radionuclides and
their incorporation in radio-labelled compounds for use in biomedical
research. In addition, papers are included which describe biomedical
applications of such radio-tracers. My co-authorship of these publications
reflects my interest in the design and execution of experiments in the realm
of interdisciplinary research. The original contributions to science embodied
in the publications submitted include examples of novel radiochemistry
applied in the areas of cyclotron production of short half-life radionuclides
and their radiochemical purification. In many cases the use of these
radionuclides in biomedical research has added new information to the body
of medical scientific knowledge.

Novel radiolabelling strategies using very short half-life
radionuclides are included. These have necessitated the development of
rapid radio-organic syntheses, several of which have been achieved using
automated microchemical engineering process plants of my design. I have
also developed novel systems for the administration of radionuclides and
radio-labelled compounds of pharmaceutical quality, widely acknowledged
to be “World Firsts.” My invention of the 81Krm radionuclide generator
resulted in publications covering a wide range of medical applications.
These are included with the thesis. The device is now produced in many
countries around the world for use both in routine clinical diagnosis and in
research, particularly in lung disease. More recently, I have created an
automated bedside infuser of H,150, which has revolutionised
measurements of regional cerebral blood flow using the technique of
Positron Emission Tomography for in vivo regional mapping of brain

activity.
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INTRODUCTION

The publications within these volumes and the appended book represent the
development of cyclotron methods for the production of a variety of
radionuclides and radio-labelled compounds for use by biomedical researchers
to address biological aﬁd medical scientific questions with the goal of
achieving a better understanding of disease, its diagnosis and and the effect of

treatment, in order to develop rational therapies.

In addition publications are included which describe biomedical applications
of such radio-tracers. My co-authorship of these publications reflects my
profound interest in experimental design and execution in the realm of

interdisciplinary research.

ORIGINAL CONTRIBUTIONS TO SCIENCE

The original contributions to science embodied in the publications submitted
include examples of novel radiochemistry applied in the areas of cyclotron
production of short half-life radionuclides and their radiochemical
purification (2, 3, 4, 12, 14, 15, 17, 18, 19, 20, 48, 54). In many cases the use of
these radionuclides in biomedical research has led to original contributions to
medical scientific knowledge (1, 5, 6, 7, 8, 16, 28, 33, 41, 46, 52, 53, 55, 56, 63, 76,

77).

Novel radiolabelling strategies using very short half-life radionuclides which
have necessitated the development of rapid radio-organic syntheses are

included (21, 22, 23, 43, 44, 57, 59, 65, 72, 78). Several of these have been



achieved using automated microchemical engineering process plants of my

design (57, 65, 72, 78).

I have also developed novel delivery systems for radionuclides and radio-
labelled compounds of pharmaceutical quality, widely acknowledged to be
“World Firsts.” The First is my invention of the 81Krm radionuclide generator
(27, 36). A wide range of medical applications of these 81Krm generators are
included (9, 10, 13, 30, 31, 35, 37, 38, 39, 40, 42, 47). The device is now produced
in mény countries around the world for use in routine clinical diagnosis
particularly in lung disease. The Second is the automated bedside infusor of

H,150 (71, 78).

The availability of the H150 infuser has revolutionised measurements of
regional cerebral blood flow (RCBF) using the technique of Positron Emission
Tomography (PET) (63, 76, 77). Many centres around the world are now either
commissioning my manufacture of the device or assembling devices to my

design.

FORMAT

Refereed Journal publications within these volumes are clearly marked (R])
in the reference list. Interspersed with these in chronological order are
articles which represent contributions to books, reviews and conference
proceedings. Published abstracts of scientific presentations have been
included where the published input did not of itself justify a full paper, but

which formed the basis upon which studies by other groups were founded.



The book “Short-lived Radioactive Gases for Clinical Use” which contains a
wealth of information has been in constant demand since it was published in
1975. Although now out of print I continue to receive requests for copies to be
released from my now rapidly dwindling stock. It is perhaps timely that a
revised edition be prepared.

Some of the publications presented take the form of reviews which have
more often than not been commissioned as part of a teaching commitment (

32,34,45,40,67,68,73,78) .

PERSONAL CONTRIBUTION

Most of the publications presented here are the result of multi author
endeavours. My contribution to these papers is shown clearly in the reference
list. Two figures are given : the first indicates the fraction (percent) of the
radiochemistry, for which I personally was responsible, and the second the
fraction (percent) for the whole work. In many cases I was the only chemist

involved, this my contribution to the radiochemistry is shown as 100%

PERSONAL SCIENTIFIC RESUME

My 3 year undergraduate chemistry studies in Durham were followed by a
further year of post graduate studies in the Londonderry Laboratory for
Radiochemistry with Graham Martin, then Reader in Radiochemistry. The
use of radioisotopes as a tool for medical research became a great attraction to
me and I eagerly expanded my skills both in the theory and practice of
radiochemistry which quickly led me into an involvement in biological

applications of the radiotracer methodology. During the course of my



postgraduate training I was re-acquainted with one of Graham'’s former PhD
students who had recently returned from Brookhaven National Laboratory to
join the Medical Research Council team at Hammersmith Hospital. I was
intrigued to hear from him the plans at Hammersmith to use a cyclotron to
produce radionuclides with short half-lives for use in biomedical research. I
was fortunate in being able to join the Hammersmith team myself in 1961. 1
found the team very receptive to many new concepts I introduced for the use
of the cyclotron to produce radionuclides. The opportunities of working with

interdisciplinary teams of researchers was mutually rewarding.

The teams include basic scientists and clinical scientists who at Hammersmith
particularly have a long established tradition of interdisciplinary research. I
found myself working alongside mechanical, electrical and electronic
engineers, medical and nuclear physicists, biochemists, pharmacologists,
pharmacists, neuroscientists, physiologists and cell biologists in the basic

sciences.

In the clinical sciences I work with radiotherapists, radiologists, respirologists,
paediatricians, obstetricians and gynaecologists, cardiologists, neurologists,

surgeons, endocrinologists, gastroenterologists and psychiatrists.

The publications on the applications of radionuclide tracers will be seen to be

co-authored by members of these diverse teams.



EVOLUTION OF THE USE OF RADIONUCLIDES IN BIOMEDICINE
Although the first radionuclides to be used for biomedical research had been
made using a cyclotron before the 1939-45 war the advent of the nuclear
reactor with its prolific neutron flux enabled the production of many more
radiotracers in the post war years. They were for the most part neutron rich
radionuclides with half-lives commensurate with the need to be able to ship
them from the few accessible reactors to the users. This usually meant that
only tracers with half-lives greater than a few days were available. The
Medical Research Council foresaw the potential for the re-introduction of the
cyclotron for radiotracer production close to the site of use, thus opening up
the exciting possibility of using neutron deficient tracers with half-lives of
only minutes. This opened up the intriguing possibility of using multiple
doses of radiotracer in test and retest biomedical experimental protocols as the
tracer could be allowed to decay between measurements. In the early days we
made these measurements using discrete fixed external radiation detectors
(probes) located close to the organ or region of interest. At the birth of medical
imaging using radionuclides, probes were mechanically driven to “scan” the
region of interest and the radiation events collected and recorded
simultaneously on a two dimensional display. The externally detectable
gamma rays were “focused” by the probes either by the use of heavy lead
collimators or by exploiting the coincidence detection of positron annihilation
radiations (2 x 511 KeV photons with 1800 correlation) using opposed pairs of
detectors set electronically only to produce a signal where the two photons

were detected in time coincidence. As many of the tracers produced with the

cyclotron were neutron deficient and decayed by positron (f+) emission,



positron radionuclide imaging could be exploited in many of the

Hammersmith pioneering biomedical studies.

The use of simple chemical forms of the positron emitting tracers eg 150, was™ ™

soon expanded to the radiolabelling of much more complex molecules with
Carbon-11 (half life 20 mins) and fluorine-18 (half life 110 mins) which in
many cases involved the design and execution of rapid organic
radiosyntheses and purifications to achieve the desired goal of radiolabelled
metabolic substrates such as 11C-glucose, pharmaceuticals such as 11C-
methylspiperone and related compounds such as 18F-fluoro amino acids and

18F labelled chlorofluorocarbon propellants for drug inhalers.

The ability to exploit positron emitting radiotracers was revolutionised with
the advent of Positron Emission Tomography (PET) imaging systems. These
systems still exploit the coincidence detection technique referred to above but
due to the large number of detectors employed (typically around 2500 pairs)
large data sets of coincident events can be collected. Using computer
reconstruction algorithms these data can be processed for display as
quantitative functional images of living subjects in cross section sometimes
referred to as in vivo autoradiographs. The pioneering work by teams at
Hammersmith, in bringing together these new exciting concepts, has
contributed to a world wide expansion of specialist PET centres which employ
a small cyclotron and PET scanners to apply these techniques to a wide variety

of research studies and clinical diagnostic tests.
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RADIOACTIVE GASES

C. M. E. MATTHEWS, Ph.D., B.A., B.5c.; C. T. DOLLERY, M.B., B.Sc.,
M.R.C.P.; J. C. CLARK, B.Sc.; and J. B. WEST, M.D., Ph. D.

Medical Research Council, Cyclotron Unit, and Department of Medicine, Post-
graduate Medical School, Hammersmith Hospital, London, England

ABSTRACT

The following radioactive gases <can be produced by the Medical
Research Council cyclotron at Hammersmith Hospital: 150,, CP0,,
Ccr0, 11C0,, 1CO, and !N,. Oxygen-15, ''C, and 3N are all pure posi-
tron emitters with very short half-lives. They have been used for
studies of lung function and of body CO, stores. Reactor-produced
133X e is also used.

For lung-function studies, the radioactivity in a region of lung is
measured with external scintillation counters. The measured counting
rate depends on radioactivity in both alveolar air and blood. For many
gases the slope of this counting-rate curve is a complex function of
alveolar clearance and blood clearance of the radioactive gas. Alveolar
clearance is limited by blood flow and solubility {or most of the gases,
but for labeled carbon monoxide it is probably limited by diffusion. It
is unfortunately not possible at present to obtain an accurate measure
of diffusion with this gas. The uptake of C150, into the blood is very
rapid because it exchanges with the water space, through the equilib-
rium with carbonic acid. It can be used to measure regional blood flow
and to detect cardiac shunts. 1CO, exchanges rapidly with an extra-
cellular CO, pool. 3N, is much less soluble than 133Xe, and so it is
more suitable for measurement of ventilation and lung volume.

;

This paper is a review of some of the work done with the radioactive
gases at the Medical Research Council Cyclotron Unit at Hammer-
smith Hospital by many different people, involving collaboration
among clinicians, physiologists, physicists, chemists, engineers, and
technicians. Radioactive gases provide a method for studying regional
lung function which gives information that cannot be obtained in other
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ways. Oxygen-15 is the only practical radioactive isotope of oxygen,
and ''C is the only available isotope of carbon emitting gamma rays.
These isotopes offer possibilities for studies of metabolism that have
not yet been fully explored. Owing to their short half-lives of 2 min
for *O and 20 min for ''C, they can only be used close to the cyclotron.

The first radioactive gas to be used for lung-function studies was
reactor-produced '**Xe, introduced by Knipping' in 1957; 0, was first
used in biological investigation by Ter-Pogossian and Powers® in 1958,
The use of °0 for lung-function studies was developed by Dyson et al.z;
this isotope was produced by bombardment of nitrogen with deuterons
from the Medical Research Council cyclotron. Initially, the isotope was
used as molecular oxygen, and, since O emits positrons in 1009 oi
its disintegrations, coincidence counting can be used. Later "¢ was
also produced; this is also a pure positron emitter,

At present the following radioactive gases are available from the
Medical Research Council cyclotron: *O-labeled molecular oxygen.
carbon dioxide, and carbon monoxide; ''C-labeled carbon dioxide anc
carbon monoxide; and "N,. Reactor-produced '**Xe is also used ex-
tensively for the measurement of regional ventilation and blood finow
The use of this gas was developed by Bates and coworkers.*

Although '**Xe is more convenient in some ways owing to its
longer half-life of 5.3 days and the lower energy (80 and 30 kev) of the
gamma and X rays emitted, it has disadvantages that will be discussed.

The cyclotron-produced radioactive gases that are most used a:
present are C'3Q, for detection of cardiac shunts and "COo, for studies
of body CO, stores. It is planned to use '’N,, another pure positro:
emitter, for the measurement of regional ventilation and blood flow in
the future.

PRODUCTION METHODS

The production of radioactive gases is fully described by Bucking-
ham and Forse® and will only be briefly outlined here.

Oxygen-15 is produced by bombardment of nitrogen with 4-Merv
deuterons from the reaction '*N(d,n)"*0. The target box has a 1-mm-
thick magnesium window that reduces the energy of the 15-Mev
deuterons and at the same time produces “?Na from the reaction **Msg
(d,@)**Na. The yield of '“O increases by only 50% if the deuteron energr
is increased from 4 to 15 Mev, and the proportion of other isotopes
produced, !!C and '®N, is much greater at the higher energy.

The flow system for molecular 1502 is shown at the top of Fig. 1.
Four percent oxygen carrier in nitrogen is dried by passing it through
silica gel absorbers, and then it passes through the target box. Mors
absorbers then remove water, ozone, and oxides of nitrogen. The
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primary gas is diluted about 10 times with air to give the required
concentration of radioactivity, which is measured by passing the gas
through a half-liter glass bulb in an ionization chamber.

MOLECULAR O

Deuteron beom

Two-way tap
————
4% 0O, l 1 l l Mixed
in Ny ’ gos
| ABSORBERS ARG ABSORBERS — -
Storage
Silica gel 150 Silica gel l Diluting bog
Mangonese dioxide gos
Activared chorcoal
Soda lime
CO, LABELED WITH 'O Two-woy 10p
4% O, l [ J l —
in N3
+——— ABSORBERS el ABSORBERS 500°C H 850°C e —
L ) Storage
Silica gel 150 Sitica ge! Actwated Cupric 1 Diluting bag
Manganese dioxide charcool oxide gos
Activated charcoal
Sodo lime
CO LABELED WITH SO Two-way 10p
4% 03 [ ——
in N9
+——— ABSORBERS [— [RGET ABSORBEE}— 850°C | ABSORBERS ——
torage
Silica gel 150 Silica gel Activoted Soda lime l Diluting bag
Manganese dioxide charcoal gas

Activated charcoal
Soda lime

Fig. 1—Flow system foy production of gases labeled with 150.

When carbon dioxide labeled with 'S0 is required, the gas from
the target box, after being passed through the usual absorbers, is
passed over activated charcoal at 500°C to. convert oxygen to carbon
dioxide plus some carbon monoxide (Fig.1). The carbon monoxide is
then oxidized to carbon dioxide by passing it over cupric oxide at
850°C."

For 'O-labeled carbon monoxide, activated charcoal at 850°C
converts most of the oxygen to carbon monoxide with some carbon
dioxide, which is absorbed by soda lime (Fig. 1).

Carbon-11 is produced by bombarding boron with 15-Mev deu-
terons. The reactions are '°B(d,n)''C and !'B(d,2n)!'C. The target
consists of boric oxide, which is kept molten in the beam. Five percent
carbon monoxide or carbon dioxide carrier gas inargon passes through
silica gel absorbers into the target box (Fig. 2). Both 'CO and ''CO,
are formed in the target box. If " labeled carbon monoxide (“CO) is
required, the ''CO, is absorbed in soda lime. If 'C-labeled carbon
dioxide ('CO,) is required, the 'CO is oxidized by cupric oxide at
850°C (Fig. 2). Recently we changed the primary gas for CO, produc-
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CO LABELED WITH ''C

Deuteron beam Two-way tap

o ———————
o i
in Ar
-+ ABSORBERS TARGET ABSORBER -
BOX
Storage
Silica gel Yi¢ Soda lime Diluting bag. . :

gas

CO2 LABELED WITH ''C

Deuteron beam Two-way tap

l e

5% CO,
in He
| ABSORBERS ool 850°C -
Storage
Silico gel nic Cupric oxide Dilutin bag
9
gos
|3N
Deuteron beam Two-way tap
HHH —
Ar TARGET
+—— ABSORBERS BOX 750°C ABSORBER Y -+ -
Storage
Silica gel BN Copper Soda lime Diluting bog

gos

Fig. 2—Flow system for production of gases labeled wilh He and BN,

tion to 5% CO, in helium instead of in argon since this eliminates the
“'Ar contaminant.

Nitrogen-13 is produced by bombarding carbon with 15-Mev
deuterons by the reaction 12C(d,n)”N. Argon has been used as the
primary gas (Fig. 2). The target box contains coarsely granulated
activated charcoal retained by graphite rods. These rods replace the
stainless-steel mesh used previously since they do not melt or become
so radioactive. \

The flow of gas through the different furnaces and absorbers is
controlled from the clinical-investigation room by remotely operated
valves. The furnaces and absorbers are situated in a concrete hut
outside the building, considerably reducing the dose to the operator.

A new method of producing '*N is being developed so that solutions
of the gas can be obtained in very high concentrations of radioactivity
required for measurement of blood flow with 3N,. The advantages of
13N, compared with '3*%e are due to the much lower solubility of BN,.

The small-volume closed-circuit system shown in Fig. 3 is filled
with methane. The N, concentration is allowed to build up for a few
minutes; then the methane is displaced from the closed circuit through
a copper oxide furnace at 800°C, converting the methane to carbon
dioxide. The dose rate at the outlet of the furnace is monitored with a
cadmium sulfide photoconductive cell,® and the CO, containing "°N, is
collected in a syringe. Saline is then injected into the syringe and
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shaken vigorously under compression. The carbon dioxide dissolves
rapidly and thus increases the partial pressure of the 13N2 in the
remaining bubble and drives it into solution.

With this method activity levels of 500 pc per 10 ml of saline have
been achieved.

It 1s hoped to obtain a much higher concentration of radioactivity
by using pure hydrogen as a carrier gas and converting it to water
vapor by suitable oxidation. A system similar to that shown in Fig. 4
is under development. The water vapor containing 13N2 is collected in a
syringe containing saline. The partial pressure of the 13N2 should be
very high if all permanent gases are excluded from the system.

Xenon-133 is obtained from the Radiochemical Centre, Amersham,
in a glass tonometer connected to a mercury reservoir for dispensing.
The whole tonometer and associated taps are enclosed in a gastight

lead-covered steel box with a lead-glass front. Batches of about 700
mc are usually obtained.

YIELDS

Typical yields for a primary gas flow of 0.4 liter/min at a 30-pa
deuteron beam current are 100 mc/liter for '°0,, 16 mc/liter for
Cc®0, and 19 mec/liter for C'°0,, all after dilution to 3 liters/min total
flow. Yields of the !!'C-labeled gases and of '’N, are 10 mc/liter for

FURNACE, 800 C

|
COPPER |
L J T
COPPER OXIDE
g | CYCLOTRON
| CHAMBER
@ |
WASTE ‘
N
| |A|DEuTERONS
i
o
X
& |
@1
|
METHANE PUMP |
WASTE METHANE |

® — MAGNETIC VALVES

__ CADMIUM SULFIDE
PHOTOCONDUCTIVE CELLS

Fig. 3—Flow system for production of ©*N, solutions using methane
flow gas.
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1
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|
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I
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Fig. 4 —Flow system fov production of BN, solutions using hydrogen
flow gas.

co or ''CO, and 60 mc/liter for '’N,, all undiluted. After the ac-
tivated-charcoal absorber is changed, the yield of c®0, goes down to
5 to 7 mc/liter and then gradually increases with use.

CONTAMINANTS

The radioactive contaminants were determined by decay-curve
analysis and gamma-ray spectroscopy. For 50-labeled gases, they are
0.03 to 2% of N and 0.0001 to 0.01% of 'Ar. For ''C-labeled gases
they are 2 to 7% of *N and 0O and 1 to 3% of *'Ar. The “Ar is not
present when helium is used.

Chemical contaminants were measured with a mass spectrometer
and a CO meter. For *0O,, the gas contained 4% of O,, 0.09% of CO, and
<0.001% of COy; for CY°0, 4% of CO, <0.1% of O,, and <0.001% of CO;;
for C!%0,, 4% of COy, 0.1% of O,, and 0.005% of CO; for ''CO, 5% of CO,
0.1% of O,, and 0.08% of COy; for 'CO,, 5% of CO, and 0.1% of O; plus
95 to 96% of N, or argon in each case.

DOSES

The absorbed doses®'! for the *0- and }'C-labeled gases are shown
in Table 1. The dose for ''CO, has been revised since it has been
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Table 1 —ABSORBED TISSUE DOSES PER BREATH OF
5 MC FOR 20 SEC

Millirads
3;2‘3” Gas Lungs (apex) Blood Spleen Gonads
' 150, 63 23 12 5
cho 68 39 20 9
ERONS C15Q, 50 72 35 18
' Hco 128 211 109 61
1co, 220 55 55 55

found that ''CO, equilibrates with a pool that is much larger than the
blood. Originally it was assumed to remain in blood so that the dose is
now reduced.

Doses for '**Xe (Ref. 8) and !*N, are given in Table 2.

SCINTILLATION COUNTERS

ogen

For the lung-function studies, radioactivity in the lungs is ex-

amined with two pairs of external scintillation counters with 11/2-111.
the ac- sodium iodide crystals. Each pair points to a region of the left or right

“down to lung; one counter is in front of the chest and the other is behind. In the

' early work with '°0,, coincidence counting was used, but later this was

changed to “parallel” counting with the outputs added in each pair.

Table 2— ABSORBED TISSUE DOSES*

Jy-Ccurv
they ar Millirads
ed gasesi Lungst (emphysema
\r is nofx ' Other patient)
Gas Lungs Fat tissues Gonads Y, lung %, lung
romete Single breath or injection of 1 mc for 30 sec
,CO’ : 138¥e 14 0.1to 0.3 57 28
) 0f COy ’ BN, 35 0.1t0 0.5 0.1t00.5 330 200
% of CO :
. olu ' Rebreathing of 1 mc/liter for 2 min
OZ; p]‘u 5 : &
133¥e 56058 17tol19 3to4d 2to3 210 to 220 120 fo 130
BN, 136 - 0.5 to 2 0.5 to 2 400 280

*The lower doses assume 5% of fat by weight on the body; the higher doses
"assume 505 of fat.

re show ¥ fWash-out half-life of 4 min is assumed for one-fourth of lung and of 2 min
' for three-fourths of lung. These are taken from some measured values of 13Xe
and may be too large for 13N,.
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With the collimators used this gives a much higher counting rate
than coincidence counting, and the resolution is quite adequate. At
present two types of collimator are used for clinical work. One is
conical with a field of view about 9 cm in diameter at 15 ¢cm {rom its
end. The other is a slit collimator, which views a slab of lung about
4 cm thick and 17 cm wide at 15 ¢cm from the end of the collimator,
A short multihole collimator is used for '*3Xe for experimental work,
Pulse-height analysis is used for '*Xe, and the 30-kev X ray is cut
out. For the positron emitters only a single discriminator bias is
used; it is set to include the whole spectrum for coincidence but only
the phdtoelectric peak for parallel counting,

At present the same counters are used for both the positron
emitters and '*¥Xe, a system that is not ideal for either; in the future
it is planned to use two different counting systems.

For profile scanning the counters are moved up the lung by means
of an electrically driven hydraulic pump.

UPTAKE, DISTRIBUTION, AND FATE OF RADIOACTIVE GASES IN THE BODY

There are five stages in the fate of the radioactive gases in the
body. First, the initial uptake of the gas in a region of lung after a
single breath will depend on the ventilation to that region. Next, during
a subsequent breath-holding period, the radioactivity will be removed
from the alveolar air by the blood. The extent to which this occurs
may be limited by diffusion or by solubility and blood flow. Third, the
radioactivity is removed from the lungs by the blood flow. Fourth, it
may exchange with tissue pools in the systemic capillaries. Finally,
radioactivity returns to the lungs in the venous blood and may be
expired. ;

The calculation of the different clearances may be applied to a
region of lung or to the whole lung if it is uniform.

tnitial Uptake

The initial uptake, which depends on ventilation, will be similar
for all gases, but, for those rapidly cleared by the blood, this initial
uptake will be difficult to measure.

Alveolar Clearance

The alveolar clearance can be defined as the fraction of radio-
activity in alveolar air removed per unit time by the blood during
breath holding. If it is assumed that during a short breath-holding
period a negligible amount of radioactivity returns in the venous
blood, then alveolar clearance, A, is given by'the expression




‘ate
. At

its
out
tor,
rk,
cut

S is
nly

.ron
ure

' ans

JY

the
ar a
., cing
aved
urs
the
1, it
1ly,
7 be

fo a

ilar
tial

lio-
sing
ling
ous

s R e R s K

PO S N S

W

A e R

RADIOACTIVE GASES 575

_ Rate of removal of stable gas by arterial blood (liters per unit time)
Tnitial liters of stable gas in alveolar air # liters of stable gas added or removed

QC 1 dX,
A: - AR
V,F X, dl (1)

where Q = blood flow
V, = alveolar volume _
= fraction of stable gas in alveolar air at time t
= alveolar partial pressure = (barometric pressure —préssure
of water vapor)
concentration of stable gas in arterial blood
radioactivity in alveolar air

><O
Il

For gases whose uptake is limited by solubility and blood flow, C
is the concentration for equilibrium with alveolar air.

In general, F will be a function of time, but for very short times it
may be approximately constant.

Molecular Oxygen Dvson, Sinclair, and West? derived a similar ex-
pression for '*0, alveolar clearance and demonstrated the rapid uptake
of 0, compared with 0, in the lung. This more rapid uptake is
simply explained by the fact that all the 150, starts in the lung, and so
initially none is coming back in the venous blood. Dyson et al. simplify
the expression for alveolar radioactivity by assuming that the ratio of
50, to '®0, partial pressure is constant (i.e., X,/F = constant) so that
alveolar radioactivity decreases linearly with time. A better approxi-
mation is probably to assume that uptake of 80, by the arterial blood
is negligible for a breath-holding period of about 10 to 15 sec; so that
F and therefore A are constant, and alveolar 1502 decreases exponen-
tially with time. i

Dyson, Sinclair, and West® also investigated the variation of 50,
concentration along the lung capillary by means of a stepwise calcula-
tion. They found that equilibration between blood and alveolar air was
not quite reached at the end of the capillary except when a high-oxygen
mixture was being breathed. With 1602, equilibration fails to occur only
when 1% of O, in nitrogen is being breathed. Thus the foregoing equa-
tion, which assumes equilibration, is not quite correct for 150,, but the
error is small.

Oxygen-15-labeled Carbon Dioxide West and Dollery10 found that the alveo-
lar clearance of ‘°0O-labeled carbon dioxide was at least four times
faster than that for carbon dioxide labeled with ''C. This is due to the
exchange of the 150 1abel with oxygen in water through the equilibrium
between carbon dioxide plus water and carbonic acid. Thus C*0, ex-
changes with the entire water volume, although this does not occur
until the C!°0, reaches the blood since the presence of carbonic anhy-
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drase is required to accelerate the reaction. Hence the rate of uptake
of C0, is very rapid owing to the high solubility, and possibly uptake
is limited by diffusion rather than by blood flow and solubility.'?

Carbon-11-labeled Carbon Dioxide It has been found'! that ''CO, exchanges
very rapidly with the extracellular fluid CO,, and so the concentration. :
C in Eq. 1 will now represent mean concentration in blood plus extra-
cellular fluid in the lung.

Nitrogen-13 and Xenon-133 For the inert gases the ratio of blood concen-
tration to alveolar air fraction is simply equal to the solubility, which
is a constant.

Hence
7 Qo 1 dX,
SR )

where o is the solubility. Thus uptake is exponential as long as return
of radioactivity in the venous blood is negligible. The solubility of
nitrogen in blood is 0.013, and so little uptake of '°N, occurs even if
the gas is rebreathed for several minutes. For '*’Xe, on the other hand,
the solubility is about 0.16, the exact value depending on the hemato-
crit.'®!3 For a single breath with a breath-holding period of about 10
sec, the uptake will still be small; but, if the gas is rebreathed for a few
minutes, a considerable uptake will occur; so it is no longer correct to
assume that a negligible amount of radioactivity returns in the venous
blood.

Carbon Monoxide Labeled with Oxygen-15 or Carbon-11 The alveolar clearance
of this gas is probably limited by diffusion, and therefore the alveolar
clearance is given by the equation

A (3)

where D is the diffusing capacity (ml/mm Hg/unit time) and F is the
barometric pressure minus the pressure of water vapor. Here again
A is constant and uptake is exponential.

Approximate calculated or measured values of the alveolar clear-
ances for the various radioactive gases for a short period of breath
holding are given in Table 3.

Blood Clearance

The blood clearance is important since it affects the fall in radio-
activity in a region of lung measuredby external counters. The simplest
treatment is to assume that the radioactive gas in the blood and tissue




e
e

(2)

(rn

of
1 if
nd
to-

10
few
< to
oUs

nce
ilar

the
gain

ar-
eath

dio-
ylest
ssue

RADIOACTIVE GASES o977

Table 3— ALVEOLAR (A), BLLOOD (B), AND COUNT RATE (§) CLLEARANCIES

Fraction/min

A B S (2 sec)
Gas Calculated  Measured Calculated Measured Calcutated Measured
CH0, >60 7.1 5to 25 7.7 3to 15
(Ref. 10) (Ref. 26) (Ref. 26)
co, 13 11 4 1.5t0 8
(Ref. 10) . (Ref. 26)
cP0 6.9 19* (15)+ 3* (2.3)f 0.5t05
or 1CO (Ref. 27)
50, 2.6 2.8 17+ (15)% 1* (1)t 0.3 t0 1.6
(Ref. 9) (Ref. 26)
183xe 0.38 7.1 0.38
13N, 0.031 7.7 0.031

Calculated values are [or cardiac output of 6 liters/min, alveolar volume of 2.51,
diffusing capacity of 24 ml/mm Hg/min, lung water volume of 780 ml, lung extra-
cellular volume of 540 ml, and lung blood volume of 390 ml. Calculations give values
clearance would have if distribution of perfusion and alveolar clearance in lung were
uniform. Measured values show variation from apex to base.

*Using Eq. 5.

tAssuming rapid mixing in blood pool.

in the lung has a uniform concentration as in a well-mixed tank. The
rate of clearance is then given by the expression

p-2G . L% @
V, C, X, dt
where Q = blood flow from region of lung being studied
Cp = concentration of gas in arterial blood in lung
Cs = concentration of gas in space in which gasis distributed
V. = volume of this space
Xp = radioactivity in blood in lung region -

The blood clearance, B, is defined as the fraction of radioactivity
in the blood plus tissue removed from the region per unit time.

Oxygen-15-labeled carbon dioxide equilibrates rapidly with the
water volume in the lung, V_; thus C; is equal to C,, V, is equal to
V., and B is equal to Q/V,,.

It has been shown experimentally in the isolated dog lung14 that
the clearance as measured with external counters is proportional to
blood flow (Fig. 5). Also, the ratio of C'*0, clearance to flow was found
to decrease with increasing edema in the lung.

For ''C-labeled carbon dioxide, which equilibrates rapidly with
extracellular CO,, Eq. 4 might apply, although this has not been investi-
gated experimentally. Here C,is the mean concentration of gas in blood
plus extracellular fluid and V, is the volume of extracellular fluid in-
cluding blood. ’
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Fig. 5—Counting-vate cleavance for C'0, plotted against blood flow in
an isolated dog lung.

For !¥Xe and 3N, which equilibrate rapidly with tissue spaces,
Eq. 4 may also be applicable. However, the blood clearance will not be
an important factor here since the much slower alveolar clearance will
be the limiting factor.

Both molecular '®0, and carbon monoxide (labeled with either *O
or 'C) remain in the blood bound to hemoglobin. West et al.’® assumed
that Eq. 4 was applicable to these gases, but, in fact, there is certainly
not complete mixing in the blood pool.

An alternative expression for a small region of lung which may be
a little closer to reality can be derived as follows, It is assumed that
radioactivity travels along the venules as a square front until it leaves
the lung region that is being considered and that the effect of all the
separate venules is equivalent to a single “average” venule (see
Fig. 6). It is also assumed that the velocity of flow is constant along
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Fig. 6 —Model for development of equation for blood clearance.

the venule, that the alveolar clearance is exponential, and that the
volume of capillary blood is negligible compared with total volume of
blood in the region considered.

If we let T represent the mean time for blood to flow through
volume Vi (T = V;/Q, where Q is blood flow), C, represent concentra-
tion of radioactivity in blood leaving the region, C,,7 represent concen-
tration of radioactivity in blood leaving the capillaries, and use the
other symbols as previously defined, then for time t after the radioac-
tive front has reached the edge of the lung region,

dXx .
— th = AXp = QCiur
dX, dX,
@ a T BXe
d(X , + Xp) -
- dt B Qct_
Therefore

C,= % (X,)g €AT e At

By integrating along the venule, we find that
Xp = (Xp)g ™At eAT (1 —e™AT)

and therefore
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A
B = “_1 _ e'—AT (5)

Hence B 1s constant and independent of time and therefore blood
clearance is exponential; however, it isa function of alveolar clearance.

Another possible model is to consider that clearance from the
blood is exponential owing to an exponential distribution of passage
times along the venules from the capillary to the edge of the region
considered. Thus C, = Cye B(tt) if the radioactivity is instantaneously
taken up by the blood. If t; is very small, it can be shown that the
equations are the same as for two well-mixed pools but with t—t; sub-
stituted for t.

Table 3 shows approximate calculated or measured values for
blood clearances for the radioactive gases.

Exchange with Tissue Pools and Return in Venous Blood

Carbon monoxide labeled with 0 or !'C remains bound to hemo-
globin with very little exchange with the tissues.

On the other hand, when molecular 'O, taken up by the blooc
reaches the systemic capillaries, it will take part in metabolism anc
some will return to the blood as 'O-labeled water. Ter- Pogossiar
et al.!'® studied the kinetics of uptake and desaturation of °Q, in rec
cells and the rate of appearance of labeled water in plasma in the dog.
These authors and Dollery and West'! showed that the plasma radio-
activity was in the form of water and not carbon dioxide.

Oxygen-15-labeled carbon dioxide exchanges with the entire water
pool, as has already been mentioned. Hence the radioactivity returning
in the venous blood is negligibly small since it is so diluted. However.
if there is a shunt:in the heart through which radioactivity can return
more rapidly to the lungs without much dilution, a secondary recircula-
tion peak can be seen when counting rate over the lungs is recorded.

Fowle, Matthews, and Campbell'! used ''C-labeled carbon dioxide
to investigate the distribution of carbon dioxide in body stores. The
11COz was rebreathed from a small bag for about a quarter of a minute,
and arterial samples were taken at shortintervals, Within half a minuts
from the end of administration, the radioactivity in arterial blood was
already diluted in a pool that was much larger than the blood CO, and
approximately equal to extracellular CO,. Subsequently the co, ex-
changed much more slowly with another pool that corresponded ap-
proximately with intracellular CO,. Figure 7 shows the radioactivity
in arterial blood plotted vs. time. The distribution of tritiated water
was also consistent with very rapid exchange with the extracellular
pool and slower exchange with the intracellular pool. With this hypothe-
sis of slow extracellular—intracellular exchange of CO,, it was possi-
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Fig. 7—Disappearance of radioactivity from arterial blood after ad-
ministration of '1CO, to normal subjects. [From A. S. E. Fouwle,
C. M. E. Matthews, and E. J. M. Campbell, Clinical Science, 27: 51
(1964).]

ble to explain the rate of rise of lung PCO during rebreathing from a
small bag. 1 This rise was inconsistent w1th models of CO, stores in
which exchange rates are limited only by blood flow.

It is usually assumed that the inert gases '**Xe and '’N, exchange
instantaneously with the entire tissue space in an organ when they
reach the capillaries.'®"?" Thus their distribution is determined by
blood flow and solubility. Xenon-133 is twenty times more soluble in
fat than in water, but, since blood flow to fat is low, the concentration
does not build up apprecmbly for a short period of breathing '*¥*Xe.

Matthews and Dollery?' used an analog computer to investigate the
effect of blood and tissue uptake of '*¥Xe on lung wash-in and wash-out
rate in normal subjects and in patients rebreathing '**Xe in a closed
circuit. They also investigated '°N,. Radioactivity in arterial and
venous blood as well as counting rate over the lung were measured
with external scintillation counters. Results were consistent with a
model with two tissue pools (Fig. 8), one of about 30 to 40 liters with a
blood flow of 2.5 to 4.4 liters/min and the other of about 0.3 to 2 liters
with a blood flow of 2.4 liters/min. These correspond fairly well
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with Mapleson’s?® two pools, a rapidly exchanging visceral one and a
slowly exchanging “lean” pool consisting mainly of muscle and skin,
Figure 9 shows analog -computer curves and experimental points for
radioactivity in the different pools for a normal subject for '**Xe and

NORMAL
LUNG

Sz Vp

) | Keo
Q, 1Y
SPIROMETER
OR
ROOM AIR

Ko
Y

VENOUS q ABNORMAL 4 ARTERIAL
BLOOD 3 LUNG 3 BLOOD

S5 Vs Sy Vs Sy v

Qq4 TISSUES

S Va4

Q¢

TISSUES

d=da+d3= d4+ds

Fig. 8—Pool system used for analog simulation of lung and arterial-
and venous-blood radioactivity curves during and after rebreathing of
B3y Q, blood flow; V, volume; K, fractional ventilation; and S, con-
centration of radioactivity. [From C. M. E. Matthews and C. T. Dol-
lery, Clinical Science, 28: 573 (1965).]

N, rebreathed for 2 min. The slow wash out of ¥Xe in the upper zone
is probably due to radioactivity in the chest wall.

The return of radioactivity in the venous blood was found to vary
little for different subjects for a given rebreathing time. This enabled
the analog-computer program to be considerably simplified.
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Fig. 9— Analog-computer curves and experimental points for a nor-
mal subject rebreathing (a) **Xe and (b) BN. Q, blood flow; V, volume;
S, concentration of radioactivity in millicuries per liter (S, mean for
whole lung); Ky and Ky, ventilations of two lung zones as fractions per
minute; and o, solubility coefficient. (For numbevring of pool system
see Fig. 8.) [From C. M. E. Matthews and C. T. Dollery, Clinical
Science, 28: 573 (1965).] ~
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METHODS OF USE

Counting-rate Clearance

The use of the external scintillation counters is complicated by
the fact that measured counting rate will depend on radioactivity in -
both alveolar air and blood. Thus counting-rate clearance will, in
general, be a complex function of both alveolar clearance and blood
clearance. Counting-rate clearance may be defined as the fractional
rate of change of counting rate recorded by scintillation counters
pointing at the lung during a breath-holding period. The following
equation for the counting-rate clearance or the exponential slope, S,
of the counting-rate curve at time t has been derived's:

~ A B(e‘—At _ e—Bt)

S= B oAt _ Ao Bt for A = B
(6)
A%t
== for A =B
S = v Al or

where A is the alveolar clearance and B is the blood clearance as
before. This assumes exponential alveolar and blood clearances.

For "O-labeled carbon dioxide, A is so much greater than B that
the slope S becomes equal to B, and hence the clearance during breath
holding of C'0, can be used as a measure of blood flow. At the other
extreme A is negligibly small for N, and S is equal to 0. For 13¥xe,
B is much greater than A and thus S is equal to A.

For the other radioactive gases, molecular '°0, 'C-labeled carbon
dioxide, and carbon monoxide labeled with 10 or !'C, A and B are com-
parable, and so S has no simple significance. Counting-rate clearance
curves for the different gases labeled with %0 are shown in Fig. 10.

Measurement of Regional Diffusing Capacity

The slope of the counting-rate curve cannot be used as a simple
measure of regional diffusing capacity. An attempt was made to work
out a method of measuring diffusing capacity in the isolated dog lung
(C. T. Dollery, P. Heimburg, C. M. E. Matthews, and J. B. West, un-
published results, 1963). Blood flow, blood volume, and slope of the
counting-rate curve were measured. Alveolar clearance was also mea-
sured directly by taking samples of alveolar air in tonometers, Alveolar
clearances were calculated and compared with the directly measured
values. Although there was some correlation, there was considerable
scatter of the points. It was found that an extra delay was introduced
owing to an increase in blood volume on inspiration which temporarily
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c'so c's0,

!

~

Fig. 10—Fall in counting vate ovev the lungs for thvee different gases
labeled with 1°0. The first avvow shows the time of inspivalion, and the
second one shows the end of the bveath-holding peviod, about 10 sec
later.

reduced blood flow. This probably accounts for the erratic results
obtained and means that diffusing capacity cannot be accurately mea-
sured by this method. A method based on the difference in the clear-
ance curves of radioactive carbon monoxide and a radioactive sub-
stance, which was very rapidly absorbed by the blood and which
remained in the blood, might be possible if a suitable substance could
be found.

Table 3 shows approximate calculated and measured values for
counting-rate clearances.

Measurement of Regional Blood Flow

Regional blood flow has been measured by the following methods:
1. %0, counting-rate clearance during breath holding

2. C1502 counting-rate clearance during breath holding

3. ¥3%Xe arrival

4. N, arrival

Method 1 does not give a true measure of blood flow since S is
a complex function of flow.

Method 2 is normally satisfactory. However, it actually measures
blood flow per unit water volume (see p. 576), and so the result ob-
tained will be affected by the presence of edema.

Figure 11 shows !0, and C!0, clearance curves for a normal
subject and for a patient with mitral-valve disease.

In method 3, '3%Xe is dissolved in saline and injected intravenously.
The !3Xe is first mixed with carbon dioxide and then shaken with
saline. The carbon dioxide dissolves rapidly and thus increases the
partial pressure of '*Xe in the remaining bubble and drives it into
solution. After injection the subject holds his breath, and the counting
rate is measured over a region of lung. When the injected !3*Xe reaches
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Fig. 11—Counting-vate clearance curves for ¥°0, and C'50, for upper
and lower zones (a) for a normal subject and (b) for a patient with
mitral-valve disease. In the normal subject the clearance is greater in
the lower zone because of the much higher blood flow in this zone. For
the patient, this pattern is reversed, and the clearance is greater in
the upper zone because of a highev blood flow. [From C. T. Dollery
et al., Sonderbdnde zur Strahlenbehandlung, 53: 88 (1963).]
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the lung capillaries, it is nearly all evolved into the alveolar air; thus
the radioactivity arriving in a region of lungis proportional to the blood
flow to that region as a fraction of cardiac output. This method gives
slightly different information from that given by method 2 since it de-
pends on cardiac output. However, when blood flow in two regions is to
be compared, this difference is immaterial.

This method, introduced by Ball et al.,* has been used to investi-
gate the distribution of blood flow in the isolated lung in relation to
vascular and alveolar pressures.23 It isalsoused routinely in patients.“

Method 4 is exactly the same as method 3 except that 13N2 is used.
Since the breath-holding period is so short, very little uptake of 133%e
by the blood occurs: thus similar results should be obtained with '*Xe
and I3N2.

Detection of Cardiac Shunts

The method for detecting cardiac shunts has already been men-
tioned. The counting rate over the lung is recorded after a breath of
C®0,. The presence of a shunt gives rise to a second peak due to re-
circulation. Figure 12 shows an example of c!®0, curves for upper and
lower zones before and after operation for closure of the shunt.

4 1]
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RIGHT | I
LOWER : i
ZONE i l\' !
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TIME IN 2~-SEC INTERVALS
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v

Fig. 12—Counting-rate curves for C150, during breath holding for a
patient with a ventricular septal defect (a) before and (b) aftev opera-
tion for closure of the defect. The recivculation peak disappears after
the operation. :
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Measurement of Regional Ventilation Per Unit Lung Volume

The following miethods have been used to study regional ventila-
tion:
Single breath of *°0,
Single breath of 3¥Xe
Single breath of *N,
Wash in and wash out of '3%Xe
Wash in and wash out of *N,

N oD W DN

Regional ventilation measured by the single-breath method must be
related -to regional lung volume, and this has been measured by re-
breathing either '**Xe or N, in a closed circuit for a few minutes and
taking the counting rate over a region to be proportional to lung volume
in that region. In practice, however, equilibration may not occur with
133 e owing to the uptake in blood which, with an alveolar clearance rate
of about 38%/min, is certainly not negligible during 2 min rebreathing.
On the other hand, for !®N, with an alveolar clearance of only about 3%/
min, the uptake will be small even for several minutes of rebreathing.
With an analog computer?! it was found that, although the error with
133%e was probably small in normal subjects, it could be considerable
in patients, and volume could be underestimated by about 45%. This is
illustrated in Fig. 13 for a patient with bullous emphysema where con-
centration in the different regions of the lung did not reach the spirom-
eter concentration even after 4 min rebreathing.

Another disadvantage of the single-breath method is thatin regions
of low ventilation there is little uptake of the radioactive gas, and so it
is difficult to obtain a quantitative measure of the reduction in ven-
tilation. The results obtained by the wash-out method are much more
sensitive to small proportions of badly ventilated alveoli and also give
ventilation per unit volume directly. The wash-in method is less sen-
sitive than the wash-out method. Here again N, is much better than
133%e because of its lower solubility. The '**Xe wash out is distorted by
radioactivity in the chest wall (Fig. 9) and by uptake of !3*Xe in arterial
blood and return in venous blood. Nevertheless, '**Xe can be used to
give a rough indication of reduced ventilation. Figure 14 shows a wash-
out curve after rebreathing of '3*Xe and after injection in a patient with
emphysema. The reduced ventilation in the lower zone is clearly shown.
although the lower trace shows that this zone is perfused.

Scanning Profile scanning has been used with !3*Xe and the single-
breath method to show the distribution of ventilation and with the in-
jection method to show the distribution of perfusion.?

Body CO, Stores and Control of Ventilation

The use of 'CO, for investigation of body CO, stores has already
been mentioned. This work is now being extended to cover control of
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Fig. 13— Analog-computer curves for concentration of radioactivity in
two different lung regions, S; and Sii for a patient with bullous emphy-
sema rebreathing (a) Ny and (b) BXe for a period of 4 min. Sis the
mean concentration and S, is the spirometer concentration. The curves
matched the experimental points reasonably well. Forv 13Xe, the con-
centrations in both lung regions ave much lowey than in the Spirometer
at the end of rebreathing. [From C. M. E. Matthews and C. T: Dollery,
Clinical Science, 28: 573 (1965).]

‘ventilation from changes in brain CO, with the use of an analog com-

puter. Further experiments are being carried out with ''CO, to deter-
mine whether or not fractional exchange rates between the pools vary
with the level of Pco,'

Measurement of Blood Volume

Carbon-11-labeled carbon monoxide could be used for labeling red
cells and hence for measuring blood volume. The advantage over other
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Fig. 14— Wash out of ¥Xe measured with scintillation counters over
upper and lower zones (a) aftev vebreathing 3Xe and (b) afiev an in-
jection of 13X e for a patient with emphysema with bullous aveas in the
lower zones. This lower zone had wvery little ventilation biud only
slightly veduced pevfusion.

methods would be the short half-life, which would allow repeated mea-
surements to be made with a very low dose to the patient. The uptake

is

limited by the presence of the carbon monoxide carrier gas since

the red cells rapidly become saturated, but a concentration of about

50

pc/ml can be obtained, which is adequate. The method has been

tried in rabbits (Priglisi, unpublished results).
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DISCUSSION

INGHAM: We have been using '¥Xe at McMaster for pulmonary
function studies and wonder if you have any comments on this radio-
nuclide.

MATTHEWS: Xenon-135 would have the advantage of a shorter
half-life than *®Xe and thus a lower dose but would be less convenient

and would have the same disadvantages, owing to blood solubility. as
133
Xe.
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-IN VITRO LABELLING OF RED CELLS WITH CARBON-11

. J.C. CLARK, H.IL GLASS (*) and D.J. SILVESTER

Medical Research Council Cyclotron Unit, and
(*) Department of Medical Physics, Postgraduate Medical School,
Hammersmith Hospital, London, W .12, England

Abstract

The ready availability of "C-labelled carbon monoxide from the Medical
Research Council’s cyclotron has led to the development of a routine technique
for labelling red cells with this isotope.

The method of producing the labelled gas and of labelling the cells will
be described, and preliminary results of a comparison with the conventional
$'Cr labelling procedure will be presented.

INTRODUCTION

Before the stable isotope “C and the long-lived radioisotope “C became
available as isotopic tracers for carbon, a remarkable volume of useful work ‘"
was achieved using short-lived "'C, which was made without much difficulty—
though in small yield—with early cyclotrons. Not surprisingly, in view of
its 20-minute half-life, "'C has found few practical applications since. In recent
years it has again proved valuable, however, particalarly in the form of labelled
carbon dioxide gas, for a number of physiological studies ). The purpose of
this paper is to report another useful application of this isotope (this time one
in which it is incorporated into a high-molecular weight compound), where
its short half-life is a positive advantage.

The measurement of circulating blood volumes_is important in medicine,
and is conventionally achieved by labelling red cells with *'Cr and performing
what is, in effect, a classical isotope dilution analysis. However, the long physical
and biological half-lives of *'Cr preclude its use in, for example, infants and
expectant mothers, where the radiation dose would be too high, and in patientz
where serial measurements at short intervals are required. For such applications
a short-lived label is desirable.

The affinity of haemoglobin for carbon monoxide is well known, and
indeed non-radioactive carbon monoxide has been used as a red cell labe] ©-%.
Since carbon monoxide labelled with "'C is readily available from the Medical
Research Council’s cyclotron, a routine technique for labelling red cells with this
isotope has been developed.
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PREPARATION OF "C-LABELLED CARBON MONOXIDE (%)

Carbon-11 is produced by the bombardment of boron, as horic oxide, with
deuterons, the reactions being “B(d,n)"C and "B (d,2n)"'C. Some nilrogen-].’%
15 produced simultanéously by the reaction “O(d,en)"N, hut these are the onlv
reactions that need be considered for present purposes. The target vessel .is
shown in fig. 1, and consists essentially of a brass hox containing a wedge

TARGET BOX FOR PRODUCTION OF "co anp 'co,

Carrier Gas Input Connection

10 Aluminium Foil
L . Window -O6mm
Water Cooling Tube 67N Thic
SECTIONAL O ,
SIDE VIEW L
fo =ik
OO I Deuterons
8,0, T ISMeV
Wedge
Aluminium Foil
Carrier Gas Input Window
Connection p\ - !
Q) 7
7]
() R E
r—‘\ ‘ (ﬁ_‘ L ,/ :
\ 1 .
‘\ \ ll ! : <«—
\ | ; <
14cm Ve ; !:S <« I:5¢cm 20cm
: IR i <~
PLAN VIEW VR ! <«
\ ! | | I “-—
NN #1'] | Deuteron
/ il L Beam
'I'IH__j
Water / G

Cooling Tube \c
J arrier_ Gas

Output Connections
12-5¢cm

Figure 1

Cyclotron Target for production of "CO and 1CO..

(*) This method has been develo

ped from that previously used in our laboratories, and
described by Buckingham and Forse (7)
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which supports a thin layer of horic oxide (B2QOj) on its serrated surface. The
deuteron beam enters the hox through a thin aluminium foil window.

The power dissipated by the heam (which amounts to 450 W for a
30 A beam of 15 MeV deuterons) melts the B203, and a mixture of gases
labelled with ""C and "N is releated from the melt. These radioactive products
are swept out of the target vessel in a stream (50 ml/min) of carrier gas, which
consists of 1 % carbon monoxide in helium. We cannot say what intermediate
products may be formed inside the target vessel, but chromatographic analysis
of the gas swept out shows that the ""C leaves the vessel only in the form of
carbon monoxide (95 %) or dioxide (5 %), and the N (about 16 % of the total
activity) only as molecular nitrogen. The labelled carbon dioxide is reduced to
monoxide by passing the gas over “active” carbon at 900°C; it then flows
through a soda-lime trap to remove any residual traces of CO,, as shown
schematically in fig. 2.

The production a purification of "Co

a subsequent red cell labeliing

R BORIC OXIDE ACTIVE OUTPUT
I /s CO/He H TARGET CARBON SODALIME FLOWMETER
INPUT T T T
FLOWME TER
DEUTRON
BEAM

jZOOLING REGION

50ml  SYRINGE

| FURNACE
300°C
BLOOD
) TO WASTE
RUBBER MILLIPORE
SEPTA FILTER &

PREFILTER
Figure 2

Flow sheet for the production and purification of 1'CO, and red cell labelling.

The gas to be used for labelling red cells must be sterile and pyrogen-free.
Sterility is achieved by millipore filtration, whilst the risk of possible pyrogen
contamination is considerably reduced by passing the gas through a small-bore
silica tube at 300°C in which any protein fragments would be denatured.
From this tube the gas flows to waste through a small sterile vessel from which
samples can be withdrawn when required by piercing its soft rubber cap with

605



a hypodermic needle. Under typical operating conditions (beam current 30 yA,
gas flow 50 ml/min) the specific activity of the CO at the sampling point
(which incidentally is some 100 feet from the target vessel) is about 200 mC/mM.

RED CELL LABELLING TECHNIQUE

Samples of “whole blood”, usually hetween 5 and 15 ml, are drawn into
a sterile 50 ml syringe to which a litte anticoagulant has previously been -
added. The syringe is then filled to capacity with the radioactive gas extracted
from the sampling vessel, and is sealed with a sterile cap. Blood and gas
are next mixed by rotating the syringe on its axis at 10 r.p.m. for 10 minutes.
This method of mixing is suitably efficient (about 50 % of the CO is absorbed
into the red cells in 10 minutes) and causes very little haemolysis compared
with that produced, for example, by bubbling the gas through the blood, or
by more violent agitation.

After mixing, the activity remaining in the gas phase is expelled to waste.
Because of its very low solubility the ™N-labelled nitrogen is completely
removed by this and the subsequent washing steps. The red cells are now
centrifuged to separate them from the plasma in which a very small amount
of CO dissolves, and, after washing three times with isotonic saline, they are
ready for clinical use. A typical preparation would give 50 uC of "C in 5 ml
of red cells at this time.

For one series of experiments, blood samples were labelled simultaneously
with both "C and *'Cr simply by adding $'Crlabelled sodium chromate to the
syringe before drawing in the radioactive gas and mixing, Fig. 3 shows the
result obtained when a sample of such double-labelled red cells was haemo-
lysed, and a fraction of the haemolysate was run through a column of Sephadex
G-75. The *'Cr was distributed between high and low molecular weight frac-
tions, where the first corresponded with haemoglobin. This result was in
agreement with the observation of Prins ©®, whose suggestion that the low
molecular weight substance to which the 5'Cr was bound was glutathione was
later endorsed by Koutras et al. . As was expected, however, the ""C elution
corresponded entirely with the haemoglobin.

RESULTS AND DISCUSSION

Carbon-11 labelled red cells have been used at Hammersmith Hospital in a
number of clinical studies, the results of which will be reported in detail
elsewhere. In this paper, however, we wish to draw attention to the result
of a series of blood volume measurements that was made using cells labelled
with both "'C and *'Cr by the method just described.
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Elution curve for haemolysate obtained from doubly labelled red cells.

The dilution volume of "'C has been found to be consistently higher than
that of *'Cr. Table I summarises the results of measurements made on twenty-one
subjects, and shows that the average difference in dilution factor was 9.99 %,
with a probable error of +5.8 9%. Approximately 3 % of this error can be
accounted for by counting statistics. This would therefore suggest that the
method is potentially useful in practice, since the error in a blood volume
measured by "C alone would certainly be less than 5.8 % if corrected by
—9.99 %, on the assumption that the blood volume measured with 5'Cr-labelled
red cells is correct. This is a strikingly similar result to that observed by those
groups of workers ®-* who have compared dilution volumes of non-radioactive
CO (administered by a breathing technique) with those of cells labelled with
32P_ 51Cr or *Fe.
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Table 1

Subject Average difference
RARE in Dilution Factor (%)
1 9.2
2 13.8
3 20.0
4 18.4
5 6.0
6 6.5
7 9.1
8 11.1
9 10.4
10 5.65
11 9.26
12 8.87
13 10.69
14 3.28
15 12.72
16 6.95
17 224
19 6.45
18 8.35
20 11.8 |
2] 11.4 |
i
Overall average = 9.99 '
Prohable error = + 58 i
Difference in "Cvol. — 31Cr vol. . 109 "
Dilution Factor % — S1Cr vol. Al |
]

It is worth pointing out that the figures shown in column 2 of Table I
are the average values of three separate dilution measurements for each
subject, made over a period of about 8 to 15 minutes after the injection of the
doubly labelled cells. The fact that the difference between the dilution volume:
for ""C and *'Cr does not appear to increase during this period suggests that it
is not due simply to continuous dissociation of labelled carboxyhaemoglobin.
A more likely explanation has been offered by Wennesland et al. ¢, who found
that in rabbits and dogs CO accumulated in red skeletal muscle and heart muscle
in amounts sufficient to account for the discrepancy. The implication is ©*® that
CO equilibrates rapidly between haemoglobin and myoglobin, and this i
currently being investigated in our laboratories.

REFERENCES

(1) (a) BUCHANAN, J.M. and HASTINGS, A.M., Physiol. Rev., 26, 120 (1946).
(b) KAMEN, M.D., “Isotopic Tracers in Biology”, Chapter 10, Academic Press, New
York (1957).

608



(2) (a) WEST, J.B. and DOLLERY, C.T., J. Appl. Physiol., 17, 9 (1962).
‘ (b) FOWLE, AS.E, MATTHEWS, CM.E. and CAMPBELL, E.J M., Clin. Sci., 27, 51

(1964 ). '

{3) ROOT, W.S,, ALLEN, T.H. and GREGERSEN, M.I., Am. J. Physiol., 175, 233 (1953).

{4) NOMOF, N., HOPPER, J., BROWN, E, SCOTT, K. and WENNESLAND, R., J. Clin.
Invest.. 33, 1382 (1954).

(5) NICKERSON, J.L., SHARPE, LM, ROOT, W.C., FLEMING, T.C. and GREGERSON,
M.1., Fed. Proc., 9, 94 (1950).

(6) WENNESLAND, R., NOMOF, N.,, BROWN, E., HOPPER, J. and BRADLEY, B.
Proc. Soc. Exper. Biol. and Med., 96, 655 (1957).

(7) BUCKINGHAM, P.D. and FORSE, G.R., Int. J. Appl. Rad. Isotopes, 14, 439 (1963).

(8) PRINS, HK., Vox. Sang. (Basel), 7, 370 (1962).

(9) KOUTRAS, G.A., HATTORI, M., SCHNEIDER, A.S., EBAUGH, F.G. Jr., and VALEN-
TINE, W.M,, J. Clin. Invest., 43, 323 (1964).

(10) HALDANE, J. and SMITH, J.L., ]. Physiol., 25, 331 (1899).




s e e .

International Journal of Applicd Radiation and Isotopes, 1966, Vol. 17, pp. 151-154. DPergamon Press Ltd. Printed in Northern Ircland

A Cyclotron Method for the Production
of Fluorine—18

J. C. GLARK and D. J. SILVESTER

Medical Research Council Cyclotron Unit, Hammersmith Hospital, London

(First received 9 June 1964 and in revised form 18 Augusi 1963)

Fluorine-18 is produced, with yields of up to 40 mc/hr, by the bombardment of water
contained in a suitable target held in the extcrnal a-particle bcam of a 30 MeV cyclotron:
a method is described which is in routine use to produce samples for medical research purposes.

UNE METHODE EMPLOYANT UN CYCLOTRON POUR PRODUIRE
DU FLUOR-18
Le fluor-18 se produit, avec des rendements de jusqu’a 40 mc/hr, par le bombardement de
P’eau contenue dans une cible située dans le faisceau extérieur de particules « d’un cyclotron de
30 MeV: on décrit une méthode qui est ¢n usage régulier pour la production d’échantillons

destinés 4 la recherche médicale.

HUKIOTPOHHBIN METOH HJA HNOJAYYEHUS OTOPA-18
®Top-18 noayuaeTcs ¢ BHIXOHOM 70 40 MK[UacC IOCPEACTBOM 06 YUCHIIA BOAB, 3aKAIOUCHH O
B CIIEUUANILHON MHMIIEHM, YCTAHOBJEHHOII BO BHEIIHEM Ayue o-vacTuy 30 MErasjeKTPOH-
BOJILTHOTO LMKIOTPOHA. ONHCHIBAGTCS METOR YK€ MCIOIBL30BAHHLIT s ModyyeHns obpas-

OB B HEJAX MEIMUMHCKKUX HUCCIEIoBaHMIL.

EINE ZYKLOTRONMETHODE FUR DIE ERZEUGUNG VON FLOUR-i8

Fluor-18, mit Ertragen bis zu 40 mc/Stunde, ist erzeugt bei der Bombadierung von Wasser,
enthalten in einer Aufprallfiache und festgehalten in dem Ausseren o-\lassenteilchenstrahl
eines 30 MeV Zyklotrons: eine Methode wird beschrieben welche im normalen Gebrauch ist,
um Proben fiir Medizinische Versuchszwecke zu erzeugen.

INTRODUCTION

FLuoriNE-18 is essentially a pure positron-
emitting isotope which, with a half-life of 109-7
min,? is the longest-lived radioisotope of the
clement. It was first reported as a product of
various cyclotron-induced nuclear reactions in
19372-5) and the first tracer studies with F18
were carried out with cyclotron produced
material. (67

That F18 could also be made in a nuclear reac-
tor, by the irradiation of salts containing lithium
and oxygen, was first reported by KNigHT
et al.®®  Since then numerous papers 919 have
appeared from reactor centres in many parts of
the world describing a variety of techniques
which may be adopted to isolate it, either
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“carrier-free” or otherwise, from the irradiated
material and contaminating activities.

The yields of F18 obtained by these techniques
are generally substantially higher than those
which have been achieved by previously re-
ported methods using accelerators.20-24)  In
fact, however, even higher yields can be ob-
tained very conveniently with an accelerator
under suitable conditions. The investigations
for which this isotope is at present produced in
the Medical Research Council’s Cyclotron Unit
require that it should be supplied to the clinician
concerned in a high specific activity solution,
either as fluoride or fluoroborate, suitable for
clinical injection: the purpose of this paper is to
describe the latest developments in a method of
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TITANIUM TARGET PLATE

Recessed ot rear for cooling water

\
0-0005 " TITANIUM FOIL ’

[

MOUNTING PLATE

CATALYST VESSEL
PRESSURE GAUGE 8 VALVE

0 RINGS

TARGET VESSEL FOR
FLUORINE=18 PRODUCTION

Fic. 1. Target vessel for F'3 production.

production which has been in routine use since

early 1963.

METHOD AND DISCUSSION

Fluorine-18 is made on the MRC Cyclotron
by bombardment of water in the external
30 McV o-particle beam; 10 ml of water are
contained in a specially designed titanium

i——Gooch crucible

| /’ containing cotalyst
\

S~

Q/Pyrex funnet
/

_-Screw cap
-0 Ring

F1c. 2. Target plate and catalyst vessel.

vessel, an exploded view of which can be seen in
Fig. 1. The o-beam passes through a thin
(0-0005 in.) titanium foil on the front of the
target, striking the water which is held in a
shallow depression (the overall dimensions ol
which are 525 in. » 2in. > 0-062in.) in the
main titanium target plate. The back ol this
plate is water-cooled, and the front foil is air-
cooled, to carry away the thermal power, about
900 W, dissipated by the beam. The water is
injected into the vessel, and removed after
bombardment, through a hole which is sealed
with a screw cap during bombardment, by
means of a syringe fitted with a tap and a
needle which is long enough to reach to the
lowest point inside the vessel.

The intensity of the ionising radiation pro-
duced by the beam causes partial decomposition
of the water, and hydrogen and oxygen are
liberated. These radiolytic gases are recom-
bined, within the sealed target system, by means
of the catalyst (Deoxo catalyst, Model D,
supplied by Engelhard Industries Ltd., Baker
Platinum Division) contained in the vessel
shown in detail in Fig. 2. Before the water is
put into the target, the whole assembly is
flushed with oxygen and pressure-tested up to
40 Ib/in? by connecting an oxygen cylinder to
the valve on the catalyst vessel. During bom-
bardment, the pressure inside the target is
indicated by means of the gauge on top of the
catalyst vessel (which can be viewed from the
cyclotron control room by closed-circuit tele-
vision). Starting from atmospheric pressure, it
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rapidly increases to 10-15 Ib/in% when the beam
1s brought on, remains at about that valuc
throughout bombardment, fluctuating with
beam current, and drops to 3-41b/in? after
bombardment. This excess pressure must be
released by opening the valve before the screw
cap 1s opened to withdraw the water.

Fluorine-18 is the product of the nuclear
reactions O'(«, pn) and O'¥(e, d) for which the
threshold energies are 23-2 MeV and 20-4 MeV
respectively, and for which the total cross
section is about 100 mbarns at 30 MeV.2% In
practice, using the target described, a l-hr
bombardment at a beam current of 35 uA
yields about 40 mc of 8. Without the catalyst
in the sealed system, the radiolytic gas pressure
builds up rapidly and soon causes the thin
titanium foil to burst. When a simple splash
trap was used in place of the catalyst vessel, and
the target was bombarded at atmospheric
pressure by permitting the radiolytic gases to
escape, yields were only-—at most—a quarter of
those which are obtained with catalyst in a
sealed vacuum.

Immediately after bombardment, the active
solutions are usually left in the target vessel
for about 20 min to allow any very short-lived
contaminating species to decay. The longest-
lived of these has been identified as O3, which
has a 2-min half-life and could result from
O%(q, an) and O8(n, 2n) reactions. The only
other radioactive contaminants to have been
found in the samples are traces of V48 (16-1
days) and Cr®! (17-8 days), identified by chemi-
cal separation and y-spectroscopy after the F18
had decayed. These contaminants result from
recoils following nuclear reactions océurring in
the titanium foil, but their activity amounts to
not more than about 1 uc at the end of bom-
bardment.

In early experiments on this method of pro-
duction the target vessel used was made of
aluminium, in which less long-lived activity
accumulates than in titanium. However, it was
found that much of the F18 which was produced
remained adsorbed on the aluminium surfaces
when the active solution was removed from this
vessel. This loss could be prevented by using a
sodium bicarbonate buffer solution (pH = 8,
394 mg NaHCO4/l.) instead of pure water, but
then substantial quantities (about 50 ug/ml) of

2
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aluminium were found 1 the solutions after
bombardment. Using a titanium vessel and
pure water, the F!¥ losses through surface
adsorption are negligible, and less than 1 ug
titanium/ml (the limit of detection for the ring-

oven test we used) has been found in solution . .. .

after bombardment.

If the subsequent usc of the isotope requires it,
all radioactive and inactive contaminants can
be readily removed by a simplified version of the
method described by Stranks,® whereby
concentrated H,SO, i1s added to the active
target solution in a Polythene apparatus and, on
warming, aqueous HF!8 is distilled into a trap
n a stream of nitrogen gas. In the clinical work
for which the isotope has so far been required,
however, this purification step has not proved
necessary.

The F18 present in the target solution after
bombardment is, of course, carrier-free. Various
paper-electrophoresis and chromatography ex-
periments have indicated that it is not in the
form of simple fluoride ions, but is complexed in
some as yet undetermined manner. The same
experiments have also shown, however, that
the complexed F18 very readily exchanges with
a few micrograms of inactive fluoride ions,
giving solutions of high specific activity 18F-
fluoride.

In preparing F8-fluoroborate solutions the
method used is based on that described by
ASKENASY et al.?® The target solution (10 ml)
is reduced to about 2 ml by evaporation in a
small beaker under a radiant heater. The
solution is transferred to a test-tube containing
4 mg KBF, and is acidified with 0-1 ml 4 M HCI.
The tube is placed in a boiling water-bath for
20 min, during which time isotopic exchange
takes place, and then the solution is neutralized
by addition of a few drops of 1 M NaHCO,.
Fluoride ions are removed by passing the solu-
tion through a small column of chromatographic
alumina (approx. 1-5 X 0:25in.). Using this
technique, about 70 per cent of the F18 appears
as labelled fluoroborate. The entire operation
can be carried out within about an hour from
the end of bombardment, so that samples having
activities of up to 20 mc can readily be obtained.
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Using cyclotron-produced isotopes

at Hammersmith Hospital

by J. C. CLarx, C. M. E. MaTmEWS, D. J. Snvester and D. D. VONBERG
Medical Research Council Cyclotron Unit, Hammersmith Hospital, London, England

At Hammersmith Hospital we have
been using the Medical Research
Council cyclotron to explore a wide
variety of accelerator-produced radio-
nuclides for new applications in nu-
clear medicine. So far we have
studied some 36 radionuclides, and
thirteen are currently being produced
(see Table 1). In addition, we are
using the cyclotron to produce
charged-particle beams for radiobio-
logical studies as well as a fast-neutron
beam for radiotherapy.

There are varigus reasons for pre-
ferring accelerator-produced isotopes
to the more usual reactor-produced
isotopes of the same element (7). For
example, accelerators open up a broad
new range of isotopes to the medical
community—increasing the chance of
obtaining isotopes with acceptable
physical properties for the problem in
hand. In addition, the ideal half-life
for an isotope for many medical pur-
poses is inconveniently short for trans-
port from producer to remote user. A
cyelotron which produces . short-lived
isotopes directly in a hospital offers
an excellent solution. -

The Hammersmith cyclotron

The cyclotron at Hammersmith (2,
3) has a higher energy (16-Mev deu-
terons) than those now gaining popu-
tarity in the United States (6-8 Mev
deuterons), but of course it is larger
and more costly. The machine forms
part of the equipment of the Medical
Research Council Cyclotron Unit
which provides radiation and radioiso-
topes for medical research, diagnosis
and therapy. Two other accelera-
tors—an 8-Mev electron linear accel-

erator and a 2-Mev Van de Graafl
machine—provide additional radiation
sources for radiobiological studies but
are of course too low in energy for
isotope  production. The cyclotron
runs for about two-thirds of its time
on isotope production; the remaining
one-third provides radiation for radio-

biological work and for radiotherapy

with fast neutrons which has started
recently.

Although the staff is mainly non-
medical, there is close collaboration
with medical workers at Hammersmith
and other centers for developing iso-
tope applications. In addition to col-
laborative projects, the isotope section
of the unit is also engaged on an in-
ternal program of improving detection
instrumentation with camera and scan-
ning devices and interpreting tracer
experiments using an analog computer.

CHrisTINE MarTHEWS, who is senior
isotope physicist at Hammersmith, joined
the Unit in 1959 after spending 5 years
at the National Institute for Medical
Research. She received her Ph.D. from
Trinity College in Dublin as well as a
BSc. in physiology from London Uni-
versity. Davip J. SILVESTER, senior radio-
chemist, joined the Unit in 1959 after a
year as research associate at Brookhaven.
Both he and JoEN C: CLarE, who came
to the group in 1961, previously did
postgraduate work in radiochemistry at
the Univ. of Durham. Deeex D. Vox-

‘perg, Director of the Cyclotron Unit

since 1962, graduated in electrical engi-
neering from London Univ, did post-
graduate work. in radioastronomy at

Cambridge after the war and joined the.

Unit design team in 1949.

Production program. For produc-
tion purposes radionuclides fall into
two categories. The first consists of
those materials that have such short
half-lives that they are processed
continuously “on line” during produc-
tion and then piped from the accelera-
tor to the user. The second group in-
cludes radionuctides with longer hali-
lives which are produced by batch
methods.

This latter group can be sub-
divided into those radionuclides whick.
must be used on the day they are
made and those which will “keep” for
several days. How long they wit
“keep” depends on either the loss of
total activity or the rise in the pro-
portion of long-lived contaminants.

At Hammersmith the machine rup-
ning schedule is largely shaped by
half-life considerations. Between ¢
and 10 a.m. the machine usually makes
isotopes to be processed and used lates
the same day (F* and Fe"). During
the day isotopes processed and usel
“on line” are produced (0", N™ apnd
C") alternating with radiation; re
search on new production methods =
also carried out. In the evening, b
tween 6 and 10 pan., longer-lived m:-
terials are made for processing on 2
later day (I'%, Y®, Cs™, etc.).

Short-lived gases ‘“‘on line”

In the earliest clinical work wiid
radioisotopes from our cyclotron we
used radioactive gases only for lurz-
function studies. More recently, bov-
ever, we have also been using the gass
for investigating carbon dioxide pocs
and for blood-volume and flow mez-
surements. The labeled gases inclode
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AgiTos 253 d -,y (0.6, 0.94 Mei)
As®' 26h  EC.A* (0.63,0.84 Mev).
-EC. B‘.'y 06 Mev)

0%, CO.®, CO¥, C"O and N:* (4-8)
as well as reactor-produced Xe'*. We
expect Ni* to partly replace Xe™ in
the future.

The counting system for lung-fune-
tion studies with all the radioactive
gases consist of two pairs of scintilla-
tion counters—one pair for each
lung—with one crystal behind and one
in front of the chest. In each pair
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the outputs of the two counters are
summed so that counts are recorded
from a section of lung between the
counters. Two different types of col-
limators are used: with one type the
section of lung is cylindrical and with
the other it is a horizontal slab. Al-
though coincidence counting. was used
in the early work, this method gives
too low a counting rate for accurate

and very low rad|at|on dose

Fe uptake in organs and marrow

Parent of Srt7= (q.v.)

v standard

+ standard
" o standard, Aglomm

Parent As™ (q.v.) potential cow
system

y standard

results in this application, and we have
abandoned it. Profile scanning of the
lungs is also used (9).

CO,* for -regional blood flow and
detecting cardiac shunts. When =
patient takes a breath of carbon di-
oxide labeled with O (2.0-min balf-
life), there is an initial rise in count-
ing rate over the chest followed by a
rapid fall as the radioactive gas is



FIG. 1. To detect car-

diac shunts radioactive

blood (after breath of

CO,") that returns to

lungs through shunt

is measured. Counting
rates over left upper and

Right
lower
zone

right lower zones are
measured (A) before and
(B) “after operation for
closure of left-to-right’
cardiac shunt. In (A)
second peak due to re-
circulation of radiocactive
blood can be scen.
More rapid blood flow
in lower zone gives more
rapid clearance of radio-
activity than in upper

zone (8)

-Time in 2 second intervals

absorbed from the dlveolar air by the
blood and removed from the counting
field. The uptake by the blood is very
rapid because of the high solubility
of the gas—a solubility which is in-
creased by the exchange of the O"
label with OH" ions in water through
the equilibrium with bicarbonate and
carbonic acid. Therefore the count-
ing rate over the chest is almost en-
tirely due to radioactivity in the
blood, and the rate of clearance from
the counting field depends only” on
blood flow.

It has been shown experimentally
in the isolated dog lung that the expo-
nential slope of the counting-rate curve
is proportional to blood flow for a
given lung water volume (10). There-
fore this slope can be used.as a mea-
sure of regional blood flow. However,
the slope is reduced in the presence
of edema because of the increased
water volume. An advantage of this
method of measuring regional blood
flow is that no venepuncture is needed.

‘If a left-to-right cardiac shunt is
present, some radioactive blood will

return to the lungs through the shunt:

more rapidly than blood that recircu-
lates by the normal route. When this
happens, a second peak occurs on the
counting-rate curve because of the
rapid recirculation (Fig. 1). This
method of detecting shunts can be used
to evaluate the success of operations
for closure of the shunt (11, 12).
The O" used in these studies is pro-
duced from the N*(d;n)0" reaction
by bombarding nitrogen with 4-Mev
deuterons. The target box has a
1-mm-thick magnesium window which
reduces the energy of the 15-Mev deu-

terons and at the same time produces
Na® by the Mg"(d,«)Na™ reaction.
The O" yield only increases by 50%
if the maximum available deuteron en-
ergy is used, but the proportion of
other isotopes produccd—mainly N¥
and C"—is greatly increased.

In the gas-flow svstem 4% oxvgen
carrier in nitrogen is passed through
the target box at a flow rate of ~400
ml/min. The gas issuing from the
target box is {reed from the ozone and
oxides of nitrogen by absorbers.

Carbon dioxide labeled with O is
produced by passing the labeled mo-
lecular oxvgen over heated active car-
bon. Carbon monoxide produced at
the same time is converted to carbon
dioxide with heated ecupric oxide.
Provision is made for diluting the
product gas with air, and the diluted
gas passes through 2 bulb in an ioniza-
tion chamber for measurement.
Yields of 240 mc/min at a specific
activity of 255 me/mM result at a flow
rate of 700 ml/min and a beam current
of 35 na.

Xe™ and Ni” for regional ventila-
tion and blood-low measurements.
Reactor-produced Xe'™ (5.7-day half-
life) was the first radioactive gas used
for lung-function studies (13, 14). To

measure regional * blood flow using’

either Xe™ or No* (10-min half-life)
the radioactive gas is dissolved in
saline and , injected intravenously.
When it reaches the lungs, nearly all
the gas is evolved into the alveolar
air so that the counting rate over a
region of lung is proportional to the
amount of radioactivity carried to
that region and therefore to its blood
flow. This method gives relative re-

gional blood flow as a fraction of the
cardiac output “whereas the CO.*
method gives flow per unit volume of
lung water.

Regional ventilation has been mea-
sured in a number of different ways.
For cxample, in the single-breath
method, the peak counting rate over
the lungs is recorded after a rapid sin-
gle inspiration of radioactive gas. In
the wash-in and wash-out method, on
the other hand, the radioactive gas is .
rebreathed in a closed circuit for a
few minutes after which the subject
breathes room air normally. The
counting rate curves during wash in
and wash out of the gas are then ana-
lyzed to obtain regional ventilation.

The radioactive gas used to measure
ventilation must have a low solubility
in blood. Otherwise the peak count-
ing rate will be reduced in the single-
breath method because of the rapid
uptake of the gas by the blood, and
the shape of the wash-in and wash-out
curves will depend not only on ventila-
tion but also on the removal of radio-
activity by the arterial blood and its
return in the venous blood.

The solubilities of both Xe™ and
N" are low enough for the single-
breath method. But in the wash-in
and wash-out method the Ne'™ uptake
in the blood and its return from the
tissues can cause serious errors; more-
over the counting rate over the ches:
is affected by radioactivity in the chest
wall (15). Therefore Ni”, which has
only about a tenth of the solubility
of Xe™, is much more suitable for this
method. N," is also more suitable for
the single-breath method because the
measurement must be related to lung
volume in the counting field which can-
not be accurately determined with
Xe®* (15). Thercfore we plan to
change to N.* as soon as we can pro-
duce solutions of this gas routinely.

The single-breath method will give
no values for ventilation for poorly
ventilated regions because little gas
will enter these regions in a singie
breath; but the other method will give
the proportion of alveoli with differen:
ventilations per unit volume in the re-
gion examined. Moreover, the method
has the advantage that the measure-
ments are made under conditions oi
normal breathing.

.Both CO:* and Xe™ can be used
to measure blood flow. In normal
subjects in the sitting position blood
flow per unit lung volume increases



i ek S =

from apex to base of the lung whereas
in patients with severe mitral stenosis
this pattern is reversed (16, 17). The
physiology of the distribution of lung
blood flow has been worked out in de-
tail using the isolated perfused dog
lung (18). The absorbed doses for
lungs and gonads are shown in Table
2 for the radioactive gases (5, 6, 8,
19). The dose from a scries of tests
is normally of the same order of mag-
nitude as from a chest x-ray.

The N" is produced by bombarding
carbon  with deuterons by the
C*(d,n)N" reaction. The target ma-
terial is a layer of active carbon gran-
ules supported in the external deuteron
beam by a graphite grid. This re-
places the nichrome grid which was
used to produce gaseous N."” by Nicho-
las, Silvester and Fowler (20) in
studying nitrogen fixation in bacterial
cells and their extracts.

Carrier gas is passed through the
target to sweep out the volatile N”
compounds released from the active
carbon. Any oxides of nitrogen are
reduced to nitrogen with heated cop-
per. Various carrier gases have been
used including argon, methane and hy-
drogen. Argon gives high yields but
also contributes the long-lived A* con-
taminant. Hydrogen, on the other
hand, gives lower yields but has the
advantage of being readily removed
from the gas phase by conversion to
water, giving a large increase in spe-
cific activity.

When solutions of N are needed,
the active carbon is outgased under
vacuum before use, and a carrier gas
of high-purity hydrogen is used. With
a carrier gas flow of 50-ml/min hydro-
gen and a deuteron beam current
of 35 wra, gas samples with a specific
activity of 5 curies/liter are obtained
after the hydrogen is oxidized with
cupric oxide at 700°C. If this gas
is then mixed with water or normal
saline, solutions are produced contain-

ing 100-150 p#c/ml of N.%. A typical

sample of 1 me¢ Ni* in 10 ml of saline
takes 10 min to prepare. This solu-
tion is sterile and pyrogen free because
it is the product of a high-temperature
combustion. The output of the fur-
nace has a sterile demountable as-
sembly.

C"0: for studying body CO: pools.
We have used C"0: (20-min balf-life)
to study body CO: in normal volun-
teers (21). The radioactive gas was
administered during %-% min of re-

breathing, and radioactivity in ar-
terial blood samples was measured at
intervals up to ~1 hr after injection.
The results indicate that there is a
rapid exchange between blood and
extracellular CO. and a slower ex-
change with an intracellular poal.
This hypothesis explains the rate of
rise of Peo, (partial pressure of CO:
in blood) during rebreathing which
could not be explained by modcls in
which the rate of exchange of CO.
throughout the body was limited only
by blood flow.

We are now extending these experi-
ments using an improved technique in
which radioactivity and CO: in expired
air are measured continuously. Since
~0.5 mec is given, the doses are one
tenth of those shown in Table 2. Re-
sults are being analyzed with an analog
computer using a model that includes
rate limitations due to both blood
flow and extracellular-intracellular ex-
change.

The control of ventilation is also
simulated with this model (22), and
we find that a number of diffcrent ex-
periments can all be matched with the
same value for pool sizes and exchange
rates in a given subject. This new
model includes separate pools for dis-
solved CO: and bicarbonate and takes
into account the interchange with
buffer anions. We hope that this
model will help us understand the con-
trol of the acid-base balance in the
body.

The C" is produced by the
B*(d,n)C" and B"(d2nr)C" reactions
by bombarding boron with deuterons.
The target material is boric oxide
which is kept in the molten state by
the power dissipated by the beam (450

Table 2—Absorbed tissue doses
from isotopes
Absorbed dose
(millirads) to:
Isotopes Luags Gonads
Single breath 5 mc for
20 sec
C0, 80 (apex) 18
Costt 220 (apex) 55
Single breath or injec-
tion 1 me for 30 sec
Xetss 14 0.1-03
N1 35 0.1—05
Rebreathing 1 mc/1
for 2 min
Xeis §7 23
N, 136 05—2

watls at 30 xa) and is prevented from
running off the wedge by surface ten-
sion. A mixture of carbon monoxide
and carbon dioxide labeled with C”
together with some N," is released
from the molten boric oxide.

When C"-labeled carbon dioxide iz
needed, a flow of 100 mi/min of 55
CO: in hclium is used as a carrier
sweep gas, and the C"-labeled carbon
monoxide is oxidized to carbon dioxide
with  heated cupric oxide. “The
N™"-labeled nitrogen is removed in
batches by trapping the carbon dioxide
at —196°C.

C"O for red-cell volume measure-
ments. To measure circulating red-
cell volures one conventionally uses an
isotope dilution technique with red cells
labeled with Cr*. But the long hzli-
life of Cr* precludes its use in infanis
and expectant mothers because the
radiation dose would be too high and
in patients when serial measuremenis
at short intervals are required. For
these applications a short-lived lahel
must be used.

The affinity of hemoglobin for car-
bon monoxide is well known, and b=-
cause this gas labeled with short-lived
C" is readily available from our cycic-
tron, we have developed a routine
method for labeling red cells with thiz
1sotope (£3).

The target arrangement and bom-
bardment conditions are the same as
for C"0x but when we need C"0 we
use a flow of 50 mi/min of 1% carton
monoxide in helium as carrier sweep
gas. The carbon dioxide is reduced
to carbon monoxide using active car-
bon at 900°C. The gas then flow:
through a soda lime trap to remave
the last traces of CO-.

For red-blood-cell labeling high spe-
cific activity is needed. This iz
achieved by using small carrier conezn-
trations, low flow rates and high beam
currents. The gas must also be sterile
and pyrogen-free. We therefore use
Millipore filtration and bake the gas
in a small silica tube furmace. The
gas is then removed by a sterile sep-
tum straight into a 50 ml disposzble
synnge which contains the “whole-
blood” sample. About 15 ml of blood
are then miixed with 35 ml of the C*-
labeled 19, carbon monoxide/heliu
mixture by gently rotating the syrmgz
on its axis at 20 rpm for 10 min. Be-
cause the N"-labeled molecular nitro-
gen has a very low solubility, it does
not interfere with the radiochemice!



purity of the red cells. Yields of 7
me/min are obtained in the gas phase
- with a specific activity of 250 me/mM
at a beam current of 35sza at ~14
Mev.

Batch isotopes: F'® and Sr*™™

The longer-lived radiosotepes used
at Hammersmith arc produced by
batch methods. F* fluoride and Sr™"
citrate are used for detecting bone le-
sions—sometimes letting one sec the
lesions on the scan before they become
visible on the x-ray (24-26). As
Monte Blau of Roswell Park Memorial
Institute has pointed out, F* fluoride
is more rapidly cleared from the blood
than Sr™™ and is more suitable; how-
ever, because of its short half-life, it
can only be used close to a cyclotron
or reactor. Sr™", on the other hand,
has the advantage that it can he
milked from its fonger-lived parent Y
(80-hr half-life).

The dose from both F*® and Sr”
is considerably smaller than that from
the longer-lived Ca” and St® which
are more often used. For example,
Blau calculates the dose from F* to
the whole body as only 0.23 rads/mc
(24) while we calculate it as 0.4l
rads/me allowing a factor of five for
nonuniform distribution in bone. The
doses from Ca” and Sr® are several
rads per investigation.

Both osteolytic and osteoblastic le-
sions show an increased uptake of
these isotopes compared with normal
bone. The uptske is rapid and is
probably due to exchange with salts
of the bone crystal and not to metabo-
lism; thus increased uptake may be
due to a larger available area of crys-
tal. Budy discusses the uptake mech-
anism of a number of different isotopes
in bone (27).

The distribution of F* in the body
has also been considered to depend on
blood flow. Using the positron cam-
era Van Dyke and his colleagues have
visualized the distribution of this up-
take for the whole body and have
studied the variation in uptake pattern
in various diseases (28).

We make F* in 40-60-mc batches
twice & week and dispatch them to
several London hospitals that are in-
terested in bone scanning. More dis-
tant parts of the country are supplied
with Y* cows which are also made on
a regular schedule.

Twenty-one patients have now been
scanned with F* by R. Morrison and

J. Davey at Hammersmith. These
patients either have known or sus-
pected neoplastic changes on x-ray or
have symptoms that suggest bone in-
volvement although their x-rays arc
wormal. Cood scans have heen ob-
tained in all patients, and four positive
scans were found when the x-rays were
entirely normal.

For example, Fig. 2 shows a F" scan
of a G4-vear-old patient who had a
history of carcinoma of the cervical
stump in May 1965 and was treated
with supervoltage irradiation. She
was well and free of reeurrence for
1 year when she presented with severe
pain in the left arm and some tender-
ness over the head of the left humerus.
The x-ravs, as Fig. 2 shows, were nor-
mal. We gave I me of F" intrave-
nously and scanned the patient 1 hr
later. As the scan shows, increased
uptake resulted compared with the ex-
pected uptake in normal subjects, and
despite the normal x-ray finding the
patient was considered to have a sec-
ondary deposit in the head of the hu-
merus.  She was given a course of pal-
liative irradiation to this secondary de-
posit and 5 months later was frec of
pain.

R. McCready of the Royal Marsden
Hospital has given 1-2-mc¢ intravenous
injections of F™® to 47 patients. Of
15 cases with positive x-ravs, 14 gave
positive scans. In a further 8 positive
scans, the x-rays were negative. Of
the remaining cases, 19 showed nega-
tive scans and x-rays while 5 gave
equivocal results. McCready has also
used Sr™ and finds that the bone up-
take is similar to that for F*. More-
over he finds that both F* and Sr""
give better scans in a shorter time than
Sr*. Since a high percentage of the
scans are negative, much time is
wasted if each scan takes a long time

_so this is an important advantage of
* these short-lived isotopes.

We make F* by irradiating water
held in.a titanium vessel in the ex-
ternal alpha beam of the cyclotron
(29). The essential nuclear reaction
is 0"(a,pn)F* for which the threshold
energy is ~20 Mev. Recently we
have installed an infrared TV camera
which lets us observe the distribution
of the beam on the target during bom-
bardment. If the beam is kept well
spread, up to 60 mc of F* can be
obtained from 2 1-hr bombardment
at 40 pa.

For purposes such as bone-lesion

scanning the cyclotron target solution
can be administered directly to the
patients without further treatment
other than sterilization because con-
taminating activities are negligible
{only traces of Cr" and V* which re-
coil from the walls of the target vessel)
and the solutions have been shown to
he pyrogen free. Reactor produced-
F", on the other hand, must be sepa-
rated from the lithium salt from which

it is made and from the large quanti- . .. :

ties of tritium that arc made simulta-
neously (30, 31).

The Y© for the Sr¥™ generator is
produced by the Rb*(e,2n)Y" reac-
tion. Rubidiwin chloride is used as the
target, melted onto a copper plate
which is water cooled during bombard-
ment. The separation procedure has
been described by Hillman and his
group (32). After bombardment the
rubidivin chloride is removed from the
target plate by dissolution in dilute
hvdrochloric acid containing a few mil-
ligrams of yitrium carrier. Yttrium
hvdroxide is precipitated and purified
and finally applied in citric acid solu-
tion to an anion exchange resine col-
umn in the carbonate form.

The column consists of a 1-ml bed
of amberlite CG 400 resin followed by
a 4-ml hed of TRA 400 mounted in
a 10-m! disposable syringe. The Sr®
daughter is milked by allowing 5 ml
of sterile 00059 citric acid to flow
through the resin column. The milk-
ings arc then sterilized by autoclaving
or Millipore filiration. The cow svs-
tem will produce pyrogen-free solu-
tions if the milking procedure is car-
ried out carefully.

Production yields of Y™ at 30 Mev
are ~340 pc/uAh at the end of bom-
bardment after chemistry. This gives
a Sr™= yield on milking of 240 sc/xAh
at the end of bombardment. We
found that the average milking effi-
ciency for seven cows was 72%. Occa-
sionally we find very high milking effi-
tiencies of around 90%. Yttrium con-
tamination of the milkings never
amounts to more than 0.05% of the
Sr™ content at the time of milking.

KBF* for brain scanning. Pre-
viously two groups have used KBF.»
(18-hr half-life) for brain scanning
(33, 84). At Hammersmith we use
the F* produced by alpha bombard-
ment of water to label fluoroborate
using a method similar to that de-
scribed by Ashkenasy and his group
(33).




To compare labeled fluoroborate
‘with other radioactive substances used
for brain scanning, some criterion for
comparison- is needed. Since many
substances used for brain scanning are
distributed approximately uniformly in
extracellular fluid (35, 36), these all
give the same tumor-to-brain concen-
tration ratio, and none of them has
any particular - biological advantage.
Therefore the choice of the best radio-
nuclide depends mainly on physical
characteristics. In some cases it may
be difficult to decide which of two
radioactive substances will be best be-
cause one may have better biological
properties while the other has better
physical properties. Various figures of
merit have been used to compare nu-

" clides and counting systems for brain

scanning (4, $7-40).

It is assumed that the “best” nuclide
is the one that will enable the smallest
tumor to be detected with a given sta-
tistical significance in a given time.
Then the over-all figure of merit for
the nuclide counting-system combina-
tion can be split up into two factors,
A and B (40). A depends on the bio-
logical and physical properties of the
nuclide while B depends on the physical
properties in relation to the counting
system. The minimum volume of tumor
that can be detected with a given statis-
tical significance is inversely proportional
to A x B.

The two groups of nuclides likely
to give the best results are low-energy
gamma emitters (70-300 or 400 kev)
and positron emitters. If high-energy
gamma rays are also emitted and if
coincidence counting is not used, the
problems of penetration through septa
and side shielding will be difficult to
overcome. For each of these groups
of nuclides the B factor will not vary
greatly so that nuclides within each
group can be compared approximgtely
by means of the A factor alone. This
factor is greater for KBF* than for
other positron emitters (40) because
of its short half-life.

Unfortunately, however, Turner and
Matthews at Hammersmith have re-
cently found that KBF" concentrates
in the stomach although this was not
reported by other workers. Fig. 3 is
a positron camera picture of a rat
given KBF&* which clearly shows the
high concentration in the stomach.
Presumably the mechanism is similar
to that for iodide because fluoroborate

FIG. 2. F* scan made 1 hr after intravenous injection of 1 mc F" shows secondary
deposit in head of humerus although x-ray of patient was normal (Reproduced from

results of R. Morrison and J. Davey)

behaves rather like iodide in the body.
It is possible to block the stomach up-
take to some extent by giving per-
chlorate before injecting the KBF.",
and we are now investigating the effec-
tiveness of this method.

The main advantage of KBF." over
other substances is its short half-life
which—if the stomach uptake can be
effectively blocked—lets one give
larger amounts for the same radiation
dose. Previous workers (33, 34) have
only given similar amounts to those
used for longer-lived radioactive sub-
stances so the value of KBF." for
brain scanning cannot be properly as-
sessed from their results.

Nb? for tumor detection

Of a number of radioactive sub-
stances which we compared for their
uptake in transplanted tumors in rats
(35) Nb® oxalate gives the highest
concentration in the tumor. There-
fore we thought that radioactive nio-
bium might be useful for localization
of tumors anywhere in the body.
Nb*, for example, appears to concen-
trate specifically in the tumor in con-
trast to isotopes usually used for
brain-tumor localization which are
merely excluded by brain and not by
tumor.

For the animal experiments it was
convenient to use reactor-produced
Nb*. But this material is unsuitable
for clinical use because it has a long
half-life ,(35 days) and emits hard
gamma rays which are difficult to col-
limate. Cyclotron-produced Nb” is
better suited to work with patients
because it has a short half-life of 14.8
hr and emits positrons in addition. to
gamma rays; therefore the annihila-
tion radiation can be collimated by

coincidence methods.

The distribution of niobium isotopes
in rats has been measured by Maz:-
thews and Gartside (47). Uptake gor
gram is highest in transplanted tumess.
plasma, spleen, kidney and marrew.
The rate of clearance from the blexd
is similar to that of I"'-labeled fibriz
gen in the blood. This may possitiy
explain the high tumor uptake becaise
there is some evidence that tumars
tend to concentrate fibrinogen (2.
43). We hope to investigate the :p-
take in human tumors shorily.

The Nb® is produced when =oi-
conium is bombarded with 15-Mzv
deuterons. The most serious contemi-
nant is Nb™ (10-day half-life) whek
is present in amounts ~5% thati of
Nb® at the end of bombardment.
other niobium isotopes including X"
oceur in smaller amounts (noi exczzd-
ing 1% at the end of bombardmen::.

Our targets consist of a thin lzrzr
(~005 mm) of zirconium m:ial
sprayed onto a copper plate. Alter
bombardment the zirconium can be
easily etched off the backing with
strong hydrofiuoric acid. The niobum
isotopes are then recovered irom the
solution, and after excess hydrofluzric
acid has been removed by 2 series of
solvent extraction steps (44). the =o-
topes are finally prepared in 2 soluion
«of 005% oxalic acid. The Nb” rield
is ~2mc/pAh at the end of -
bardment.

N
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Cs and Rb isotopes

Rb™ has been used in varsous w3
for measuring coronary flo= anc for
heart scanning. For example, Dazato
and others (46) have used & meiiod
for measuring coronary flow with Rb"
which gives good agreement with: re-



FIC. 3. Positron camera pictures of KBF." distribution in rat (A) 8-11 min, (B) 64
min, and (C) 113 min after injection show that material concentrates in stomach

sults obtained with N:O in normal sub-
jects and in patients with heart dis-
ease.. In addition Cs"™ has been inves-
tigated for these applications ({5).

But neither Rb™ nor Cs™ have very
suitable physical properties for col-
limation and scanning, and both nu-
clides give rather high radiation doses.
It should be possible to improve the
method considerably by using one of
the cyclotron-produced isotopes Cs™
(32 hr), Cs™ (29 min), Rb" (47
hr) and Rb™ (63 hr). The short
half-lives of these nuclides lead to re-
duced radiation dose, and either posi-
tron or gamma rays of rcasonably suit-
able energy are emitted.

R. Caldwell, I. Gabe, P. Kibby and
C. Matthews at Hammersmith have
carried out preliminary experiments in
dogs with these isotopes. They find
a high uptake of cesium in kidney
which limits the dose that can be
given. The uptake in heart muscle
varies from ~3 to 79 for cesium and
rubidium isotopes. Clearance from
the blood is rapid, but it is somewhat
slower for cesium isotopes. B. Wes-
terman has made gamma camera pic-
tures with Cs'™ in patients with heart
disease but the energy of the main
gamma fay is rather high for the cam-
era and the resolution is not good.
Possibly better pictures of the heart
can be made using Cs™ and the posi-
tron camera.

The reason why coronary flow can
be calculated from the myocardial up-
take of these isotopes does not seem
to be clearly understood. 1t is some-
times explained on the basis of the
“extraction ratio” for heart muscle
having the same value as the average
extraction ratio for the whole body.
The extraction ratio is usually defined
as the difference between arterial and
venous concentration of the isotope di-

vided by arterial concentration—or the
integrated value of this ratio from time
0 to time ¢. Clearly this quantity
is a function of time and might also
be expected to be itself a function of
flow and to vary for different organs.
In fact, it will be the same for different
organs only if the ratio of blood flow
to potassium content is the same for
each organ (47) which seems unlikely.
However, it may be that the extraction
ratio only appears to be constant. As
L. A. Sapirstein has pointed out, there
will only be a small amount of 1sotope
returning to the venous blood because
of the large size of the organ potassium
pool with which the isotope is assumed
to exchange.

The Cs™ and Cs™ are made in the
cyclotron by the I"'(a2n)Cs™ and
I*'(2,n)Cs™ reactions using powdered
sodium iodide as the target material.
By covering the target with sufficiently
thick aluminum-absorber foils, the
alpha beam energy can be reduced
to less than the 15-Mev threshold of
the former reaction so that Cs™ can
be obtained entirely free from Cs™
contamination. The yield of Cs™ un-
der these conditions is ~0.5 me/xAh
at the end of bombardment or ~5 me
from a 30-min run at 20 xA. On the

“other hand, by bombarding the target

at maximum energy (~30 Mev) and
allowing the Cs™ to decay, pure Cs™
can be obtained with yields of ~02
me/uAh.

After bombardment the sodium io-
dide is dissolved in sodium citrate
buffer solution. (pH = 55) to which
a little thiosulfate is added to reduce
free iodine. The radiocesium is ex-
tracted into a solution of sodium tetra-
phenylboron  in  amyl  acetate
(48). No carrier is added; indeed,
the presence of carrier or traces of
alkali metals other than sodium results

- in the formation of a precipitate at

this stage which reduces the efficiency
of the chemical separation. Therefore
target material of highest purity is de-
sirable. The organic phase is washed
with dilute alkali, and the radiocesium
is back-extracted into dilute HCI.

This extraction cycle is repeated,
and the final HCI solution is thor-
oughly washed with ether to remove
other organic reagents. The residual
ether is then removed by evaporation,”
sodium bicarbonate is added to neu-
tralize the HCl and the solution is
taken to dryness.

When dry, the residue is baked to
ensure the breakdown on any pyro-
genic material which may be present.
It is then dissolved in pyrogen-free
water and sterilized by Millipore fil-
tration. The only contamination de-
tected in these samples is a trace of
Na® from Na®(ean)Na® reactions,
some of which will follow cesium
through the separation procedure.
This has been found only in the Cs™
samples where it amounts to <1 part
in 10" of Cs™ at the end of bombard-
ment.

The same production technique is
used to prepare the rubidium isotopes
Rb" and Rb¥™, except that of course
sodium bromide is used as the target
material.  We are currently studying
the relative yields of these two isotopes
and their contaminants, Rb* and Rb*,
at various bombarding energies.

I'*3 for thyroid uptake

I decays almost entirely by emit-
ting 160-kev gamma radiation. This
property would make the pure isotope
the ideal tracer for iodine in many
clinical studies because of its low radia-
tion dose per millicurie compared with,
say, I''. But in practice the isotope
is invariably contaminated with other
iodine "isotopes which add somewhat
to the radiation dose.

We are presently supplying I for
thyroid-uptake measurements in pa-
tients. The pure isotope would give
a dose to the thyroid of 0.015 rads/kc;
even when it contains up to 109 I,
H. L. Glass finds that the dose is only
0075 rads/ec compared with 18
rads/uc for T

I together with relatively small
amounts of the longerdived I, I'®
and I'™ is. made by alpha bombard-
ment of antimony; targets coosist of
a thin layer of antimony sprayed on
a copper backing. If the targets zre
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FIG. 4. Fe* scan shows reduction in
iron uptake in lower lumbar region after
deep x-ray therapy to abdominal grands
involved by caneer (R. McCready)

placed inside the dee-box of the ma-
chine where the beam strikes them at
grazing incidence, they become cffec-
tively thick targets, and the 1" con-
tent (which is the most serious con-
tamination from the point of view of
dose to patients) will be ~5% of the
I'™™ content at the end of bombard-
ment. The yield of the I'® in this
case is ~200uc/uAh. If, however, the
targets are placed normal to the ex-
ternal beam and covered with enough
aluminum foil to reduce the incident
beam energy of 25 Mev, the I'"* con-
tent is reduced to ~05% of the I'";
but the yield of I'> drops to ~20
ne/uAh. R

After bombardment the antifnony
layer is removed from its copper back-
ing with a remotely controlled milling
machine, and the turnings are dis-
solved in a sulfuric acid nitrite mixture
to which ~50 »g of iodide carrier are
added. When this mixture is warmed,
the iodide is distilled into an alkaline
trap. Solvent extraction steps—all re-
mote controlled—further purify the io-
dine, and the final solution consists of
radiodine plus carrier in the form of
iodide in 0.9% saline.

For purposes such as thyroid-uptake

measurement{z the radioiodine is used
in this form. Bul we arc also using
it to prepare labeled human serum al-
bumin.
similar to that described by Rosa (49),
but the labeled product is separated
from non-protein-bound iodine by
passing it through a colunm of
Sephadex-G25.

Fe®? in tracer studies

Fe® {8.2-hr half-life) was first used
in 1957 at Hammersmith by L. Szur
and others to study the distribution
of crythropoictic tissue along the
femur in patients with a wide variety
of hematological disorders (30). The
nuclide decays by positron emission,
and the detection system uses coinci-
dence counting.

Using a large positron scintitlation
camera (57) H. O. Anger and his col-
leagues at the Univ. of California have
used Fe® to study the whole-body pat-
terns of marrow hvpertrophy and
atrophy in man (352) and intestinal
iron absorption (33). The short half-
life lets one make the serial measure-
ments necessary to investigate the
offiects of eytotoxic agents and ionizing
radiation on marrow function. Figure
4 is a scan made by R. McCready
showing the reduction in iron uptake
in the lower lumbar region [ollowing
deep x-ray therapy to
glands involved by cancer.

Fe® is made by bombarding chro-
mium targets in the internal alpha
beam of the cyclotron where currents
up to 300 #a are routinely used. The
targets consist of a thin (0.05 mm)
layer of natural chromium on an alu-
minum backing plate. They are
placed at grazing incidence to the
beam so that they become in effect
infinitely thick. Details of the sol-
vent-extraction technique used in 1s0-
lating the radioiron in carrier-free
form from the irradiated targets are
given elsewhere (54).

The reaction that yields Fe* is
Cr*(e2n)Fe®. Because Cr* is only
~49, abundant in natural chromium,
the yield is-rather low; a 1-hr bom-
bardment at 300 pa produces only
~0.15 me. Higher vields can obvi-
ously ‘bt obtained if enriched Cr* 15
used as the target material, and the
feasibility of doing this is at an ad-
vanced stage of investigation.

The produce is contaminated only
by small amounts (<5% at end of
bombardment) of Fe*, but this Has

ahdominal

The iodination technique is

not proved an cmbarrassment to its
clinical use because Fe* is a long-lived
x-ray cmitter. This _contamination,
however, should be reduced by using
an cnriched Cr* target.

K*3 for tracer studies

K* has been used to study the rate
of tranzport of potassium across the
membrane of red blood cells at Donner
Laboratory (33) and to investigate the
total exchangeable potassium in pa-
tients for a longer period than is poss-
ble with the 12-hr half-life reactor-
praduct. K* at Hammersmith.

We obtain carrier-free K from the
cyclotron by the A”(a,p)K® reaction
by allowing the particle beam to enier
a4 vessel containing argon (56-3%).

If the argon is rapidly circulated
through the target vessel and the exit
gas is passed through a horositic.te
fiber filter, more than 70% of ihe
available aetivity is recovered on ihe
filter. After bombardment the acuv-
ity can be removed from the filter with
10 mi of 000t N hydrochloric zad
without adding a carrier. If we nse
an alpha-particle energy of 13 Mav
during bombardment, the K
18s¢/eAh and the K® contaminz
is 3%. "When high chemical puniy
of the sample is needed, the carz.er-
free K® is purified by extracting thz
tetraphenyl  boron compound MO
ethyl acetate at pH 5.7-6.0, followes
by a back extraction into 0.1 HCL

vield 13

Summing up .

There are a number of reasons wh:
these accelerator-produced isotopes ar®
preferable to reactor-produced 03
of the same element. For ex
accelerator-produced O® and N7 aiz
the only isotopes of these elemeni
which can be used in practice betaus:
the others have even shorter aal-
lives. C" on the other hand, iz pre
ferred to C* for certain work iz hi-
mans because the much shorter hali-
life reduces the radiation dose. Mor=-
over, the annihilation gamma radaaties
lets one use in vivo counting meihols
that would be impossible with C"

F* and Sr™= are preferred for boz=
scanning because of shorter hsli-liz
and lower dose than reactor-presfuess
strontium or calcium isotopes. N&*
has rather too short a half-life for ge=
eral tumor localization, but reactor-
produced Nb® is too long lived asd
emits unsuitable radiation. The o=
sium and rubidium isotopes in Table




1 are more suitable than reactor-pro-
duced ones both because of their more

useful
lives.
cause of its longer half-life.

radiation and shorter half-
X*, however, is more useful be-
The radi-

ation emitted by I'" has almost ideal
properties for in vivo measurements
and for some applications the short

half-life is also an advantage.
useful because of

Fe* is

its short half-life

which lets one make serial measure-
ments with ijt.

In practice we do not choose cyclo-

tron-produced isotopes at Hammer-
smith over reactor-produced because
they are positron emitters or have high
specific activities. However, in some
cases, if specific activity were too low
the material would be unsuitable. We
do not think that coincidence counting
with positrons is necessarily an ad-
vantage since better efficiency can be
obtained for the same resolution with
a low-energy gamma-emitting nuclide

and focusing collimators (60).

If no

suitable low-energy gamma emitter is
available, however, coincidence count-
ing may certainly be preferable to the
use of focusing collimators with high-
energy gamma rays.

So far little use has been made of

cyclotron-produced isotopes for label-
ing molecules more complex than sim-
ple inorganic salts. For example, C"

or

F* might be used to label 2 wide

variety of substances of physiological
interest if the difficulties of carrying
out the labeling process in a short time

can be overcome.

Some of the most

interesting developments of the future
may lie in this direction.

.
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MEASUREMENT OF BLOOD VOLUME USING RED CELLS

LABELED WITH RADIOACTIVE CARBON MONOXIDE

H. I. Glass, A. Brant, J. C. Clark, A. C. de Garetta and L. G. Day

In the early 1940’s, blood volume was measured
by inhaling a gas mixture containing carbon monox-
ide (/). By measuring the concentration of carbon
monoxide in the blood and by knowing the amount
extracted from a closed-circuit breathing system,
one can calculate the blood volume. A modification
of this method, in which no blood samples are with-
drawn, was described by Sjostrand (2), but some of
the assumptions on which his method is based have
been questioned (3). It has been consistently dem-
onstrated, however, that the dilution volume meas-
ured by inhaling carbon monoxide averages 12-16%
more than the volume measured with cells labeled
with radioactive phosphorus, chromium or iron
(4-7).

Root and his co-workers (8) have shown that a
similar difference is found with splenectomized dogs
intravenously injected with red cells labeled in vitro
with stable carbon monoxide. This work can be
criticized, however, because the insensitivity of the
chemical methods used means the amount of blood
removed for labeling must range from 50 to 80 ml in
dogs with blood volumes of between 200 and 350
ml. A second possible criticism is that a correction
for the disappearance of the carbon monoxide label
from the blood may not have been applied, although
a disappearance rate of 36% /hr is quoted in the
paper. Tobias et al (9), who used radioactive ''C-
carbon monoxide-labeled red cells to study the
elimination of carbon monoxide from the body, have
stressed the importance of this disappearance-rate
measurement if reliable estimates of blood volume
are to be made. If radioactive '"C-carbon monoxide-
labeled red cells are used to measure blood volume,
the amount of labeled blood used is less than 5 ml
in subjects with blood volumes of about 5,000 ml.
The correction factor applied to account for the loss

of !C activity from the blood can be determined
easily.

Hammersmith Hospital, London, England

The purpose of the present investigation was to
obtain an accurate estimate of the clearance rate of
1C-carbon monoxide from the blood and an accu-
rate estimate of the difference in dilution space meas-
ured with >!Cr-labeled red cells and ''C-carbon
monoxide-labeled red cells. As a further study of the
possible usefulness of this method in practice, re-
peated measurements of blood volume using ''C-
carbon monoxide-labeled red cells were made in two
volunteers.

METHODS

Production of 'C-carbon monoxide. 'C was pro-
duced by bombarding boron as boric oxide with 15-
MeV deuterons from the Medical Research Council
cyclotron (/0). The nuclear reactions that occur
are "B(d,n)"'C and ""B(d,2n)"'C (11.12). Some
1IN is produced simultaneously by the *0O(d,an)*N
reaction. These reactions are the only ones that
need to be considered for our purposes. The target
vessel consisted essentially of a brass box contain-
ing a wedge that supports a thin layer of boric oxide
(B,O,) on its serrated surface. The deuteron beam
entered the box through a thin aluminum foil win-
dow. The radioactive products were swept out of the
target vessel in a stream (S0 ml/min) of carrier gas
which consisted of 1% carbon monoxide in helium.
The 1C left the vessel only in the form of carbon
monoxide or carbon dioxide, and the '*N (about
16% of the total activity) left only as molecular
nitrogen. The labeled carbon dioxide was reduced
to monoxide by passing the gas over “active” carbon
at 900°C; it then flowed through a soda-lime trap
to remove any residual traces of carbon dioxide. The
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TABLE 1. DISAPPEARANCE RATE OF 1iC
ACTIVITY FROM BLOOD

1CO dilution space Fractional loss rate
Patient {mh) {min™")

AH 3,635 120 0.00535 * 0.00115

MF 3776 = 94 0.00530 =+ 0.00095
EB 3.919 157 0.00369 * 0.00134
PC 1917 %+ 63 0.00433 + 0.00122
AT 6,469 *+ 115 0.00485 + 0.00078
RE 4,638 + 71 0.00304 *+ 0.00046
JG 3.766 127 0.00304 =+ 0.00145%
LC 3,045 + 128 0.00564 =+ 0.00158
MP 3,438 113 0.00355 =+ 0.00128

Weighted mean —_ 0.00394 3 0.00114
Average coefficient of

variation (%) 3.03 . —_

composition of the final gas mixture used for label-
ing was checked with a gas chromatograph. Sterility
was assured by Millipore filtration while the risk
of possible pyrogen contamination was virtually
eliminated by passing the gas through a small-bore
silica tube at 300°C to denature any protein frag-
ments. From this tube the gas flowed to waste
through a small sterile vessel from which samples
were withdrawn by piercing its soft rubber cap with
a hypodermic needle.

Labeling procedures. To label the red cells with
"1C-carbon monoxide, 5 m! of venous blood were
withdrawn into a 50-ml syringe containing 1.5 ml
of acid citrate dextrose anticoagulant {ACD). Forty-
five miililiters of ''C-carbon monoxide plus helium
carrier gas mixture were drawn into the syringe which
was then rotated at 10 rpm for 10 min. The excess
gas was expelled. Because of the high radioactivity
per milliliter of blood achieved by this method (75
pCi/ml), there was adequate time to prepare stand-
ards and doses. The amount of ''C-carbon menoxide
contained in the plasma was less than 0.01% . There-
fore it was not necessary to wash the plasma -from
the red cells after labeling.

To label the red cells with “C-carbon monoxide
and 'Cr, 10 ml of venous blood were withdrawn
into a 50-ml syringe containing 1.5 ml of ACD.
Less than 100 xCi of 3'Cr (as sodium chromate) was
added to this syringe under sterile conditions. Forty
milliliters of the 'C-carbon monoxide gas mixture
(contéining 500 uCi of activity) was drawn into the
syringe. The syringe was rotated for 10 min at 10
rpm. The excess gas was expelled, and the red cells
were washed three times with isotonic saline (four
centrifugations at 3,000 rpm) for 5 min each time.

‘The amount of 3'Cr activity contained in the wash-

ing was checked. Virtually no activity (less than

0.01% ) remained in the supernatant after the wash-
ing procedure. The washed labeled red cells were

resuspended in saline up to the original volume of
10 ml

RADIATION DOSIMETRY

"C has a physical half-life of 20.34 min and emits .
positrons with a maximum energy of 0.97 MeV
which yield 0.51-MeV  annihilation photons. The
k-factor (specific gamma-ray emission) is 5.8 R/hr/
mCi at 1 cm. Assuming a body weight of 65 kg and
a height of 160 cm, the average geometrical factor
(13) is 126 and the geometrical factor at the center
of the body is 180. Instantaneous mixing and uniform
distribution within the body is assumed. The effec-
tive half-time clearance from the biood is 18 min
since the biological half-life is 161 min (see below).
The average beta dose is 0.0059 mrads/.Ci and the
gamma dose is 0.0049 mrads/.Ci, giving a total dose
of 0.0l mrads/n.Ci. An injected dose of 30 wCi
gives a whole-body dose of 0.33 mrads. The total-
body dose from an injection of 30 xCi of “ICr is 7.3
mrads.

RESULTS

Clearance of !'C-carbon monoxide from the blood.
One hundred microcuries of 'C-carbon monoxide-
labeled autologous red cells was administered to nine
normal female patients, and five samples were taken
at approximately 10-min intervals from 8 min up
to 50 min after injection. The blood clearance rate
was estimated by fitting a single exponential function
to the data using the computer program devised by
Marquardt (/4). This program also yields estimates
of the errors in the calculated parameters. The re-
sults are shown in Table 1. The average fractional
loss rate is 0.0039 = 0.0011 min—! which corre-
sponds to a clearance half-time of 176 min; i.e., the
rate of disappearance from the blood is 25% /hr.
This is identical with the value of 0.0039 previously
reported by Pace et al (15) in five women following
inhalation of stable carbon monoxide. Although
these authors report a difference in carbon monoxide
clearance rate between men and women, our own
results on 11 male athletes (76) do not confirm this
difference when a small quantity of 'C-carbon mon-
oxide-labeled cells is used.

Comparison of blood volume measured with 'C-
carbon monoxide- and 5!Cr-labeled red cells. Ap-
proximately 2 ml of the labeled red cells were taken
up into each of two 5-ml syringes. Three syringes
were necessary if two standards were to be used for
an occasional check. Each syringe contained 30 nCi




of 'C-carbon monoxide and 20 xCi of !Cr. One
of the syringes was used to make up a standard by
injecting the contents directly into a plastic vial con-
taining 0.2 ml of saturated saponin solution and
0.5 ml of liquid paraffin. We used paraffin originally
as a control to investigate whether any loss of 'C-
carbon monoxide occurred when the red cells were
hemolyzed with saponin. No detectable loss occurred,
but because the paraffin prevented the blood from
being trapped near the stopper of the plastic vial
during mixing, we continued to use it. The volume
of the standard was made up to 5 ml with water.
The contents of the remaining 5-ml syringe were
injected intravenously into the patient and washed
in by drawing back the venous blood four times. The
residual activity in the syringe was less than 0.01%
of the injected dose. The total time between removing
the patient’s blood and reinjecting the labeled blood
was always less than 1 hr.

Venous blood samples were taken into plastic
syringes containing three drops of heparin solution
(5,000 units/ml) from a vein in the opposite arm
approximately 8, 10 and 12 min after injection.
These were immediately put into plastic counting
vials containing 0.5 ml of saturated saponin solution
and 0.5 ml of paraffin. The exact amount placed in
each vial was not measured because the amount does
not affect the ratio of the dilution volumes measured
by the two isotopes and is only important if actual
volumes are of interest. The samples and standard
were then mixed on a rotary mixer for 10 min and
counted after letting them stand for 5 min to allow
the frothing caused by the saponin to subside. The
1C activity relative to the standard was then cal-
culated. Allowance was made for the decay of ''C
activity during the counting time. Using the value of
the clearance rate obtained previously, the value of
the dilution measured by each sample of ''C-carbon
monoxide was corrected to zero time from a knowl-
edge of the exact time at which the sample was taken.
The average value of the three samples corrected in
this manner was calculated. Twenty-four hours later
the 31Cr content of the sample was measured. The
difference between the dilution factors measured with
11C-carbon monoxide and 5'Cr was expressed as a
percentage of the factor measured with 31Cr.

The results of measurements on 21 normal female
patients is shown in Table 2. It can be seen that
the average value of the dilution space measured
with 11C-carbon monoxide is 6.2% larger than that
measured with 31Cr, but the variation in this differ-
ence—although large—is within useful limits.

Measured accuracy of repeated blood volumes
using 11C-carbon monoxide. The relative activities of
two syringes containing approximately 2 ml of labeled

TABLE 2. COMPARISON OF BLOOD VOLUME
MEASURED WITH 11CO- AND 51Cr-LABELED CELLS

(“CO dilution factor ) ) % 100

81Cr dilution factor

Patient

AB +4 4.40
£G 4 9.41
Lc +15.24
G} +13.00
w + 0.00
MK 4 195
RD + 443
FG +13.79
e + 5.03
BT + 2.62
P8 4 4.89
EH + 3.38
Jc + 6.43
pPC + 0.00
AP 4 8.14
DJ 4 3.50
J8 +17.26
MC + 3.04
MP + 3.74
RP + 335
AMcH -+ 6.81
Average 6.21
Standard deviation + 4.89

blood were measured by supporting each syringe
over a well counter in a fixed mechanical jig. The
contents of one syringe were reinjected into the pa-
tient by washing four times with venous blood and
the contents of the other syringe were injected into
a plastic counting vial containing 0.2 ml of saponin
solution. The volume was made up to nearly 5 ml
by washing the activity remaining in the syringe into
the counting vial and making the final volume up to
a mark on the vial. Blood samples were taken at 8,
10 and 12 min. Exactly 5 ml of each sample were
pipetted directly into a counting vial containing 0.2
ml of saponin solution. The standard and samples
were mixed for 10 min and counted after allowing
them to stand for 5 min. The total time between
taking the blood and reinjecting it into the patient
in this procedure was less than 30 min. The same
procedure was repeated for the second and third
measurements with intervals of about 90 min be-
tween measurements. The activity remaining in the
blood from the previous measurement was assessed
and was found in all cases to be negligible compared
with activity due to the later injection. The values
obtained were corrected to zero time using the value
for clearance rate determined when the measurement
was carried out for the third time and five instead of
three samples were taken. The results are shown in
Table 3. The measured coefficient of variation is
3.88% in one case and 1.48% in the other.




TABLE 3. REPEATED ESTIMATION OF 11CO
BLOOD VOLUME IN TWO PATIENTS

"'CO blood volume {ml)

Patient 1 Patient 2
1st estimate (3 samples) 3,701 3,043
2ad estimate {3 samples) 3,501 3,153
3cd estimate (5 samples) 3.386 KA K
Weighted mean 3,503 3,113
Standard deviation + 136 * 46
Coefficient of variation {%) 3.88 148

DISCUSSION

The results in Table 1 indicate that if samples
are taken approximately 10 min after injection and
if no correction is made for the clearance of 'C-
carbon monoxide from the blood, the estimated car-
bon monoxide dilution space will be approximately
4% too large. Unless extreme accuracy is required,
it appears to be unnecessary to carry out blood-
clearance estimations on individual patients. Instead
it is sufficient to apply the average correction. This
has been confirmed by subsequent studies (/6).

Despite the fact that the '"C-carbon monoxide
was administered labeled to red cells, the volume
measured is greater than that measured with *1Cr-
labeled cells (Table 2). Roughton and Root (I7)
have suggested that the rate of transfer of carbon
monoxide from red cells to myoglobin is far faster
than is generally supposed, and they have calculated
a reaction half-time of 10 sec. The relative amounts
of myoglobin to hemoglobin in the body have been
estimated to be 15% (18), 6.2% (I19) and 4.4%
(20). The proportion of carbon monoxide combined
with the myoglobin in man has been estimated at
about 5% of that combined with hemoglobin (21).

The result obtained by us (Table 2) appears to
suggest that with *C-carbon monoxide-labeled red
cells the total hemoglobin and myoglébin space in
the body is being measured, and the difference of
6.2% between !'C-carbon monoxide- and 3'Cr-
measured volumes is close to the expected differ-
ence of approximately 5%.

It is not easy to account for the larger difference
of 12-16% noted by other workers (4-7) although
part of this may be due to the failure of some pre-
vious workers in some cases to correct for the dis-
appearance of carbon monoxide from the blood.

If it is considered necessary to correct the volume
measured with 'C-carbon monoxide by the 6.2%
factor to obtain a red cell equivalent volume, then,
assuming that the error in estimating the dilution
space is 3.03% (see below), the error in the blood-
volume estimate will increase to =5.2%. It should

be pointed out that the ''C-carbon monoxide dilu-
tion spaces measured in this comparison test were
all ‘calculated using the average fractional loss-rate
correction determined previously. In many clinical
situations it is change of blood volume that is im-
portant within individual patients, and it is there-
fore probably not always necessary to apply the
6.2% correction factor with its associated error.

The average coefficient of variation in the method.. :

determined by repeated measurements on two pa-
tients is 2.68% . This can be compared with an error
of +=3.8% claimed for the modified closed-circuit
breathing method of Sjostrand (22). The computer
program used to fit the five-sample data provides an
independent estimate of the accuracy of the method
by estimating the error in the intercept. The average
coefficient of variation in the measured dilution vol-
ume estimated by this method in nine patients is
3.0% (Table 1).

In this investigation whole-blood samples were
counted and the hematocrits of the samples were not
used to obtain red-cell volume or plasma volume
allowing for the diflerence between venous and
whole-body hematocrit. The estimate of hematocrit
might itself be expected to be subject to a =2%
€erTor.

In estimating the 3Cr/!*C-carbon monoxide ratio.
several simplifying and time-saving procedures were
introduced. Labeling was carried out by gentle rota-
tion of the syringe for 5-10 min instead of the more
usual 40-60 min. No hemolysis was measurable after
labeling by this technique. No washing is necessary
when 1'C only is used for labeling the red cells and
the blood is reinjected into the patient within 30
min after the sample is taken. This insures that the
blood is outside the body for only a short time and
reduces the likelihood of the red cells becoming dam-
aged. By using counting equipment with a short reso-
lution time (0.7 usec) and by delaying the time at
which counting is carried out, the entire standard can
be counted directly. This eliminates the need to make
up a separate standard in a dilute form and to count
an aliquot of this new standard. It also avoids the
additional errors involved in the volumetric manipu-
lations associated with a secondary standard.

CONCLUSIONS

If a cyclotron is available on site, *'C-carbon mon-
oxide-labeled red cells offer a convenient and accu-
rate way of measuring the carbon monoxide dilution
space in the body. If a correction is applied, the red
cell equivalent volume can be estimated—but this
correction introduces an additional error. Using the
average clearance rate calculated on a group of nine




normal female patients instead of measuring indi-
vidual clearance rates does not appear to add sig-
nificantly to the error. It is probably desirable to
measure individual clearances if the greatest possible
accuracy is required. The blood volume can there-
fore be estimated by taking two samples at known
times after injection, having allowed approximately
10 min for adequate mixing to take place. The accu-
racy of the method determined by repeated estimates
in two patients is -2.7% , which compares well with
the computer-derived estimate of +3.0% based on
measurements on nine patients. For multiple studies
and in situations in which it is especially desirable
to use minimal radiation doses (such as in pregnancy
and in measurements on children), the ''C-carbon
monoxide method is of particular value.
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a gamma camera (Nuclear Chicago) using an 11-in.
diameter X Y2-in. thick sodium iodide detector and
a dual-detector scanner whose detector crystals
are 3%2-in. diameter X 3-in. thick sodium iodide
have been used for localization of the placenta.
Using the camera, two AP views were taken rou-
tinely and one lateral view was also taken, the pa-

tient remaining in the supine position. The time for -

each view was approximately 4 min. A 4%2-in.-thick
multihole collimator was used to improve resolu-
tion (/3) because of the comparatively high energy
of the annihitation radiation emitted by the 'C. The
total number of counts recorded on each view was
50,000.

The scanner was operated at a speed of 3 cm/sec
with a time constant of 0.3 sec. Two opposed
19-hole high-energy focusing collimators were
used, the distance between the collimators being 32
cm. The maximum counting rate was approximately
200 cps. One AP and one lateral scan were per-
formed. The lateral scan was carried out by turning
the patient on to the appropriate side to bring the
placenta proximal to the lower detector. The total
scanning time taken for two views was 25 min. A
color dot scan was produced by the scanner.

RADIATION DOSE CALCULATIONS

"'C has a physical half-life of 20 min and emits
positrons with a maximum energy of 0.97 Mev
which yield annihilation gamma rays of 0.51 Mev.
The eflective half-life of clearance in the blood is
18 min, and the whole-body dose is 0.011 mrads/uc
(14). Thus the total whole-body dose due to 500
pc 'C-monoxide in the blood is 5.5 mrads. The
additional dose to the lungs during rebreathing is
5 mrads. The fetal dose is estimated at 4 mrads,
and the dose to the fetal blood as 6 mrads. The fetal
whole-body dose is due to gamma radiation received
by the mother’s trunk in the pelvic region. The dose
to the fetal blood is calculated by assuming that
one-tenth of the fetal blood is in the placenta. The
fetal blood thus received one-tenth of the radiation
dose to the placenta as well as nine-tenths of the
fetal whole-body dose. A total blood volume of 4
liters, a placental mass of 750 gm and a placental
blood volume of 250 ml were assumed in calculating
the radiation dose to the placenta.

This radiation dose is approximately equal to that
due to the administration of 500 uc of *™Tc-HSA
and is about one-third of that due to the administra-
tion of only 8 uc of **Na.

The additional radiation dose due to the inhalation
of 60 nc of '*N along with the 500 uc of "'CO is
0.8 mrads to the maternal lungs and is negligible to
the whole body and fetus.

Volume 9, Number 9

FIG. 2. A: Anterior view of abdomen loken with gamma com-
era. Placenta is seen in upper part of picture. Pubic symphasis is
indicated by arrows. B: Right lateral view of same patient. Ur-
bilicus {A) and ilioc crest {B) ore marked. Plocenta is seen close
to anterior wall of abdomen. Increosed octivity ot bottom left cf
picture is due to liver.

RESULTS

AP and lateral gamma-camera pictures are shown
in Fig. 1. The placenta is readily seen and lies in
the upper anterior region. A 100-uc **Co source was
used for anatomical marking and is indicated by the
arrow. An AP dot scan is shown in Fig. 2.

469




e et b e .

GLASS, JACOBY, WESTERMAN, CLARK, ARNOT AND DIXON

Successful gamma-camera piciures and scans with
11CO have now been obtained in 50 patients. The
technique, involving a low radiation dose, is simple
and is performed both as an in-patient and out-
patient procedure. Placentas, whether sited an-
teriorly, posteriorly or laterally were all readily
detected by either the camera or the scanner. An
advantage of the scanner is that the size of the pic-
ture obtained is the same as the area scanned which
makes the identification of the placental position
more accurate. Lateral views of the abdomen are
more easily obtained with the gamma camera be-
cause they do not involve changing the position of
the patient. However, both .methods are very satis-
factory, provide the clinician with a permanent and
easily interpretable record and are of value in the
diagnosis of placenta previa in cases of antepartum
hemorrhage. A significant advantage of this tech-
nique over the %*™Tc-labeled albumin method is
the lack of accumulation of activity in the bladder
which may confuse the diagnosis of placenta previa.

CONCLUSIONS

With the availability of small isotope-producing
cyclotrons, the use of 'C-monoxide for the localiza-
tion of the placenta may well have wide application.
The combination of low radiation dose, complete
absence of handling and labeling problems and the
atraumic administration by 30-sec inhalation makes
it an attractive alternative to other substances pre-
viously used for placental localization.
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1CO red cell labeling for blood volume

and total hemoglobin in athletes: effect of training
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Guass, H. 1., R. H. T. Epwarwvs, A. C. bE GARRETA, AND measurements were repeated on 3 of them following a 2-month

J. C. CLark. MCO red cell labeling for blood wvolume and total intensification of the training regime. The physical working

hemoglobin in athletes: eflect of training. J. Appl. Physiol. 26 capacity at a heart ratc of 170/min (PWC5q) was measured

(1): 131-134.  1969.—Blood volume and total hemogtobin with cycle ergometer exercise by the method deseribed by

were measured in 10 male racing cyclists with a NCO red cell Holmgren (14). The average PWC,:y ol the group at the
labeling technique. Venous blood (5 ml) was cquilibrated with start of the study was 1,438 kpm/min.

1CO and subsequently reinjected. The distribution volume Carbon-11 monoxide-labeled carbon monoxide was pro-

was estimated for cach of five timed blood samples, and an duced in the Medica! Rescarch Council Cycloiron by bombard-

empirically sclected single cxponeatial function fiued 10 the ing a boric oxide target with dewterons (#). Five millilitees of

data and the instantancous dilution volume for "CO-labeled venous blood were withdrawn into a 30-mi syringe containing

red cclls were calculated. The average blood velume of the 1.5 ml of acid citrate dexwose anticoagulant (ACD). Then 43

group was 82.6 % 4.2 ml/kg and the average total hemoglobin ol of helium containing 19, carbon-11-labeled carbon monox-

10.6 + 0.7 g/kg. The average cocfficient of variation in the ide were drawn into the syringe, which was then rotaied at 10

. estimation of the "CO dilution space was +3.4%. Estimation rpm for 10 min. Because of the high radioactivity per milliliter

: from a single timed sample instcad of five samples did not of blood achicved by this method (73 pc/ml), there was ade-

significandy increase the errar. The error in blood volume was quate time for preparation ol standards and doses despite the

estimated to be #3.2% and 629 for total hemoglobin. 20-min half-life of carbon-11. The amount of carbon-1i-

In five subjects after a 2-month intensification of training labeled carbon monoxide contained in the plasma was meas-

resulting in improved working capacity there was no signifi- ured, and this was found to be less than 0.01 % (6). Tt was not.

4. cant change in "CO space, total hemoglobin, or blood volume. therefore, nccessary 10 wash tie plasima from the red cclls afer

! This has been attributed to the high degree of physical fitness labeling.
ol the subjects at the start of the study. Two aliquots were taken, cach ol approximately 2 ml, inw
wo syringes, one of which was used as a standard. After the

count rates of the two syringes were measured, the contents of
the one syringe were reinjected into the subject. The syringe
was fushed by drawing back the venous blood four times
The residual activity in the syringe after such a procedure was
found to be less than 0.01% of the injected dose (6). Five
blood samples were withdrawn beuween 9 and 45 min after
the injection of the labeled red cells. The blood was lysed with
saponin and the activity in 5 mi of lysed whole blood was
assayed in a well scintillation counter. The measured activity
was counted for a fixed period of 100 sec and was related 1o the
injected activity by comparison with the total contents of the
standard syringe counted under identical conditions. The
activity in each sample was corrected for decay up to and dur-
ing the counting periods. This was facilitated by use of a fixed
counting time. The whole-body dos¢ due to the injection of 30
e of "CO-labeled cells is estimated to be 0.33 mrad.

The dilution volume was estimated for each of the five sam-
ples and an empirically selected single exponcntial function
was fitted to the data by a lcast-squares procedure with the
computer program devised by Marquardt (15). The program

TOTAL nemMoGLosin and blood volume arc important deter-
minants of cardiorespiratory fitness (11, 12). Most measure-
ments of blood volume and total hemoglobin in athletes have
been made with Sjgstrand’s rebreathing technique with stable
carbon monoxide (14, 19, 20). A method has recently been
developed by us in which red cells labeled with radioactive
carbon monoxide arc reinjected intravenously and the dilu-
tion volume is estimated from subsequent timed venous blood
samples. The exposure to radioactivitys is considerably less
than the radioactivity dose incurred with other radioactive
isotopic methods, making it suitable for studies on normal
subjects, especially when repeated measurements are required.
In this paper the technique has been used to measure blood
volume and total hemoglobin in 10 racing cyclists. In 5 of
these subjects, the measurements were repeated after an in-
tensive 2-month training program.

METHODS . :
also calculates the crrors in the estimated parameters dus to
The subjects were 10 male athletes, average age 20.6 years. scatter of the data.
Ilicy were studied in the course of a training program, and Hemoglobin concentration was estimated from duplicate
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N 3

samples by the cyanomethemoglobin method (4). The total |
hemoglobin was calculated from the hemoglobin concentra- !
H

Difference

ton in the venous blood and the carbon monoxide space,
corrected for the 6.29, difference between this space and the
blood volume measured with *'Cr-labeled cells. This correction ;
factor had been determined previously in 21 normal adults |
(6), with red cells which had been doubly labeled with *Cr
and "CO. To calculate blood volumc, it was assumed that the
total body hematocrit is 0.91 uimes the peripheral hematocrit

(3).

J
]
H
|
{
)
|
i

®/kg

| Ditlerence

Total Hemoglob

RESULTS

The total body hemoglobin and blood volume have been
expressed in terms of body weight w allow comparison with
the results obtained by other workers and the average values
obtained for these quantitics were 10.6 £ 0.7 g/kg and 82.6 +
4.2 ml/kg, respectively (Table 1), In five of the subjects it
was possible 10 carry out repeat measurements after 2 months
(Table 1).

A correction is required in order (0 estimate the dilution

- Ditference

3
Z

volume at zero time owing 10 the continuous clearance of ac-
tivity from the blood. This ratc of clearance is of importance
when a carbon monoxide space is estimated with a single
umed sample. The results of 13 estimations of the clearance of

Blund

acuvity from the blood, determined from five samples in each

casc, yield an average Iractional loss rate ol activity per minute
of 0.00379 with a standard deviation of 0.00140.

The errors introduced by taking a single blood sample at
10 min, using the clearance correction obtained above instead
of estimating the clearance rate in cach individual, indicate
that the average percentage difference between the five-sample

2
w7

stle tntensefreati

and the single-sample methods is only 2.1 %, which is within
the esumated rehability of the method.

The coefficient of variation of the carbon monoxide space
15 #3.49%. This estimate was bascd on the computer-derived
estimates of the error of the intercept on the axis of the fitted

monoesponential curve o the hive data points for all the sub-
jects who were investigated. This includes one result (RH)
with an unusually high ¢rror of 8.9%,. U this is excluded, the
error reduces to £3.0%, The accuracy in estimating the blood
volume {rom the carbon monoxide space alter applying a suit-
able correction factor is £3.2%, This figurc is computed from
the coefficient of variation in measuring the carbon monoxide
space and the error associated with the 6.2%, correction factor
for converting from carbon monoxide space to blood volume.
This assumes that the correction term relating peripheral to
total hematocrit contains no error. The coefficient of variation
of the duplicate hemoglobin estimates was +3.4%. Com-
bining this result with the estimated accuracy in the blood
volume, the accuracy of the total hemoglobin estimation is

+6.29,.

[ LTINS

DISCUSSION

The need for safe and accurate techniques of estimating
blood volume is increasing with the widespread demand for
blood volume measurement in surgical and medical practice.
The alveolar carbon monoxide method of Sjgstrand (19) in
which red cells are labeled with stable carbon monoxide is
entirely safe and has been used extensively. Ekelund (5)
reported that the coefficient of variation in duplicate deter-
minations of total hemoglobin is less than 4.6 and 6.1% for
blood volume cstimated by the alveolar CO method. For the
"CO technique the values are 6.2 and 3.4%, respectively.
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uco LABEL }OR BLOOD VOLUME AND HEMOGLORBIN

Gregersen (7), using an inhaiation method, estimated that
the carbon monoxide space exceeded the red cell space by 12+
16%. A similar diflerence was obscrved by Root and his co-
workers (17) in splenectomized dogs by intravenous injection
of red cells labeled in vitro with stable carbon monoxide, [n a
previous study (9) with red cells doubly labeled with "CO
and MCr, we have found the dilution space measured with
UCO-labeled red cells o be only 6.2% greater than the space
measured with *Cr-labcled red cells. Roughton and Root
(18) have suggested that the rate of transfer of carbon monox-
ide from red cells to myoglobin is far fasier than is generally
supposed and have calculated a hall-time of reaction of 10 sec.
The "CO dilution space mcasuarecd by us has therefore been
reduced by 6.2% in our calculauons of biood volume.

The question arises whether quoting the blood volume pro-
vides any more usclul information than the carbon monoxide
space, which can be estimated with greater accuracy. When
the otal hemoglobin is 1o be estimated, an additional measure-
ment, the blood hemoglobin concentration, is also required.

The average fractional loss rate of activity per minute was
0.00379 with a standard deviation of 0.00140. This compares
with a value of 0.0039 previowsly reported by Pace (16) in
five women following the inhalation of stable carbon monoxide.
Since applving a correction lor clearance lrom the blood allows
the carbon monoxide space 10 be calculated from one timed
blood sample without any significant loss of accuracy, this
greatly enhances the scope ol application of the meihod. The
,x:inglc—samplc method requires onlyv 10 min for the estimation
instcad of 45 min required for the stable carbon monoxide
method of Sjéstrand, and only three venipuncuures.

The blood volumes of 677 males reported in the world liera-
ture range from 59.8 to 101.7, with an average of 77.6 miskg
(9). Our average of 826 + 4.2 ml/ke is thus comparable 1o
this and is close 1o the values 81 9 4- 8.64 ml/kg and 79 mizkg
in 10 (20) and 20 (12) cyclists measured by the alveolar carbon
monoxide method of Sjistrand (19).

Our values for total hemoglobin are similarly comparable
to those quoted in the literawure. Holmgren (12) found a valuc
of 11.02 £ 1.02 g/kg in 19 male cyclists of an age and physical
working capacity similar to ours. Eketund (5) quotes 10.4 +
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A method is presented which enables the exchangeable sodium, potassium and broniide space
to be estimated entirely by gamma counting using sodium-24, potassium-43 and bromine-82.
The potassium-43 is a cyclotron produced isotope with a 22-hr half-life. The principal gamma
radiation is at 370 keV. Duplicate estimations on nine patients indicate that the error in the
estimation in exchangeable sodium, exchangeable potassium and bromide space is 4-6, 2-78
and 2-14 per cent respectively. By using a dual channel automatic gamma counter the assay
may be completed in a single counting run. This technique permits a more widespread appli-
cation of these measurements in clinical research and diagnosis.

UNE METHODE SIMPLIFIEE POUR LES ETUDES SIMULTANEES
D’ELECTROLYTE CHEZ L’HOMME UTILISANT LE POTASSIUM-43

On présente une méthode qui permet 'estimation du sodium, du potassium et du bromure
échangeables entierement par comptage de gamma en employant le sodium-24, le potassium-43
etle brome-82. Le potassium-43 est un isotope produit du cyclotron ayant une demi-période de
22 heures. Le principal rayonnement gamma est 4 370 keV. Des mesures en duplication
sur neuf sujets indiguent que les erreurs d’estimation de sodium échangeable, de potassium
échangeable et d’espace de bromure serait de 4,6, 2,78 et 2,14 pour cent. En employant un
compteur gamma automatique a“deux canaux on peut achever le dosage en une seule série
de comptes. Cette méthode permet une application plus répandue de ces mesures dans la
recherche clinique et dans la diagnostique.

YIPOMEHHDBII METOL OLHOBPEMEHHBIX 3JIEKTPOIHUTHUYECKHMX
UCCIEZOBAHUN B YEJOBEKE C IPUMEHEHUEM KAJIUS®

IlpuBoguTCsA METON, MAKMHIt BO3MOKHOCTb MOJIOrQ ONpeAeaeHuA 00MEHHBIX HATPHA,
KA 1 0pOMA IOCPEICTBOM M3MEePEHHs FaMMA-AKTHBIIOCTH, MpIMEHAA HaTpuit®, kanuii®
1 Gpom®. Hanuii®® siBnserca M30TOMOM ¢ MepHOAOM MoJypachiaia B 22 yaca, HOJyUYeHHBIM
C IOMOWIBIO NMKAOTPOHA; OCHOBHLIE FaMMa-Ayu = 370 KHIIOIAEKTPOHBOABT.

HybnnpoBanuLie onpejeeHua Ha OeBATH DALMEHTAX NOKAZLBAKT, YTO MOrpewHoCTH
ompefiesleHMA 0GMEHHOT0 NPOCTPAHCTBA ANIA HATPHA, KaluA 1 Gpoma paBusl 4,6%, 2,78% u
2,14% coOTBETCTBEHHO. IlpuMeHAA aBTOMATUYECKIH TaMMa-CHeTUMK ¢ 2-MA KaHAJMAMH,
MOKHO NPOU3BOJIUTH MOJIHOE ONpPENeeHHe B OAMH CYCTHBLI HepHof. ITOT METOH HaeT BO3-
MOKHOCTh UIMPOKOTO MPUMEHEHHA TAaKUX HM3MEpeHHH B KIMHUYECKMX UCCAEHOBAHUAX WU
IMArHoCTHUKE,
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EINE VEREINFACHTE METHODE FUR GLEI CHZEITIGE FLEKTROLYT-
STUDIEN IM MENSCHEN UNTER VERWENDUNG VON KALIUM 43

Es wird ein Verfahren angegeben zur messung des austauschbaren Nawrium, Kalium und
Brom, lediglichdurch Gammazahlungunter Verwendung von Natrium 24, Kalium 43 und Brom-
82. Kalium 43 ist ein im Zyklotron hergestelltes Isotop mit einer Halbwertzeit von 22 h. Die
Hauptgammastrahlung liegt bei 370 keV. Doppelbestimmungen an neun Patienten deuten an,
dass der Fehler in der messung des austauschbaren Natrium-, austauschbaren Kalium- und
Brom-Raumes 4,6 bezw. 2,78 und 2,149, betragt. Wenn ein automatischer Doppelkanal-
Gammazihler benutzt wird, kann die Analyse in einem cinzigen Zihlgang beendet werden.
Dicses Verfahren kann zu einer grosseren Verwendung dieser Messungen in der klinischen

Forschung und Diagnose fithren.

1. INTRODUCTION

TuE cHIEF problem in assaying mixtures of
isotopes used for the simultancous determi-
nation of exchangeable sodium, potassium and
chloride for electrolyte studies in man has been
the estimation of the radioactive sodium in the
presence of radioactive potassium. Several
methods of assay of 42K and #Na have been
described, using chemical separation meth-
ods,=3 physical methods,*-7 and physical-
physiological methods.®®:9  The last method
was also used by Bormng!® using a plastic
phosphor for beta detection instead of the more
usual Geiger counter. Rovner and ConnV
used 22Na instead of #Na and assayed the
mixture of this isotope with 42K by differential
decay. However, 2Na, because of its long
half-life and radiation characteristics, is un-
desirable for this purpose.

The method described below utilizes cyclo-
tron-produced #K instead of 2K and this
results not only in improved accuracy over
previous methods but a greatly simplified
technical procedure, since Na and K can be
assayed by gamma counting alone. A dual
channel automatic counter allows the K and
24Na to be assayed simultaneously and #Br is
conveniently assayed under the same counting
conditions following a resin separation. A

single channel automatic counter could also be
used, but would require repeated counting.

2, PRODUCTION OF #K

Carrier free 3K was produced in the external
beam of the Medical Research Council cyclo-
tron by irradiating argon-40 with 16-4 MeV
a-particles. Details of the method of production
are presented elsewhere?®. 43K is produced by
the %A (0)$K reaction which has a threshold of
3-64 MeV. The argon is circulated at a rate in
excess of 100 1/min through the target vessel and
the exit gas is passed through a borosilicate fibre
filter. Between 50 and 80 per cent of the
activity is recovered from the filter. The
activity is removed from the filter with 5 ml of
0-001 N hydrochloric acid. The vyield is 18
uc/uA hr and the contamination with 42K is less
than 7 per cent. For the present application, 5
mg/ml of KCI carrier is added to prevent
glassware adhesion.

2.1. Physical characteristics of ¥3K

The physical characteristics of 42K and ¥®K
are shown in Table 1. The principal differences
between the two isotopes are the lower y and f
energies of the K, resulting in a lower radiation
dose despite its longer half-life.

Tasre I. Radiation characteristics of potassium-42 and potassium-43

2K B

Half life
Principal y-energies

k-factor 1-4
Average f energy (Eg)
Whole body radiation dose

1-45 MeV
0-85 mrad/pc

124 hr 22 hr
1-52 MeV (18%)

0-37 MeV (85%,),
0-61 MeV (819)
56

0-30 MeV

0-6 mrad/uc
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3. METHOD

3.1. Clinical procedure

50 uc of ¥K and 20 uc of #Na werc adminis-
tered orally at 9 a.m. after an overnight fast of
10 hr. 10 uc of 8Br were given orally 14 hr
later. Normal food and fluids were permitted
from 9 a.m. up to 9 p.m. Urine was collected in
polythene flasks as follows: 0-24 hr, 24-24-5 hr,
and 24-5-25 hr. At 24 hr and 25 hr heparinised
blood samples were taken.

3.2. Radioactive assay

15 ml of each plasma and urine sample were
passed through a moist resin column, 6 mm in
dia. and 15 cm long, to remove the 82Br. The
resin used was Amberlite Tropor Deacidite
FFIP, of a calculated exchange capacity of 5-1
mEq. The first 2 ml of the eluent was discarded,
and the remainder assayed for radioactivity and
for stable sodium and potasstum concentration
by flame photometry. Plasma was used for the
measurement of exchangeable sodium and
the bromide space, while urine was used for
the exchangcable potassium.

Standards of the radioactive sodium, potas-
sium and bromide were prepared by diluting an
additional dose with distilled water up to 1L
Aliquots of the standard dilution of ?*Na and
$K were transferred directly to counting vials.
The standard ®Br was passed through an
identical resin column as used for the samples.
After washing each of the columns with 200 ml
deionised water to remove any cations, the resin
was transferred into the counting vials. This
procedure resulted in identical sample and
standard treatment for the 82Br estimation, and
produced identical counting geometry.

All the samples were assayed on a dual
channel automatic gamma counter. The 82Br
was counted under the same conditions as the
43K and 2Na. This enabled all the samples to
be counted in a single run on the automatic
counter. This practical advantage outweighed
the lower counting efficiency which resulted
from assaying bromide under these less optimal
conditions. Channels 1 and 2 were arranged to
accept energies between 0-135 MeV and 0-415
MeV, between 1:05 MeV and 56 MeV re-
spectively. The counting efficiencies for 2Na and
43K on channel 1 were 45 and 18-8 per cent
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respectively, whilst in channel 2 the efficiency
was 13-4 and 0-1 per cent respectively. The
counting efficiency for #2Br (summed in the two
channels) was 21 per cent.

4. RESULTS

4.1. In vitro test of isotope measurement accuracy

To establish the accuracy of the method,
varying amounts of the 2Na, ¥*K and 82Br were
added to each of 6 flasks containing 100 ml of
distilled water. Samples were passed through
resin columns, and counted to determine the
volume of distribution of each isotope. The
results obtained are shown in Table 2.

4.2. Clinical measurements

Sodium, potassium and bromide spaces were
estimated simultaneously in seven patients, and
sodium and potassium spaces in a further two
patients. These spaces were estimated at both 24
and 25 hr for ¥K and #Na and at 10 and 11 hr
for 82Br, The results are shown in Table 3.

5. DISCUSSION

The results presented in Table 2 indicate that
no significant systematic error in the laboratory
technique is present. The magnitude of the
difference between duplicate estimates as seen in
Table 3 are comparable or better than similar
estimates of other workers.3-17 The larger
error in estimation of exchangeable sodium 1is
associated with the poorer counting statistics of

‘TABLE 2. In vitro test of distribution volume

24N 43K 82,
(ml) (ml) (ml)
99-56 99-49 102-22
100-12 100-76 99-12
99-41 99-3i 98-44
99-99 101-34 100-76
98-04 98-68 100-90
100-11 100-66 101-80

Mean 99-54 100-04 100-51

coefficient

of variation +0-79 4-0-93 +1-48

(%)

The actual volume of distribution for each isotope
was 100 ml in all six experiments.
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TanLE 3. Results of clinical investigations

Exchangeable sodium
(mEq)
Patient Sampling time Diff
number 24 hr 25 hr (%) 24 hr

Exchangeable potassium

Sampling time Dift

Bromide space
(mEq) (1)

Sampling time Diff
25 hr (%) 10 hr Il hr (%)

1 2968 3143  4+5-89 3356 3248 —-32 21-49 21-59 4046
2 2086 2089  +0-14 2215 2222 +0-31 16-31 15-85 —2-82
3 1932 2028 4496 1850 1951 +5-46 17-31 1743 +0-69
4 2148 2178  +1-39 2039 2094 4-2-69 16-45 15-83 —3.76
5 4350 4480 +2-98 1723 1707 —0-92 28-29 28-71 4148
6 2127 1997 —6-11 1962 1952 —-0-16 — — —
7 4119 4434 +76 2832 2859 +0-95 34-11 34-41 +0-88
8 4311 4264 ~—1-09 3191 3078* 35 35-89 35-00 —2-47
9 2768 2705 227 2021 2047 +1-28 — — —
Mean 2978-7 30353 +1-50 23543 2350-8  +-0-32 2426 2411 —-0-79
Standard deviation
of diffs. 4-6 2-78 2-14

* 48 hr value.

the sodium assay. Approximately 3000 counts/
400 sec are obtained for ?!Na assay in each
plasma sample whereas 15,000/400 sec are
usually obtained in the potassium assay from the
urine sample. The error in the assay of stable
sodium and potassium by flame photometry is
estimated to be 4-2 per cent. The relatively
short time (1 hr) between successive samples
makes it unlikely that further equilibration
would affect the error estimates shown in
Table 3.

The considerable saving of time and effort
associated with the use of gamma counting only
makes the replacement of 42K by 3K for these
space estimations very attractive. The longer
half-life of 43K and the reduced radiation dose
are additional advantages. The problems of
calculating the final results are greatly eased by
this procedure since all three isotopes are
counted in a single run on a dual channel
automatic counter. By loading the samples in a
predetermined order, a punch tape record
obtained from the counter facilitates the use of a
computer programme to estimate the individual
space values, allowing for physical decay.

6. CONCLUSION

The use of 8K instead of 2K in the simul-
taneous estimation of exchangeable sodium,
potassium and bromide space results in a lower
radiation dose and greatly simplifies the

practical procedures. The use of a duai channel
automatic gamma counter for estimating the
three isotopes eases the computational problems
associated with this technique and permits a
more widespread application in clinical research
and diagnosis.
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$1mKr an Ultra Short Lived Inert Gas Tracer for Lung Ventilation and Perfusion
Studies with the Scintillation Camera
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Abstract

Krypton-81m, halflife 13 secs, is the daughter of cyclotron produced ®'Rb, halflife 4.7
hours. Krypton-81m emits 190 KeV photons in 65 %o of its transitions and can be readily
generated in high radioactiv concentrations both in the gas phase and in sterile water
solution. The solution generator is described in detail. The photon emission energy is very
suitable for use with a gamma camera, and for lung function studies 8mKr may have
advantages over the widely used 13Xe. Preliminary results of lung ventilation and per-
fusion studies are presented. Radiation doses are low for high administered aclivities for
example 6 millirads lung dose for a 10 mCi intravenous injection.

Extrait

Le krypton-81m de 13 sec de période, est le fils du rubidium-81 produit de cvclotron de
4,7 heures de période. Le krypton-81m émet des photons de 190 KeV qui représentent 65 o
des désintégrations; il peut étre facilement produit & une activité élevée, aussi bien sous
forme gazeuse qu’en solution aqueuse stérile. Le procédé d’obtention du #'mKr est décrit en
détail. L’énergie d’émission des photons est treés favorable a la réalisation d’images a la
gamma caméra; pour étudier la fonction pulmonaire, le #'mKr peut présenter des avantages
pa rapport au ®Xe dtilisé habituellement. Des résultats préliminaires concernant des
études de perfusion et de ventilation pulmonaire sont présentés. Les doses de radiation sont
faibles, méme aprés ’administration d’activités élevées: par exemple une dose de 6 millirads
est délivrée aux poumons apres 'injection intraveineuse de 10 mCi.

Auszug

Krypton-81m mit einer Halbwertszeit von 13 Sekunden ist das Tochterisotop des im
Cyclotron erzeugten Rubidium-81 mit einer Halbwertszeit von 4,7 Siunden. Krypton-81m
sendet mit einer Haufigkeit von 65 %0 190 KeV Photonen aus. ¥'mKr kann in einem Genera-
tor ohne Schwierigkeit mit hoher radioaktiver Konzentration hergestellt werden, und zwar
sowohl in der Gasphase als auch in Losung mit sterilem Wasser. Der Generator zur Her-
stellung von wassergeléstem Krypton-81m wird detatlliert beschrieben. Die Gammaenergie
der ausgesendeten Photonen ist zur Verwendung mit einer Gammakamera besonders gut
geeignet und dariiberhinaus diirfte Krypton-81m fiir Untersuchungen der Lungenfunktion
Vorteile im Vergleich mit dem meistverwendeten Xenon-131 haben. Es werdzn vorlaufige
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Ergebnisse iiber Untersuchungen der Lungenventilation und Lungenperfusion mitgeteilt.
Die Strahlendosis ist duBerst gering, so ergibt sich z. B. bei der i.v. Verabreichung von
10 mCi Krypton-81m eine Lungendosis von nur 6 millirad.

Introduction

Krypton-81m has a 13 second half life and emits 190 keV photons in 65 %0 of its
disintegrations. It is the daughter of 81Rb which has a half life of 4.7 hours. The decay
scheme of 81Rb is shown in figure 1. The nuclear reaction used to produce it is also
shown. The external alpha particle beam of the M. R. C. Cyclotron is used to irradiate
a sodium bromide target (VONBERG et al., 1970). Figure 2 shows the gamma spectra of
the equilibrium mixture and separated 8'™Kr respectively using a 3 inch by 3 inch Nal
(T1) spectrometer. The krypton can be readily generated in the gas phase, owing to its
low solubility in water, by passing a sweep gas through a solution containing 8'Rb
(Jones et al., in press). Figure 3 shows a schematic diagram of a system capable of
delivering 10 litres/min of air labelled with #™Kr. The generator contains a solution
of sodium bromide target material with the unseparated #Rb, and is usually placed in
a lead shield about 5 metres away from the y camera. 81™Kr can also be generated
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Fig. 3. Schematic diagram of the circuit for the generation of gas phase 8!mKr.
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Fig. 4. Schematic diagram of the #mKr solution generator.

in solution by rapidly eluting a bubblefree cation exchange column on which the rubi-
dium is absorbed (Jones et al., in press). A schematic diagram of the solution generator
is shown in figure 4. The zirconium phosphate cation exchanger provides a chemical
separation of the rubidium from the sodium bromide and has a high distribution co-
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y camera. Also the generator systems can produce, more readily than 13*Xe dispensing
systems, large quantities of isotope with easily controlled radioactive concentrations.

It is possible to study lung ventilation dynamics when high concentrations of 8™Kr
air mixtures of the order of 40 mCi litre are administered. Investigations have been
made in this field by introducing 8™Kr during specific parts of inspiration. Figure 5
shows the fate of 81mKr inhaled from residual volume up to total lung capacity, pictu-
res being taken during both inspiration and the following expiration. The procedure” :
illustrated was carried out on a 27 year old normal male volunteer and shows that
the filling of the upper zone preceeds the principal filling in the lower zone, a finding
which confirms the work of EmiL1 et al. using 13*Xe with multiple probes (MivLic-Emitr
et al., 1966). The first picture shows an absence of activity due to inactive gas in the
dead space of the inspiration equipment. The dose received is 12 milli rads to the lung
per inspiration. Investigations of this type have also been carried out in isolated dog
lung preparations in order to study patterns of ventilation under controlled conditions.

Lung Perfusion

Lung perfusion can be illustrated by using an intravenous injection of a solution of
an inert gas such as 81mKr. The solution passes through the heart to the lungs where
once it comes into contact with the alveolar spaces, it leaves the blood in which it is
very insoluble and accumulates in the air cavities, the air cavities occupying a major
part of the lung. Thus the resulting inert gas distribution is dependent on the blood
perfusion distribution of the lung.

A comparison made by other workers of the perfusion distributions obtained with
an injection of 133Xe solution to that with an injection of 13! labelled macroaggregates
(CepERQUIST et al., 1968) indicates that the lung perfusion patterns are similar but that
areas of depressed perfusion are not so prominent with 13*Xe as with *!I. This, it is
thought, is due to relatively non degraded scatter of the low energy *33Xe photons
from the well perfused areas of the lungs into the low activity regions, thus effectively
reducing the detectability for cold areas. This defect would not be so great for the 190
keV y ray of 81mKr.

Lung perfusion studies were first carried out in dogs. Figure 6 shows serial photo-
graphs taken after an intravenous injection of 10 mCi of #™Kr into a catheter placed
in the femoral vein, the bolus of activity entering the heart through the inferior vena
cava. A significant lung perfusion picture can clearly be obtained.

Lung perfusion studies have also been carried out on volunteer patients. The preli-
minary results are shown in figure 7.

Figure 7 shows an anterior scintigraph taken with a Nuclear Chicago Pho Gamma Il
with a diverging collimator designed for ™Tc (Lowe and CortraLt, 1969). 9 mCi of
81ImKr in 3 ml of water were injected into the antecubital vein of the left arm followed
by a 10 ml saline flush. The patient held his breath for 10 to 15 seconds after the
tracer had left the heart, data being acquired during this period. (A region of reduced
perfusion can be seen in the right lung.) Since the radiation dose from such an investi-
gation is only 6 mr the procedure can be repeated several times without significant
radiation hazard.

Several patients can be conveniently studied in an afternoon’s scintigraphy session
with a generator delivering 20 mCi of krypton-81m at 12,00 noon, the limiting factor
only being the time required to position the patients.

It is conceivable that using higher radioactive concentrations, studies of the dyna-
mics of lung perfusion could be carried out thus fully exploiting the y camera, as an
instrument for dynamic study.
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It is believed that in this context 81mKr generators have a useful role to play in
medicine, in association with gamma cameras.
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Diskussion zum Vortrag Clark

W. Apam, Ulm:

Das 8!mKr ist zweifellos eine ausgezeichnete Substanz fiir Perfusionsuntersuchun-
gen der Lungen, zumal man ja wegen der kurzen Halbwertszeit mehrere Unter-
suchungen am selben Patienten unter gleichen Bedingungen (zur Gewinnung von
Mittelwert und Varianz) oder unter variierten Bedingungen durchfiihren kann.

Die geringe Halbwertszeit diirfte sich aber nachteilig bei Ventilationsuntersuchun-
gen bemerkbar machen, es sei denn, man beschrinkt sich auf die ,single breath”-
Methode und verzichtet auf die Informationen, die man mit !33Xe bekommen kann
(,Wash-in”, ,Wash-out”-Kurven, evtl. Vitalkapazitat und Tiffeneau bezogen auf
Lungenteilbereiche, Residualkapazitit). Glauben Sie iiberhaupt, unter Beriicksichti-
gung der zeitaufwendigen Vorbereitungen der Ventilationsuntersuchungen, daf nach
AbschluB der Inhalation die Aktivitdt in beiden Lungen noch grof genug ist, um eine
quantitative Bestimmung der Radioaktivititsverteilung zu ermoglichen?
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Methods of Measurement of Cerebral Blood Flow
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Abstract

Two methods for the measurement of cerebral blood flow in the newborn infant are
described. The first uses red blood cells labelled with carbon-11 monoxide to obtain total
cerebral blood flow by measuring mode transit time and cerebral blood volume. The red
cells are injected via the umbilical artery. The second method uses inhalation of krypton-
81m and krypton-85m in succession to obtain perfusion rate of a seclion of cerebral tissue.
The krypton-81m measurement gives the total blood flow through the section, and the
krypton-85m inhalation is required to relate this value to the mass of brain tissue within
the field of view of the detector. A method for measuring short term changes in cerebreal
blood flow is also described. This uses two inhalations. Radiation doses are small. The
theory, physical results, and clinical procedures for each method are described.

Extrait

Deux méthodes de mesure du débit sanguin cérébral chez le nouveau-né sont décrites.
La premieére utilise des hématies marquées au carbone-11 monoxvde pour obtenir le débit
sanguin cérébral total en mesurant le temps moyen de passage et le volume sanguin cére-
bral. Les hématies sont injectées dans l'artére ombilicale. La seconde méthode utilise I'in-
halation successive de 8mKr et ¥mKr pour mesurer la vitesse de perfusion i travers une
partie de tissu cérébral. La mesure du #'mKr donne le débit sanguin total a travers cette
partie de tissu et l'inhalation du 8mKr est nécessaire pour mettre cette valeur en relation
avec la masse du tissu cérébral qui se trouve dans le champ du détecteur. Une méthode de
mesure des variations rapides du débit sanguin cérébral est également décrite. Elle utilise
deux inhalations de krypton-81m. Les doses de radiation sont faibles. La théorie, les résulta:s
physiques et 'application clinique sont décrits.

Auszug

Es werden zwei Methoden zur Messung der Gehirndurchblutung beim Neugeborenen
angegeben. Bei der ersten werden mit Kohlenstoff-11-Monoxyd markierte rote Blu:-
kérperchen verwendet, um die totale Gehirndurchblutung aus mittlerer Transitzeit und
zerebralem Blutvolumen zu berechnen. Die Injektion der roten Blutkdrperchen erfolgt dabei
in die Umbilikalarterie. Die zweite Methode bedient sich der Inhalation von Krypton-81m
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und Krypton-85m zu aufeinander folgenden Zeitpur'ten, um die Perfusionsrate eines Ab-
schnittes von Gehirngewebe zu erhalten. Die Messung der Krypton-81m-Aktivitat ergibt
den totalen Blutflufs durch den Gehirnabschnitt, wihrend die Krypton-85m-Inhalation not-
wendig ist, um diesen Wert fiir den Blutfluf zu der vom Detektor gesehenen Masse an
Gehirn in Beziehung zu setzen. Es wird noch eine Methode zur Messung kurzzeitiger Ver-
dnderungen der Gehirndurchblutung beschrieben. Bei dieser Methode werden zwei Inha-
lationen verwendet. Die Strahlenbelastung ist gering. Theorie, physikalische Ergebnisse und
der klinische Vorgang fiir jede Methode werden beschrieben.

Introduction

In recent years, paediatricians have become increasingly concerned with the problem
of hypoglycaemia in the immediate neonatal period, together with the possible
sequela to such an insult. The incidence of this problem is of the order of 0.5 %o of
all live births. Now that the predisposing factors have been catalogued, so that sus-
ceptible infants can be monitored from birth, it has become clear that a large number
of infants exhibiting one or two blood glucose recordings of less than 20 mg%o do
not develop any symptoms and that clinical illness as a rule only follows a fairly
prolonged period of severe glucose deprivation albeit that the prognosis in such cases
is bad. It would appear therefore that the cerebral activity of newborn infants is in
the long, but not in the short term, dependant on supplies of exogenous glucose
unless the infant brain possesses, like some animals, a specific glucokinase.

In animals and human adults, it is evident that glucose is the brain’s main source
of energy. However, Epwarps (1964) has demonstrated that calves’ brains can
metabolize lactic acid in the place of glucose and Owen et al. (1967) have de-
monstrated that the human adult brain can metabolize beta-hydroxy butyric acid
and other ketone bodies. It has been postulated that the newborn infant’s brain can
similarly make use of substrates other than glucose, such as glycerol, ketones and
lactate, especially during the asymptomatic period (Scores, 1964; CornsLATH and
ScawarTtz, 1966), symptoms developing when such substitutes have also been
exhausted. Studies related to hypoglycaemia in the newborn period require the
knowledge of how much glucose is being utilized by the brain, and what substrates,
if any, other than glucose, can the infant’s brain use. Arteriovenous samples of blood
across the newborn infant’s brain are obtainable from an umbilical artery catheter
and the posterior sagittal sinus with little stress or danger to the infant, but the inter-
pretation of such arterio-venous differences would be dependent upon a knowledge
of the infant’s cerebral blood flow at the time.

In the measurement of cerebral blood flow in newborn infants, carotid arterial or
jugular venous puncture is unacceptable and handling of the infant and radiation
dose must be kept to a minimum.

Cerebral clearance has been measured following inhalation of a radioactive inert
gas using external detectors (MaLLETT and VEALL, 1963). This method requires con-
tinuous monitoring of the expired air (VeaLL and MaLLETT, 1966; OsRIST et al., 1967)
or a timed sampling of venous cerebral blood (ZierLEr, 1965), which are not usually
possible in measurements on babies. Nearly all previous methods using intravenous
injections of radioactive tracers (SAPERSTEIN, 1962; STEINER et al., 1962; FEpoRUK and
FeINDEL, 1960) are impractical in newborn babies. OLDENDORF (1962) measured the
mode transit time of plasma through the adult brain following an intravenous injection
of 3] hippuran, which together with a measurement of cerebral blood volume, allowed
the total cerebral blood flow to be calculated (Orpenporr, 1963 ; KaTsuxi et al., 1964).



N

62 R.N. Arnot, H. I. Glass, ]. C. Clark et al.

We have adapted OLpENDORE’s method, using red blood cells labelled with '"CO
administered via an umbsilical arterial catheter. External monitoring was used and a
blood sample was collected from the posterior sagittal sinus.

MatrHEWS (1967) suggested that if krypton-81m (half life 13 seconds) is inhaled
continuously until the activity in the brain is constant, then this activity would be

proportional to the cerebral blood flow. The flow in the tissue in the field of view of .

an external counter may be calculated if the arterial concentration is known. To avoid
the necessity of viewing the whole head, a modification to this principle was intro-
duced, which enabled the measured blood flow in a specific quantity of tissue to be
estimated using, in addition, krypton-85m (half life 4.4 hours) to estimate the mass
of tissue being viewed.

Also, successive measurements with krypton-81m alone over the same region were
used to measure short term changes in flow. In both methods, inhalation and external
monitoring were required for short periods only, and blood sampling to assess the
inflow concentration was performed via an umbsilical arterial catheter.

The radiation doses to the patient were small (see below).

Physical Characteristics of Isotopes and Radiation Dosage

Carbon-11 has a half life of 20 minutes and is a pure positron emitter with annihil-
ation radiation energy of 511 KeV. The whole body radiation dose to a baby from
10 uCi''CO labelled red blood cells varies from 2.5 to 6.5 mrads (weight varying
from 2.5 to 0.8 kg).

Krypton-81m has a half life of 13 secs and emits a single gamma energy of 190 keV
which is 35 % internally converted. The radiation dose to the lungs due to breathing
20 mCi/litre for 2.5 minutes is 48 mrads. The whole body dose is negligible.

Krypton-85m has a half life of 4.4 hours. It has gamma energies of 150 keV (78 9/y)
and 305 keV (13.5%0) and a beta radiation of 830 keV. The radiation dose to the
lungs due to breathing 0.2 mCi/litre for 15 minutes is 42 mrads, which is largely due
to the § radiation. The whole body dose is 1 mrad.

In comparison, the whole body radiation dose received by a foetus during a single

X-ray film of the maternal pelvis in late pregnancy is from 100 to 300 mrads (ReexiE
et al., 1967).

Method Using 1'CO Red Blood Celis

Theory and Assumptions

When a bolus of a non diffusible tracer is introduced into the brain it spreads
throughout the vascular system, and a graph of the tracer concentration in the out-
flowing blood against time gives the spectrum of transit times of the tracer through
the system. With external monitoring, the countrate is directly proportional to the
activity in the volume viewed by the detector provided its sensitivity is uniform
throughout that volume. If Ci(t) and Co(t) are the concentrations of isotope in the
inflowing and outflowing blood respectively, then the countrate R (t) is given by

R(t) = SF f:, Ci(ydt — SF fgCo(t)dt

where S is the sensitivity of the detecting system and F is the rate at which blood
enters and leaves the volume seen by the detector. Since Ci(t) passes through a maxi-
mum at the point when inflowing isotope concentration is greatest, the rate of change
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of R(t) at this time is a maximum and a point of inflection occurs. A second point of
inflection occurs when Co(t) reaches a maximum.

The period of time between the two inflections is the mode transit time of blood
through the volume viewed (OLpbEnDORF, 1962).

This theory assumes that no activity has left the viewed volume before the most
concentrated part of the bolus enters, and that entry of activity has ceased before
Co(t) reaches a maximum. It is also assumed that no activity enters the field of view
more than once and that the detecting system views the whole brain and no other
tissues containing significant activity.

Blood flow through a system is equal to V/t, where V is the volume through which

a radioactive tracer is distributed when uniformly mixed within the system, and t is
the mean transit time of the tracer through the system (Meier and ZierLEr, 1954).
Provided the spectrum of transit times through the system is not considerably asym-
metrical, the mode transit time approximates closely to the mean transit time. Total
cerebral blood flow may therefore be found by measurement of the mode transit time
and the total cerebral blood volume (Oupenporr, 1963).

Equipment

The requirements of the detecting system for the transit time measurement in babies
are high sensitivity and precise collimation, and for the measurement of the brain
blood volume, good uniformity of response. Two 4!/s" diameter X 2" thick Nal
crystals were used. Their outputs were summed and a pulse height analyser was used
to select the 511 keV photopeak. The dilution curve was recorded simultaneously on
a pen recorder and on magnetic tape (Kemprray and VerNON, 1967). The magnetic tape
recording was used in case the optimum range and time constant had not been selected
on the ratemeter.

Fig. 1. Diagram showing arrange- '

ment of detectors and shields used CRYSTAL CRYSTAL 0

for measurement of total cerebral POSITION o SHIELDING
blood flow using !CO labelled red e TRANS 11 TIME

blood cells. MEASURENENT  NMEASURENENT

The detectors, shielded by lead 2" thick, were arranged as shown in figure 1. The
central axes of the crystals were at an angle of 150°, and the distance between their
point of intersection and the crystal faces was 25 cm for the transit time measurement
and 50 cm for the blood volume measurement. The detectors could be easily moved
between the two positions.

The baby rested on an adjustable padded support and radiation from all parts of
the body except the upper part of the head was excluded by a specially shaped shield
of 2" lead bricks. The angulation of the detector and of the shield ensured that the
response of the detectors decreased rapidly to activity within the shield. Thin lead

filters were used to obtain uniform response, in a way similar to that of OLpENDORF
(1963).
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The point source response of the system was measured in a water tank with the
crystals in the volume measurement position. The response along the infero-superior
axis of the patient and at the level of the crystal axes, is shown in figure 2. The re-
sponse is uniform to * 3 %o over 13 cm, and drops from 99 % to 10 %0 in 2 cms out-
side the volume of interest. The border of the volume to be measured is shown. Point
source measurements made along other axes showed the response within a 10 cm
sphere to be uniform to * 6 %s.

The variation of sensitivity with volume was found by measuring spherical flasks
of 'C activity with the detectors in both positions. Spheres varying from 6 cm to
12.5 cm diameter were used. Over the range of head size encountered (8 to 10 cm)
the sensitivity was constant to * 1!/29/o. The result was almost identical in the other
detector position.

The absolute sensitivities to an 8.5 cm diameter flask filled with solution containing
UCQO were 440 c/s/uCi and 120 ¢/s/uCi in the two detector positions.

Production of 1*CO and Labelling of Red Blood Cells

11CO was produced on the Medical Research Council cyclotron at Hammersmith
Hospital. The target material, boric oxide, was supported on a wedge, inclined at 10°
to the horizontal beam plane, in a gas-tight brass target box which was flushed con-
tinuously with commercial hydrogen at 80 ml/min. No carriers were added. With
40 pA of 15 MeV deuterons spread over 7.5 cm? at the beam exit-window, the beam
power (600 watts) is sufficient to melt the boric oxide and release the volatile radio-
active products. These products are 'CO, ''*CH,, N, and ''CO,, the percentages
being 81, 16, 0.3 and 2 respectively.

Under these conditions, the rate of production and radioactive concentration of
CO as measured at the target outlet are 3.3 mCi/min and 50 uCi/ml respectively.
The specific activity of the 1*CO is greater than 900 mCi/mMole. For clinical use, the
sweep gas containing the 11CO is normally fed to a point 100 metres from the cyclo-
tron chamber through 1.5 mm stainless steel tubing. A schematic diagram of the flow
system is shown in figure 3.

2 ml of heparinised blood were transferred to a sterile 50 ml syringe. Sterile hydro-
gen containing 'CO was drawn into the syringe, which was capped and rotated
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axially at 20 r.p.m. for 10 minutes. The hydrogen and any remaining '"CO were
ejected and the activity in the blood measured (Crark et al., 1966).

Clinical Procedure and Calculations

Fourteen infants were studied. All these infants had required umbilical artery
catheterization-as part of the routine clinical management for their basic problem,
e.g. asphyxia neonatorum, respiratory distress syndrome, and were infants predis-
posed to develop hypoglycaemia or who had already done so. At the time of invei-
gation, they had recovered to the extent that no hazard was introduced by the little
handling that was necessary for the measurements. In all cases, the umbilical artery
catheter was inserted well into thie thoracic cage (18—21 cm from the umbilical cord),
aiming at a position above the ductus arteriosus and near the left carotid: artery take-
off. This manoeuvre was not performed under fluoroscopic control. At the completion
of the test, the catheter was pulled back into an intra-abdominal position.

2 mls of venous blood were withdrawn from the patient via the umbilical catheter
and were labelled with 1'CO. A standard and doses of 0.3 to 1 ml were withdrawn
into sterile syringes and the ratios between the activities were measured by counting
them between the detectors. The baby was positioned with the line joining the outer
canthus to the external auditory meatus placed vertically and 1.5 cm beyond the edge
of the lead shielding, i.e. at the level of point A in figure 1. The midplane of the head
‘was at the level of the crystal axes. A dose containing 10 uCi was injected via the
arterial catheter. '

Approximately five minutes afterwards, the patient was. repositioned and two
20 second counts were made to estimate the cerebral blood' volume. The standard,
diluted with water to 500 mls in a spherical flask of 10.5 ¢cm diameter, was counted.
A 1 ml sample of blood was taken from the sagittal sinus and counted in a well counter.
1 ml of the 500 ml standard was counted in the same way.

5 Radioaktive Isotope IX
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The rate of change of count rate on the dilution curve was plotted by using time
increments of %/i6 sec on the upward part of the curve and */s sec on the downpart,
and plotting the change in count rate at the midpoint of the increments. The mode
transit time was then estimated.

Standard countrates were corrected for decay back to the relevant measurements
on the patient, and the countrate obtained with the 10.5 cm diameter flask was cor- *

rected for the actual size of the baby’s head. The total cerebral blood volume (V) is
then given by

V = H X > X 500 ml
P 5 mls
where H is the countrate of the head, F is the corrected countrate of the 500 ml

standard, S is the corrected countrate of the 1 ml standard, and B is the countrate of
1 ml blood.

S X R X 500
The total body blood volume is given by —————————— ml where R is the ratio

of activity in the patient’s dose to that in the standard.
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From the fourteen investigations, five satisfactory blood flow results were obtained.
A dilution curve of one such patient is shown in figure 4 and the plotted graph of the
rate of change of countrate is shown in figure 5. The mode transit time in this case was
9.9 secs. The brain blood volume of this patient was 26.2 mls, and the total cerebral
blood flow 189 mls/min. The results of the five successful investigations are shown in
table 1. The total blood volume and the percentage of this in the brain are also shown.

The remaining 9 investigations failed since satisfactory transit time curves were
not obtained. In some cases, the countrate rose sharply at first but then fAattened or
continued to rise slowly. The countrate sometimes rose slowly after a delay whilst in
other cases the arrival of more than one bolus of activity in the field of view was
apparent, and the curve was unusable to measure transit time.
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Table 1: Results of Measurements Using 11CO Labelled Red Blood Cells
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Method Using Krypton-81m and Krypton-85m

Theory

If air or oxygen containing a constant concentration of 8™Kr, which has a 13 second
half life, is inhaled, the concentration of radioactivity in the arterial blood rapidly
reaches a constant value. This value decreases with distance from the heart, owing to
the appreciable decay which occurs with this isotope. If the transit time through the
brain is more than 5 half lives, a negligible amount of radioactivity leaves the system

in venous blood.

When equilibrium in the brain is established,
Rate of inflow of activity = Rate of decay of activity

FC = AX
where F = blood flow (ml sec™)
C = concentration of activity in inflowing arterial blood (¢«Ci ml?)
A = activity in brain (uCi), and
). = decay constant of 81™Kr (sec’!)

C and A can be measured. A calibration factor to relate the blood well counter and
brain external counting systems is required. Then,

if Re
I{W
Se
SW
and S
we have:

5*

= external detector countrate {c/s)
= countrate per ml of blood in well (c/s)

= sensitivity of external detector to 81™Kr (c/s/uCi)
= sensitivity of well to 81™Kr (c/s/uCi)

= SW/Se:

F

= AMC
= Re/Se - )
Ruw/Sw

= .ReSl/Rw ml/sec.......
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This technique is useful only if the whole cerebral region can be monitored. How-
ever 190 keV gamma radiation is scattered through large angels, which makes it
difficult to measure the activity in the brain of small babies without interference
from the high activity in the mouth, throat and lungs. If only a part of the brain is
monitored, it is necessary to estimate the mass of tissue viewed by the detector.

The mass of tissue being monitored was estimated by inhalation of #m™Kr. As is . .. -

seen below, this eliminates the variable detector calibration factor S of equation (1),
which varies between patients and between different cerebral regions. After the #mKr
measurement is completed, 8™Kr gas is inhaled until the concentration of radio-
activity in the cerebral tissue is constant. In this condition, for $™Kr,

if A’ = activity viewed by detector (uCi)
M = mass of brain tissue viewed by detector (gm)
C = concentration of activity in the blood (uCi ml™)
P = equivalent volume of blood contained in 1 gm cerebral tissue
(ml gm™)
R’, = external detector countrate (c/s)
R’, = countrate per ml of blood in well (c/s)
S, = sensitivity of external detector to 8™Kr (c/s/uCi)
S, = sensitivity of well to 8mKr (c/s/uCi)
and S’ = 5./,
we have: M = A'/CP
= Re/S. 1
R'./S . P
= R'(‘. Sl/Rl\\' P gm .......... (2)
The perfusion rate is obtained by combining (1) and (2):
F
Perfusi te = —
erfusion rate v
R. Rw S | .
= R, R. & - PP mlisec/gm ... ... ... 3)

The ratio S/S" was found to be constant owing to the similar energies of 81™Kr
and 85™Kr (190 keV and 150 keV + 17 %0 of 305 keV respectively). Its value depends
only on the counting conditions and is independent of the geometry and composition
of the region viewed by the external detector. The cerebral perfusion rate can thus be
obtained from two external counts and two blood sample counts.

The fractional change in flow was measured using 81™Kr only since it is necessary
only to measure change in the ratio of A/C under the different physiological conditions
being investigated. This technique has the further attraction that it does not depend
on the blood sampling being carried out at a point exactly equivalent in distance from
the aortic valve to the carotid arteries, since any error is eliminated when the succes-
sive results are compared with each other.

Detecting System. Reduction of Scatter Contribution

The external detector consisted of a /2" diameter X /2" thick Nal crystal, and a
!/2" thick lead shield and 2" long cylindrical collimator which was cut off at an angle
of 45° A single channel analyser was used to select energies from 170 keV to
256 keV when counting 81™Kr and from 138 keV to 198 keV for 85™Kr. The lower
gates corresponded to 85 %/ and 92 %/e of the photopeak energies of 81™Kr and 85™Kr
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respectively. These settings and the angled position of the collimator were chosen to
minimise the effect of scatter.

To investigate scatter, a 10 cm diameter flask of inactive water representing a
baby’s head was suspended above a litre bag which contained a constant activity of
#tmKr and was surrounded by scattering material. The scattered radiation was sub-
stantially reduced when the detector was at an angle of 45° below the horizontal,
under the counting conditions chosen. The energy spectra with the detector in this
position, in the horizontal position and viewing the source directly through the flask
are shown in figure 6. Using 170 keV to 256 keV (channels 69 to 99 in figure 6), the
countrates in the horizontal and 45° positions were 0.9 and 0.06 % respectively of
that in the vertical position. If the full photopeak is counted (155 keV to 227 keV,
channels 59 to 99), these values rise to 2.0 % and 0.4 %o. Although these are small
values, total activity in the mouth and nose is so much greater than in the brain that
a scatter contribution of this magnitude could be significant.
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Measurements were made on the head of a baby who was inhaling $™Kr in order
to confirm that the scatter contiibution was negligible using these conditions. The
detector was first directed through the top of the patient’s head viewing the air
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passages and lungs, then at 45° to the side of the skull just above the ear. The
spectra obtained are shown in figure 7. The contribution from scatter (0.06 %o of
the countrate in the first position) was estimated on two successive measurements to
be 0.4 %/0 and 0.9 %o of the total countrate obtained when viewing at 45°.

The experiment with flask and gas bag was repeated using 8™Kr. The relative

contribution of scatter using 8™Kr was greater than that using 8'™Kr due to the |

305 keV gamma radiation of 8™Kr as well as to the slightly greater scattering effect
at 150 keV, and the lower gate was required to be set higher (92 %o of photopeak value
compared with 85 %/). :

Production of Krypton-81m Generator and of Krypton-85m

Krypton-81m was generated continuously in the gas phase by passing air or air-
oxygen mixtures through a solution containing #Rb, half life 4.7 hr. A schematic
diagram of the generator is shown in figure 8. 8'Rb was prepared by irradiating
sodium bromide with 30 MeV alpha particles in the external beam of the M.R.C.
cyclotron, the nuclear reaction being 7Br (o, 2n) 8'Rb. The yield of 8'Rb for a 1 hr
bombardment at 35 uA is 90 mCi.
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Fig. 8. Schematic diagram of the circuit used to supply 8!mKr to infants, and of the detecting
system.

Krypton-85m was produced by irradiating krypton gas with 15 MeV deuterons,
the nuclear reaction being 8Kr (d, p) 8™Kr. Contaminants 8Kr, 1.27 hr, and *Kr,
1.45 d, are also produced by (d, p) reactions on #Kr and 78Kr respectively. The 8’Kr
was allowed to decay for 14 hours before the gas was used clinically. The levels of
these contaminants at time of use were 1 %/0 8’Kr and 2.5 %/o 7*Kr.

The irradiation was carried out in a 45 cm long water cooled target box filled with
2.5 litres of krypton at a pressure of 0.7 kgm cm™. A typical yield of 8™Kr at end
of bombardment was 60 mCi for a 2 hour bombardment with a deuteron beam current
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of 35 uA. Assay was carried out by y spectrometry using a 15 cc Ge(Li) spectrometer.
Reliable assays could not be carried out using ionisation chambers due to interference
from "Kr and traces of ¥Kr.

Clinical Procedure

The infants investigated had all had umbilical artery catheters inserted for the
monitoring of gas tensions or metabolites. The babies remained in their incubators
during the investigation. The gas with which the radioactivity was mixed was chosen
according to the breathing requirements of the individual patient. The external
detector was positioned on the side of the patient’s head just above the ear.

Blood samples were taken rapidly from the umbilical arterial catheter by means
of a three way tap. In the case of 8™Kr, timing for the purpose of decay correction
was measured from the beginning of the withdrawal of blood. The 0.5 ml sample
was removed into a weighed syringe whose dead space was filled with heparin. The
capped syringe was counted directly in the well.

The circuit used for #™Kr is shown schemetically in figure 8. The generator was
sited in a lead shield in an adjacent room. A filter and traps were fitted close to the
generator to ensure no 8 Rb escaped and a two way valve system allowed switching
between active and inactive gas. The yield from the generator was measured con-
tinuously by a high pressure ionisation chamber containing a bulb of known volume.
The gas flow was monitored before passing to the patient via a miniature breathing
bag and nasal tube. The excess gas and expired gas was led to waste through a large
bore tube. In some cases the circuit was modified to allow the patient to remain on
a respirator. Flow rates between 600 ml/min and 4000 ml/min were used, the high
flow rates being necessary when the patient was being ventilated with a respirator.

For 8mKr a rebreathing circuit was used, as shown in figure 9. The circuit was
filled with a known volume of krypton containing 8™Kr at a known specific activity.
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Fig. 9. Schematic diagram of the rebreathing circuit used to supply 85mKr to infants, and of
the detecting system.
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Oxygen was then added until the oxygen concentration was at the desired level for
the particular patient under investigation. The patient was allowed to breathe normally
or on the closed circuit by means of the large bore two-way tap.

The radioactive concentrations of activity used were 20 mCi/litre for 8™Kr and
200 uCi/litre for 85mKr, the low concentration of 8™Kr being necessary to reduce the

radiation dose. A constant countrate over the head was obtained after inhalation of

$1mKr for 30 to. 60 secs, when the countrate varied from 5 ¢/s to 15 c/s above a back-
ground of 0.6 -c/s. Time for equilibration of 8™Kr was about 6 min. The countrate
was 1 to 2 /s above a background of 0.6 ¢/s.

Two investigations were made using both gases and three investigations with
$1mKr only. The baby breathed 8'™Kr for a total of 160 seconds. 60 seconds after the
beginning of inhalation, a 100 sec count over the head was started. A blood sample
was taken 50 sec after beginning the head count, and counted immediately. The baby
then breathed 8mKr for a total of 15 minutes. After inhalation for 9 minutes, the head
was counted for 400 sec, a blood sample being taken at the midtime of this count. A
background measurement was made for each isotope with the gas circuit full and
with the detector in the normal position, but with a lead plug in the collimator. The
sampling syringes were weighed and the pO, and pCO, of the blood was measured.

The #'mKr well countrates were corrected for decay during both counting time and
the -time between sampling and the beginning of the count. The countrate/gm of
blood was found for each well measurement. The relative blood flow was found from
the repeat #™Kr measurements by calculating the ratio of the head countrate to the
countrate/gm of blood, and normalising to the highest value of the ratio.

Results

‘The low: countrate obtained with 8mKr made results obtained with this method
unreliable. A flow rate of 96 mls/min/100 gm was obtained for one patient. The
results of the repeat measurements with 8mKr are shown in table 2, together with
clinical data.

Table 2: Results of Repeated Measurements Using Krypton-81m

Gestatio-
nal Age Age Weight Relative
Patient (weeks) (hours) (gm)  Clinical Condition Flow pO, pCO.
1 33 39 2060  Respiratorydistress  1.00 90 30
syndrome, 0.67 65 35
born early 0.74 65 38
2 32 16 1800 Respiratory distress  1.00 99 36
: syndrome, 0.97 97 36
born early
3 327 35 1800  Respiratorydistress  1.00 60 25
syndrome 0.82 30 235
born early,
birth asphyxia
Discussion

The method using 'CO labelled red bloéd cells provides an atraumatic method
for the measurement of total cerebral blood flow in the newborn infant. If it were



Measurement of Cerebral BIlood'FIow in the Newborn 73

possible to position the catheter tip using an image intensifier, it is likely that
successful measurements could always be carried out, but there would be a significant
increase in radiation dose.

The studies were performed at a time when the infant’s circulatory system was
undergoing a change from a foetal-type circulation to an adult-type circulation, and
thus early re-circulation of the bolus of the ''CO red blood cells, particularly through
the ductus arteriosus could explain the failure of the method in 9 of the infants
studied. It would seem that critical placement of the catheter tip above the ductus
arteriosus, specifically in the ascending part of the aorta, is essential.

In the 5 successful cases, the cerebral blood flow found was slightly higher than
one would have expected. The variation in the blood flow from infant to infant may
be accounted for by the different clinical conditions of the infants, some having
developed a greater degree of acidosis and hypercapnea than others.

The method using both 8™Kr and 85™Kr is potentially useful, but was not usable
with babies owing to the limitation on 8™Kr concentration due to radiation dosage.
It could be used for measurements on adults where a higher radiation dose may be
acceptable. The positioning of the arterial sampling catheter to give a concentration
comparable to that in the carotid arteries would have to be carefully chosen.

Repeat measurements using ®'™Kr proved useful in investigating the effect of
change in pO, and pCO, in babies. The lowering of blood flow with a decrease in
pO; in the patients investigated was unexpected.

This method can only be accurate if successive measurements are made without
any movement of the patients or detector. Any relative movement changes the region
monitored and also the ratio of the counter sensitivities. Long term changes in blood
flow therefore cannot be investigated in this way.

The investigation of the contribution of scatter to countrates mesaured over the
heads of patients inhaling radioactive gas are of interest. The results indicate that
measurements on adults using low energy radiation and large collimators and counting
the full photopeak will include a substantial number of counts from scattered
radiation.

Conclusion

Three methods are described for the measurement of cerebral blood flow in the
newborn infant. The method measuring total cerebral blood flow using 1'CO labelled
red blood cells is dependent upon the precise placement of the catheter tip in the aorta
above the ductus arteriosus. With this method, 5 successful estimations of cerebral
blood flow were made. The method employing 8™Kr and 8mKr was not reliable with
the concentrations of %™Kr used. The method using repeated measurements with
8mKr alone was useful in assessing the dependence of the brain perfusion rate
on pQO,.
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Diskussion zum Vortrag Arnot

S. Gresg, Gielen:

In welcher GroBenordnung liegt die Strahlenbelastung bei diesen Neugeborenen
und bedeuten sie kein Risiko fiir diese Patienten?

R. ArNort, London:

The radiation dose to the whole body from 10 pC of *'C labelled red blood cells
varies from 2,5 to 6,5 mrads depending on the weight of the patient. The administra-
tion of Krypton-81m (20 mC/active for 2,5 minutes) gives a dose of 48 mrads to
the lungs and a negligeable whole body dose. For Krypton-85m (0,2 mC/active for
15 minutes) the lung dose is 42 mrads and the whole body dose 1 mrad. In ¢omparison
the whole body dose to the foetus from a single x-ray film of the maternal pelvis in
late pregnancy is from 100 to 300 mrads.
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Abstract

The different gamma energies of **Na, K and ""Br allow mixtures of the three isotopes
that contain normal quantities of activity to be analyzed with an error of less than 1.3"»
by gamma counting of previously untreated samples. A computer programme is used to
perform the calculations.

This method was used to investigate the relation between Na space and Br space in
20 normals and in 46 patients with various endocrine or metabolic diseases.

The mean value for the Na space/Br space ratio in normals was found to be 1.13%X0.07
(£2 S.D.). 39 % of the patients were found to have values for the Na space/Br spacc ratio
which were outside the 95 %0 confidence limits for the normal group. The possibility of de-
tecting cellular Na gain or loss on a whole body basis is discussed.

Extrait

Des quantités normales de 21Na, 99K et 7Br contenues dans un méme échantillon peuvent
8tre séparées par spectrométrie y et mesurées par une méthode non destructive avec un
pourcentage d'erreur inférieur a 1,5°%. Un programme de calculateur est utilis2 pour
obtenir les résultats.

Cette technique a été employée pour étudier le rapport entre l'espace Na ct l'espace br
chez 20 sujets normaux et chez 46 patients atteints d’affections endocrines ou métaboligues
diverses. La valeur moyenne du rapport espace Na/espace Br a été trouvée égale 3 1,13£0,07
(£2 5.D.) chez les sujets normaux.

Chez 39 % des malades, la valeur de ce rapport se trouve en dehors des limites de con-
fiance & 95 %o établies pour le groupe normal. La possibilité de détecter par cette méthode
une accumulation ou une perte de Na intracellulaire par l'organisme est discutée.

Auszug

Durch die Einfithrung zweier im Cyclotron hergestellter Isotope, Brom-77 und Ka-
lium-43 wurde es moglich, Mischungen dieser beiden Isotope mit Natrium-24 erstmals ohne
vorherige Trennverfahren zu analysieren, indem man die unterschiedliche Gammastrahlung
der drei Isotope unter verschiedenen Zihlbedingungen mift. Die Ergebnisse werden mit
Hilfe eines Computers errechnet.

Kombiniert mit einer Bestimmung von tritiummarkierten Wassers wurde diese Methode
fiir die gleichzeitige Messung des austauschbaren Natriums, austauschbaren Kaliums, extra-
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zelluliren Raumes und des Korperwassers bei 20 Gesunden und 46 Patienten mit endo-
krinen Stérungen angewendet. Spezielles Interesse lag auf der Bestimmung der Fraktion des
austauschbaren Natriums, die auBerhalb der extrazelluliren Flussigkeit liegt.

Das Durchschnittsverhiltnis Natriumraum: Bromidraum betrug bei Gesunden 1,1310,07
(12 5.D.). 39 % der Patienten mit endokrinen Stérungen lagen auferhalb der Vertrauens-
grenzen fiir gesunde Kontrollobjekte. Die Maglichkeit, Veranderungen des intrazelluliren
Natriumgehaltes an einer Ganzkorperbasis festzustellen, wird diskutiert.

Introduction

To investigate electrolytes and body water in humans, several methods are available.
Tissue analysis may be used to investigate the composition of a single tissue, or
balance studies may be used to examine net gains or losses from the body. However,
neither method gives information about the distribution of electrolytes in the body
or the total body stores. This information can be obtained by use of the isotope
dilution technique.

The simultaneous measurement of exchangeable Na (Nag), exchangeable K (Kg),
extra cellular fluid volume (ECFV) and total body water (TBW) permits the calculation
of distribution of sodium, potassium and water between the extra cellular and intra
cellular spaces (Veart and VETTER, 1958).

In spite of the obvious advantage of using four isotopes simultaneously, the few
reported clinical studies have indicated the inaccuracies and difficulties in separating
isotopes in the same sample by chemical or physical separation procedures.

The use of two cyclotron-produced isotopes, 3K (Sxrasar, Grass et al., 1969) and
7TBr (SkRABAL, ARNOT et al., 1969) made it possible to analyse by gamma counting
mixtures of these two isotopes together with 2Na as untreated plasma and urine
samples. A computer programme is used to perform the calculations and includes an
allowance for decay of the isotopes during the counting time. Tritiated water may be
estimated on the same samples after decay of the other three isotopes.

When it became possible to measure the dilution of 2Na and "*Br accurately on
the same untreated samples (and in the presence of *3K), the question arose whether
it might now be possible to detect smaller differences between these two very similar
physiological spaces. Various workers (McMugrray et al., 1958; Crooks et al., 1959;
MooRE et al., 1963) have measured both spaces simultaneously, yet alterations in the
ratio between the two spaces in any disease do not appear to have been demonstrated.

Whe have investigated the possibility of detecting an excess or a deficit of exchange-
able sodium outside the bromide space and this paper presents our findings in
66 clinical studies.

Material and Methods

Production of K

3K is produced by the 4°A (a, p) **K reaction in the external beam of the Medical
Research Council cyclotron. The argon is circulated at a rate in excess of 100 I/min
through the target vessel and bombarded with 16.4 MeV « particles. The exit gas is
passed through a borosilicate fiber-glass filter which extracts 50 —80 % of the
activity from the gas phase. The activity is removed from the filter using 5 ml of
0.001 N hydrochloric acid. This solution is then evaporated to dryness and baked
in the presence of 5 mgm KCl carrier. The residue is taken up in 5 ml of isotonic
saline and filtered through a millipore filter. The yield of K is 18 uCi/uA hr and the

v i e e o i -
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42K contamination at end of bombardment is less than 7 per cent (CLark and Wartson,

1969).

Production of “"Br

“Br is produced by the "As (a, 2 n) 7"Br reaction in the external beam of the" °
M.R.C. cyclotron. The target material, As,O;, is bombarded with « particles of
approximately 28 MeV, the yield of 77Br being about 3 mCi for a 1 hour bombardment
at 20 pA. The As,O; is then dissolved in hot water and after adding concentrated
H,SO, and K,Cr,O;, the bromine is distilled, without the addition of carrier, into an
ice-cooled water trap. The pH of this solution is then adjusted to 9 and the bromine
is reduced to bromide by adding NH,OH. HCl solution. The solution is evaporated
to dryness and the residue is heated to about 400° C to decompose any possible
pyrogenic contaminants, then dissolved in water for injection. The resulting solution
is adjusted to pH 6—7 and filtered (HeLus, 1969).

2Na and 3H

The 2*Na was received in the form of sterile NaCl in isotonic solution from the

Radiochemical Centre, Amersham. Sterile tritiated water was obtained from the same
suppliers.

Patients Studied

20 normal subjects and 46 patients suffering from various endocrine diseases were
investigated. The patients were classified as follows: untreated acromegaly (8),
treated acromegaly (pituitary implantation of yttrium-90) (9), Cushing’s disease (5),

and 10 hypopituitary subjects. There were 14 patients with various other endocrine
or metabolic diseases.

Clinical Procedures

20 uCi of ®Na and 50 pCi of ®)K were administered intravenously at 9 a.m.
12 hours later 30 uCi 77Br and 250 uCi ®H,O were injected. Doses for injection were
prepared in counting vials and after injection, the residue in the syringe was washed
into the dose vial and made up to 10 mls for subsequent counting. Normal meals were
permitted from 9 a.m. to 8 p.m. after which no fluids or food was taken until 10 a.m.
on the following day. Urine was collected in polythene bottles as follows: 0—24 hours,
24—25 hours, 25—26 hours. Heparinised blood samples were taken at 24 hours and
25 hours.

The concentration of stable sodium and potassium in the plasma was estimated
on an auto-analyser and in the urine samples on a flame photometer.

Radioactive Assay and Calculations of Results

A dose of each isotope, identical to that given to the patient was used to prepare
three standard solutions in siliconed glass flasks by diluting each dose with distilled
water up to 1 litre. Duplicate 10 ml samples of each standard solution and 10 ml of
each plasma and urine sample, together with a badkground sample of water, were
transferred into counting vials. All samples were counted twice on a two channel
automatic counter, equipped with a punched paper tape output. The first time, the
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channels were arranged to accept energies between 320 KeV and 447 KeV (*K), and
between 1.2 MeV and 4.5 MeV (**Na) respectively. The samples were counted again
either immediately or up to two days later using one channel arranged to accept
energies between 190 KeV and 275 KeV (77Br). Spectra of the three isotopes are
shown in figure 1. A computer programme was used to calculate the quantity of each
isotope in each sample. Details of the equations used and of the computer programme
are given elsewhere (SkraBaL, ArRNOT et al., 1969). A factor of 0.9 was used to correct
the bromide space for serum water and Donnan equilibrium. For the calculation of
the Na space it was assumed that the corrections for serum water and Donnan
equilibrium cancel each other.

We have shown that using this method, mixtures of 2¢Na, 3K, "Br in the pro-
portions encountered in space measurements, can be analysed with an error of less
than 1.5 %0 (SkrABAL, ARNOT et al, 1969).

Results

The individual results for Nag, Kg, ECFV and TBW and the calculated values for
intracellular K concentration are given elsewhere (SkrabarL, ArRNOT et al., 1969;
SkraBAL et al., in preparation). The Na space/Br space ratio in 20 normal subjects
was found to be 1.13 * 0.07 ("2 5.D.). Figure 2 shows the Na space/Br space ratio
for normal subjects calculated from data in the literature compared with the results
of this series. The Na space/Br space ratio for our normals (95 %0 confidence limits)
and the ratio for 46 patients with various endocrine or metabolic diseases are shown
in figure 3. It can been seen that 28 patients (61 %) out of the 46 patients are within
the normal range. 13 patients (28 %/0) were found to have higher values (range 1.2
to 1.35) and 5 patients (11 %/0) had a ratio closer to unity (range 1.04 to 1.00).

Discussion

To investigate cellular sodium only a few methods are available. The only cells
easily separated from the extra cellular fluid with its large Na content are the blood
cells, and red blood cells have been used to measure the amount of intra cellular

sodium (RiEcker et al., 1963; BEILIN, 1966). Since red cells are the only cells without

nuclei in the human body and are known to have a low metabolic rate, alterations in

red cell sodium do not necessarily imply that the sodium content of other body cells
is also altered.
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Tissue analysis has also been used by Litcuriep and Gappie (1958), to measure
cellular sodium, but conflicting results have been reported by Frear (1965), pre-
sumably due to the difficulties in correcting for the large amount of extra cellular
sodium.

It has been shown that the amount of sodium in cells (FLear et al., 1960; Dow and

IrvINE, 1967) and bone (EDELMAN et al., 1954) is significantly bigger than the chloride - - :

content of these tissues. The fact that the Na space after equilibration is found to be
greater than the bromide space confirms that the excess Na in cells and bone is at
least partly exchangeable. The exchangeable sodium outside the ECFV has been
referred to simply as the residual sodium, since the exact anatomical site of this space
is not certain. The calculation of residual Na needs the isotopic measurement of
radioactive sodium and bromide as well as the chemical estimation of stable Na in
the plasma. Furthermore, the size of this space is as dependent on body height and
weight as the total exchangeable Na. To establish values of residual Na for normal
subjects, we have chosen the Na space/Br space ratio, which depends only on the
isotopic measurement.
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Figure 2 shows that various workers using different methods have found mean
values for the Na space/Br space ratio ranging from 1.21 to 1.13. These differences
may be due to systematic errors introduced by the methods and to the use of elaborate
calculations for deriving the ECEV (McMUuRRAY et al., 1958; MoORE et al., 1963).

The problem in measuring mean whole body intracellular sodium and potassium
concentration is the lack of a suitable tracer for ECFV. Tracers such as inulin which
do not penetrate into all compartments of the ECFV, underestimate the amount of
extracellular ions and therefore lead to high calculated values for intracellular
(exchangeable) sodium.

Bromide is known to measure the whole ECF and in addition to penetrate the cells
to some degree. Therefore, it also is not a true measure of extracellular fluid. Moreover,
the ECF is not an exactly defined physiological space. A review of the problems in
extimating the ECFV is given by WaLsEr (1967).

Our mean ratio of 1.13 for normal subjects implies that about 300 to 400 mEq Na
are placed outside the bromide space in cells and bone. Using the difference between
TBW (as measured with tritiated water) and the Br space as a measure for intra-
cellular water, we derived an intracellular concentration of Na of about 10 mEq/litre.
This agrees well with the reported values obtained from tissue analysis. Since it is
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known that isotopic Na exchanges also with the bone crystals (EpeLman et al., 1954),
the values for the true cellular Na concentration after subtraction of the Na exchanged
in bone would be considerably lower.

Figure 3 shows a disturbed Na space/Br space ratio in 39 %0 of the patients with
various endocrine diseases. The high ratio in 28 %o of the patients would indicate
either an excess of exchangeable Na outside the extracellular fluid or gradual elimina-
tion of bromide from the cells. The removal of bromide from the cells is the con-
sequence of an active transport mechanism. It seems unlikely that this would occur
in disease states. It is not possible to draw conclusions about the absolute amount of
increased “cellular” sodium, since simultaneous shifts of bromide may occur. The
low ratio in 11 ¢/0 of the patients could imply that Na moves out of the cells or that
bromide penetrates the cells in some conditions to a greater extent than sodium.

It is known that after 24 hours the specific activity of Na in tissues other than bone
is constant and equal to the specific activity in plasma. The same applies to bromide
after 12 hours. Increase in “cellular” sodium therefore does not represent an increased
exchangeability of Na in the cells. It is likely to reflect either a true gain of intracellular
sodium in excess of bromide, on a whole body basis, or in some conditions an
increased exchangeability of Na in bone. It will be of interest, to compare the results
of cell or tissue analysis in conditions in which cellular sodium gain is known to occur
(e.g. the red cell sodium in uraemia)-with the whole body measurements.

Conclusion

The results indicate that alterations in the exchangeable fraction of body Na out-
side the bromide space occur in various endocrine or metabolic disorders and are

‘detectable ‘with this method. Similar changes of residual sodium were found in

patients suffering from endocrine disorders as well as in patients with metabolic bone
disease. The exact anatomical site of the alterations in residual Na remains an open
question for further investigation.
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" Diskussion zum Vortrag Skrabal-

B. Francors, Lyon:
Je voudrais évoquer deux points.

En premier lieu, je ne mésestime pas l'intérét pour les études du métabolisme hydro-

‘minéral de l'utilisation de ces nouveaux radionuclides produits par un cyclotron. Je

signale simplement que chaque semaine, depuis 8 ans, nous utilisons des techniques
conventionnelles qui donnent toute satisfaction: séparation 22Na — 82Br ou 2*Na — 82Br
par des équations de décroissance radioactive, séparation de 'eau tritiée d’avec le
sodium et le brome par distillation par le vide du sérum.

Le deuxiéme point est une question. L’orateur a fait état d’une valeur de sodium
résiduel représentant 10 %o du sodium échangeable et d'une position intra cellulaire
de ce sodium résiduel. J’avais la notion que le sodium intra cellulaire n’exédait pas
3% du sodium échangeable et que le sodium résiduel était essentiellement squelet-
tique. L'auteur donne-t-il au sodium résiduel une signification véritablement cellu-
laire?
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F. Skrasat, Innsbruck:

Ich selbst halte Natrium-22 auf Grund der langen Halbwertszeit und Strahlungs-
charakteristik nicht fiir wiinschenswert fiir diese Studien, speziell da Wiederholungen
innerhalb kiirzester Zeit von Interesse sind.

Die Halbwertszeiten von 56 Stunden fiir Brom-77, 22 Stunden fiir Kalium-43 und
15 Stunden fiir Natrium-24 erlauben eine Wiederholung der Studien innerhalb einer
Woche, andererseits sollten sie die Durchfiihrung der Untersuchung auch an Kliniken
ermoglichen, die iiber kein eigenes Cyclotron verfiigen.

Zur zweiten Frage: ' .

Ich glaube, wir stimmen in dem Punkt iiberein, da8 es prinzipiell nicht moglich ist,
mit dieser Methode zwischen intrazellulirem und im Knochen austauschbarem
Natrium zu unterscheiden. Wir haben gleichsinnige Veranderungen des Na/Br-Raum-
verhiltnisses sowohl bei Patienten mit Nebennierenrindeninsuffizienz gefunden als
auch bei Patienten mit Knochenerkrankungen. Bei der ersten Gruppe kam es zum
Anstieg des Residualnatriums innerhalb weniger Tage. Die gleichzeitig erfolgende
zellulidre Hydration wiirde fiir eine intrazellulire Anreicherung des Natrium sprechen -
Uberdies ist der Austausch von Elektrolyten im Knochen hauptsachlich abhiangig von
der aktiven Knochenoberfliche, d. h. Resorptionsfliche. Es erscheint mir unwahr-
scheinlich, daR diese sich innerhalb kiirzester Zeit andern wiirde.

N. TeLrer, Los Angeles:

Did you measure the exchangeable potassium at 24 and 48 hours? Did you find
any abnormalities in the intracellular concentration of potassium?

F. SkraBatL, Innsbruck:

To answer your first question: We have measured the exchangeable K beginning
from 24 hours up to 48 hours and we found in agreement with other workers an
increase in exchangeable potassium. This increase was fairly constant in all patients
and as we were not certain as to how much this increase was due to newly ingested
K, we have chosen the 24 hours equilibration period.

To your second question: In the particular group of patients studied we did not
find a change in intracellular potassium concentration. Since residual or “intracellular”
Na increased the cellular hydration which occurred in some of the patients would be
explained by the increasing amount of intracellular jons.

C. ConsTANTINIDES, Athen:

When you measure the Na Space/Br Space ratio, do you consider the fraction of
Na which goes to bone? Because this may introduce an error into your calculations.

F. SxrasBaL, Innsbruck:

I think we have covered that point partly already in the discussion with Prof.
Francors. It is certainly not possible to calculate absolute figures for the intracellu-
larily located sodium. Therefore we have chosen the Na/Br ratio.

6*
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Target systems for radioisotope

production on the Medical Research
Council cyclotron

D.D. Venberg, L. C. Baker, P. D. Buckingham, J. C. Clark, K. Finding,
J. Sharp, and D.J. Silvester

Medical Research Council, Cyclotron Unit, Hammersmith Hospital,
Ducane Road, London, W.12, England

ABSTRACT

Target systems used for short-lived radioisotope production on the M.R.C.
Cyclotron are described in detail and the factors affecting efficient production
discussed, Choice of target material, target cooling, radioisotope recovery, suitable
beam energy and target thickness for optimum yield of the required isotope, are
all considered. The problems of power dissipation in the internal target usiny
beam currents up to 300 uA are fully discussed. Reasons ior using the static
‘grazing incidence’.target in preference to rotary or vibratory target systems are
stated and methods of internal target preparation described.

Beam extraction through a thin vacuum-retaining foil permits a range of
external targets to be bombarded using beams of low power density and also
allows the use of energy-degrading foils. A method is described of indicating the
external beam distribution during bombardment and details are given of external
targets using solid, liquid and gaseous target materials. Recently-developed targets

for radioactive gas production are described and typical performance figures
quoted.

INTRODUCTION

The Medical Research Council cyclotron," 2 which was designed and built
between 1950 and 19535, operates for 14'h daily on five days a week. About one
third of each day is used for experimental radiobiology or fast neutron
radiotherapy; the remainder is devoted to producing radioisotopes for medical
use, which often but not invariably because of their short half-life cannot be
obtained commercially. Much has been published on the uses of these isotopes,**
and sometimes the methods of producing them have been included, but with very
few exceptions the cyclotron target systems have not been described in detail.
This paper discusses the factors that have to be considered in designing suitable

258
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targets for efficient isotope production, and describes some of those currently in
use on the M.R.C. machine.

In general, four main factors must be considered:

(1) The physical properties and chemical purity of the target material, which

may be solid, liquid or gas.

(2) The provision of adequate cooling to control the temperature rise of the

target surface.

(3) The method for recovery of the required radioisotope from the target

during or after bombardment.

(4) The selection of a beam energy and target thickness that will maximise

the yield of the required radioisotope and minimise the yield of possible
impurities.

The M.R.C. machine is a fixed-energy, classical cyclotron capable of accelerating
deuterons to 16 MeV and a-particles te 32 MeV. Internal beam currents up to
500 pA and extracted beams up to 100 nA can be obtained without special
tuning. In practice however, the internal and external beam currents normally
used are rarely greater than 300 uA and 50 pA respectively, because of the target
limitations to be discussed.

The four external target positions are shown in Fig. 1. A beryllium target on
beam 1 provides the fast-neutron beam used in an adjacent room for radiotherapy
and activation analysis, and beam 2 is used for radiobiology experiments in the
same room. Beams 3 and 4 are used in the cyclotron chamber for isotope production.
as is the internal target position shown in Fig. 2. An automatic changing device

Fig. 1. M.R.C. Cyclotron—External Tergel Arrangements:
1. Be target producing tast neitrons beam for radiotherapy.
radiobiology and activation analysis)
_Beam 2: (Charged particles for radiobiology and activation analvsis)
. Beam 3: {for isotope production)
. Beam 4: (for isotope production]
. Beam shaping magnets
. Beam bending magnet
7. Beam 1 focusing magnets
8. Ion source equipment
9. Internal target equipment
10. Wall dividing cvclotron chamber und “radiation room’

[~ Y I GRSV )
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Fig. 2. M.R.C. Cyclotron—Internal Target Arrangemeni:
1. Grazing incidence target assembly on support tube

2. lon source equipment

3. Manual probe for maintenance of dee-chamber

enables each of two alternative targets to be selected remotely for bombardment

‘on beam 3, while all internal targets may be loaded and unloaded automatically

without the need for personnel to enter the cyclotron chamber. The latter facility
is to be extended to beam 3 in the near future.

INTERNAL TARGETS

The internal beam is normally intercepted by the target at approximately 60 cm
radius, beyond which the beam current falls rapidly. At this point the beam is in
the form of a ribbon 1 cm high X 3 mm wide. In order to use the high beam
currents up to 500 uA regularly available in the internal beam, the target must be
designed to dissipate the high power density of the beam. At 15 MeV a 500 HA
beam of dimensions 1 cm X 3 mm has a power density of 20kW cm™2 Almost all
the power reaching the target appears as a rise in temperature of the target
coolant. The temperature differential between the front surface struck by the
beam and the cooled back surface depends on the thermal conductance of the
target and the power density in the beam.

In a copper target of thermal conductivity 0-92 cal cm™ s deg C, a surface
power density of 20 kW cm™ results in a temperature gradient of S X 10%°C cm™
In a poorly-conducting metal the gradient would be much higher, e.g. over 20
times higher for antimony. Non-metals generally have thermal conductivities
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much lower still, resulting in temperature gradients of the order of 1000 times
higher than that in copper.

The hottest surface of the target must be kept below the temperature at which
the vapour pressure of the target material rises sufficiently to allow appreciable
evaporation either of the target itself, or of the products of the nuclear reaction.
If it is assumed that the back of the target is kept between 100 and 150°C by
cooling water at a pressure of ~7kg cm 2, then at 20 kW cm ™ melting would
occur if the thickness exceeded 2 mm for copper or.0-1 mm for antimony.
Target construction therefore would present serious mechanical problems except

j for materials of high conductivity like copper. Moreover, the thickness of 0-1 mm
is less thanthe particle range at 15 MeV, and this would affect the production
efficiency in some cases.

Perhaps a more serious problem would be that of water cooling. At thicknesses
of this order the power density at the cooled surface will be similar to that in the
beam itself. However, the maximum power which could be removed by water
cooling under conditions of surface boiling was found in experimental tests to be
only about 4-5 kW cm™. On several counts, therefore, targets perpendicular to
the internal beam of the M.R.C. cyclotron are not practicable.

The two methods commonly employed to reduce the power density at the

, target surface and at the cooled surface are either to present the target to the
beam at grazing incidence, as depicted in Fig. 2, or to move the target or the
beam continuously.

Rotating targets have been used at Hammersmith, but have been abandored
because of the complicated mechanism required to provide:

(a) the high rotational speed necessary to avoid mechanical stresses from

thermal cycling, and

(b) sufficient mechanical power to overcome the eddy current drag on the

target assembly in the magnetic field.
Since these two requirements are in direct opposition, and since such targets are
inherently more expensive to produce than their static counterparts, rotating or
vibrating target systems have not been developed. Thus the M.R.C. machine uses
;7a grazing or oblique incidence target in the form of a flat plate arranged
tangentially to the beam. From purely thermal considerations, since the power
density is reduced by a factor of .1/cos 8 (Fig. 3), such oblique incidence targets
can be thinner than perpendicula} incidence targets by a factor of cos 6, where 0

AVERAGE BEAM
DICECTION AT
I INCIDENCE.

L

INT&QNAL/

TARGET
SURFACE

€0 cm 3Immn
RAD

/

Fig. 3. Internal target geometry
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is the angle between beam direction and the normal to the target face. The
effective thickness of the target presented to the beam is increased by l/cos 6
and the former becomes a thick target in the nuclear sense in practical cases.

Since the beam has a finite radial width,  is not the same for all particles.
If the inner edge of the beam is tangential to the target the average value of
1/cos 0 is about 10 in the M.R.C. machine.

For chemical processing the smaller the amount of target material present
the better; in practice target thicknesses between 0-02S and 0-050 mm are found
to give good yields on the grazing incidence target.

Clearly a target 0-050 mm in thickness needs mechanical support to retain the
coolant; this is provided by a target backing plate which is in intimate thermal
contact with both the target material and the coolant. The plate is of high thermal
conductivity, copper or aluminium being chosen according to the chemical
process to be employed in separation, for some of the backing plate material
usually appears as a contaminant.

The target back is smooth for optimum cooling, and a water velocity of 4 m 5™
is obtained by narrowing the waterway at the back of the target plate to 0-25 mm.
The direction of flow is perpendicular to the long dimension of the beam strike
area. Because the effectiveness of the cooling depends on a high water velocity, it
is essential to avoid distortion of the target plate, which would widen the gap and
reduce the velocity. In practice copper or aluminium target plates need to be at
least 2 mm thick to avoid distortion under the combined effect of heat and water
pressure.

A thin target plate (1-5 mm) permits a high heat transfer rate through the
plate, but affords little cooling due to conduction parallel to its surface.
Conversely, a thick plate (6-5 mm) has a low heat transfer rate through the plate
but a high cooling capacity due to conduction parallel to its surface. Maximum
heat dissipation is therefore achieved at an optimum target plate thickness.
Experimental measurements on copper target plates show this tc be about 5mm
for applicd power densities between 0-3 and SkWcem™ However, 3 mm was

Fig. 4. Internal Target Head:

1. Target plate clamp with carbon blocks

2. Target plate carrying target material

3. Water flow spoiler

4. Target head dlock with ‘O’ ring and water ways
5. Support tube with water connections
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finally chosen to simplify handling and reduce cost, without serious reduction
in effectiveness.

Fig. 4 shows in exploded view the final form of the target assembly
incorporating the features described above. Several other features have been

added as a result of practical operating experience over a period of seven years.
For example, as the machine tuning is adjusted the centre of curvature of

the beam moves and the strike area moves along the plate. If the edge of the
beam should approach either end of the target it strikes a carbon block, causing
it to glow, giving visible warning on a CCTV monitor. As mentioned above, a
remote automatic handling machine removes the target assembly from the
vacuum system, detaches it from its water supplies, and transfers it by railway to
a distant processing cell where the assembly is dismantled. The target plate is
then removed and machined or chemically treated to remove the target layer,
from which the required isotope is then extracted. The total bombardment on
each target in uA h is recorded by a device which integrates the rise in water
temperature against time.

In preparing targets for bombardment, a layer of target material
0-025-0-050 mm thick is applied to the target plate by a method selected to
provide the optimum bonding. For example chromium (for 32Fe production) is
electroplated on aluminium, nickel (for *Zn production) is deposited by metal
spraying, whilst lead (for ®*Bi production) is fused onto copper in a vacuum
furnace.

EXTERNAL TARGETS

(a) General. Clearly, internal targets for high beam currents can be prepared
only from a limited range of materials with suitable physical properties. The
M.R.C. cyclotron has the design restriction that such targets can only be
bombarded at maximura beam energy and, as has been shown, are necessarily
(ﬂthjck in the nuclear sense. Fortunately these limitations can bé overcome by
“using the extracted beam, albeit at the expense of lower maximum currents.
Once extracted from the dee-chamber, the particle beam is defocused by
quadrupole magnets and can be rade to cover a relatively large area (5-10cm
wide and 1 cm high) at the external target positions on beams 3 and 4. Having
reduced the power density in this way, targets can be presented normal to the
beam instead of at grazing incidence, and it is then possible to vary the thickness
of target material which is bombarded. The energy of the beam incident on the
target surface may aiso be varied by interposing energy-degrading foils of the
appropriate thickness. These two variables can be very important; for example,
n *2[ production from natural antimony the incident o particle energy is
reduced to 25 MeV, and the energy lost in the antimony is restricted to 2 MeV
by limiting its thickness to 0-025 mm. This minimises contamination of the 123
produced by an (o, 2n) reaction by "*I from {a, n) and (a, 3n) react jons *
Although it is not always desirable to denrade the beam energy, it is usuaily
necessary to interpose a thin foil between the incoming beam and the wrget
material in order that the latter, if it be a powder, liquid or gas, should be
contained. Similarly, a foil is needed at the end of the external beam tube to

maintain the vacuum. In principle a single foil could combine both these functions,

but in practice target foils are often found to be very vulnerable tc corrosion by
hot target materials, and so separate foils are used. On the M.R.C. machine,
0-025 mm titanium is used on the beam tube, as this has high mechanical strength
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and thermal conductivity. Target foils are usually of aluminium or copper, unless
there are special reasons for avoiding these materials. Both foils must be efficiently
cooled, or they may be perforated by the beam; this is achieved by circulating
cooled dry air between them and by water-cooling their supporting frames.

A grid of 25 0-2 mm diam. tungsten wires having a 5 mm spacing is supported

2-6 cm on the vacuum side of the titanium foil, and a CCTV system is used to
show the beam distribution indicated by incandescence of the wires intercepting
the beam. Since ail external targets are mounted in such a way that they are =
electrically insulated from the cyclotron and its beam tubes, beam currents can

be measured using a microammeter and simultaneously integrated.

(b) Solids. The standard target plate used to support solid target materials during
bombardment in the external beam is similar to that used for internal bombardment,
and they may be prepared in the same way, e.g. antimony (for '?I production)is
electroplated on copper. However, many alternative methods of preparation are

Fig. 5. External Target for Solid Materials:

1. Target nfounting plate

2. Targert plate carrying target material with target foil shown cut away
3. Target cooling block with ‘O’ ring

available; for instance, a thin metal foil (such as indium for ''’Sb production) may
simply be clamped to the target plate, or a salt (such as NaBr for *'Rb production)
may be pressed firmly or melted into grooves cut in the plate. A typical target of
this type is shown in Fig. 5, which also shows the method of applying water
cooling to the back of the target plate.

Variations on the standard pattern of solid external targets are used in
preparing radioactive gases incorporating ''C or '>N. Carbon-11 is produced by
the reactions '°B(d, n)!'C and ''B(d, 2n)''C; the target material is B,Os, which is
bombarded with deuterons of ~14 MeV in the target system shown in Fig. 6.

A layer of B,03 1-2 mm thick, is melted on to the wedge. The deuteron beam
passes through the 0-050 mm aluminium window and strikes the surface of the
B,0; at grazing incidence. With a defocused beam of ~40 uA the power density
is 10-20 watts cm ™ on the surface of the wedge, which is deliberately in poor
thermal contact with the surrounding box.

This power density is sufficient to melt the B,O3, releasing ''C-labelled gases
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Fig. 6. External Target for VIC Production:

1. Target mounting plate (water cooling not shown)
2. Foil window

3. Brass wedge supporting B03

4. Gas-tight target box

S. Wedge locating pins

6. Gas connections

Fig. 7. External Target for BN Production:
. Targer mounting plaie

2. Foil window

3. Spacer

4. Graphite block

5. Gas-tight target box

6. Gas connections

7. Cooling water connections
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into a stream of carrier gas passing through the box at ~50 ml min™. When pure
hydrogen is used as carrier gas ''C appears as ''CO and ""CH,; when helium containing a
little CO is used 'CO, ''CO, and "*N, are produced.® The volume of the target box is
kept small (~200 cm®) to maximise the specific activity of the effluent gas.

The normal working pressure is about 0-1 kg cm ™ above atmospheric pressure.
The ''C target is used on an open-circuit system, a typical yield being 0-1 mCi mi™
measured in a 100 ml bulb in an ionisation chamber approximately 100 m from
the target. After about 12 h bombardment the B,0, migrates from the area of
the beam strike causing a loss of yield, necessitating re-coating of the wedge.

Nitrogen-13 is produced by the '*C(d, n)"*N reaction in the target system
shown in Fig. 7. Graphite is used as the target material when very high specific
activity N, is required for making solutions of 3N, for physiological research.”
Activated charcoal, the target material previously reported ? has proved to be
unsuitable for this purpose owing to difficulties encountered in removing the

Fig. 8 External Target for 18y Production
[ Targer mounting plate
2. Foil window

3. Target plate with target water cavity

. Target cooling block with O ring

. Catalyst in container

6. Pressure gauge

7. Tube and valve for fillingfemptying cavity with target water

D
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Fig. 9. External Target for 150 Production
1. Target mounting plate

2. Foil window

3. Water-cooled gas-tight target hox

4. Gas connections

adsorbed gases before irradiation. In an atmosphere of He. Ar or Hyonly small amounts
of 13N, are released from the irradiated graphite. However, in the presence of
carbon dioxide, the graphite (which is raised to a temperature above 1450°C by
the beam power, typically about 100 Wcm 2 at 50uA) is eroded continuously as
the following reaction occurs: C + CO, — 2CO. The purpose of cutting the
graphite target material into a matrix, as depicted in Fig. 7. is to minimise the
heat loss from the area struck by the beam. In this way the reiease of nitrogeie o
from the target has been greatly increased. The useful life of such a targetis
about 8h.

This continuous erosion releases '°N, previously trapped in the graphite lattice.
The yield from this target system is quite sensitive o power density; at high
power densities erosion is more rapid. The target effluent, a mixture of CO, and
CO of variable composition, is normaliy passed over heated copper oxide and
the resulting CO, removed batch-wise. This leaves 3N, in the accumulated
residual permanent gases found in the system. Typical specific activities achieved
are ~7mCiml™", which on mixing with physiological saline yields solutions of "°N,
containing up to 150 uCiml™. The major problem in using this type of target
system has been to find a beam entry window which would retain its strength at
elevated temperatures. Stainless steel foil (EN58B) 0-025 mm thick has proved to
be very reliable at beam currents up to 70 yA.

(¢) Liquids. In practice, the only liquid target material at Hammersmith is water,
which is bombarded by the a-particle beam to praguee BE through the reaction
1603 (e, pn). The target system is shown in Fig. 8. Iis construction is similar to
that for external solid targets in that a layer of water, thick enough to stop
30 MeV a-particles, 1s sandwiched between a thin air-cooled titanium foil (through
which the beam enters) and a specially shaped water-cooled titanium target
plate?

The target is sealed, and during bombardment the pressure builds up to
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about 1-1 kg cm™ above atmospheric due to the formation of radiolytic H,
and O,. This increases the boiling point of the target water, and thereby helps
to retain it in the beam so that good yields of 'F are achieved (normally in
excess of 1 mCi uA™ h™ for a 1 h bombardment). A catalyst in the chamber
above the level of the water recombines the radiolytic gases which would
otherwise build up sufficient pressure to burst the target foil. This target will
withstand beam currents up to 80-100 uA without risk, provided the beam is
spread over an area not less than about 5 cm?.

Fig. 10. External Target for 83™Kr Production
. Target mounting plate

. Foil window

. Water-cooled gas-tight target box

. Gas connection

. Pressure gauge

. Vacuum gauge

N AWy~

Fig. 11. External Target for ¥ Production

. Target mounting plate

. FFoil window

Water-cooled gas-tight target box

. Filter assembly

. Sintered glass filter stick, glass-fibre filter paper and glass retaining ring

A Wi~
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(d) Gases. Essentially, such a target is simply a water-cooled metal box filled
with gas, and having a thin foil window for beam entry. The thickness of this
window, its material, the target box dimensions and its operating pressure are
all interdependent as discussed below.

Three such targets are in regular use. The first is shown in Fig. 9 and is
used to prepare molecular oxygen labelled with 150. This is produced by the
reaction '“N (d, n) %0, using nitrogen as the target gas, to which 4% O is
added. The oxygen acts as a carrier for the '*0; if it is absent the yield of °0O
as O, is very small. The target beam entry window is | mm magnesium, which reduces
the beam energy from 15 to 5 MeV. This has the effect of reducing the contaminants
otherwise produced by the reactions '*N (d, na) ''C and '®0 (d, nar) N.°

The length of the box is sufficient to stop the 5 MeV deuteron beam with
the target gas at about 0-5 kg cm ™ above atmospheric pressure. Using 35 uA of
5 MeV deuterons and a target gas flow rate of 0-7 1 min™", the yield of "0, is
typically 120 mCi 17" measured in a 500 ml bulb in an ionisation chamber
90 m from the target.

A target similar in design (Fig. 10) is used to produce **™Kr by the **Kr(d, p)
reaction. The 45 cm long target box is filled with krypton to a pressure of
0-7 kg cm™* above atmospheric, ideaily sufficient to stop the deuteron beam.
This pressure rises to about 1-75 kg cm 2 during bombardment at 30 uA. The
target box is therefore rigidly constructed, and is fitted with a 0-025 mm
titanium foil window which readily withstands the pressure and temperaturc
differential. After bombardemnt, krypton is recovered from the target by
sorption on molecular sieve in a trap cooled by liquid nitrogen.

Finally, the tavget used for the production of **K is shown in Fig. 11.
Argon is the target gas, and when this is bombarded in the a-particle beam
43K results from the *®Ar(a, p) reaction. The target box is filled to a pressure
of 0-7 kg cm™ above atmospheric, and is fitted with a foil window which
reduces the incident beam energy to 15 MeV, which is approximately the
threshold for the *°Ar(a, pn) **K reaction. This foil window consists of
0-025 mm titanium which, as in the krypton target, has the required
mechanical strength, backed by a 0-2 mm aluminium foil, to degrade the beam
energy.'”

During bombardment, the argon is recirculated through the target box at
about 100 1 min! by oil-free diaphragm pumps. On leaving the target box the
gas passes through a glass-fibre filter paper supported on a coarse sintered glass
disc, which traps more than 70% of the K produced. At the end of
bombardment the activity is readily recovered by washing the filter with a few
ml of dilute hydrochloric acid.
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simKkKr GENERATOR AND ITS USES IN CARDIOPULMO-

NARY STUDIES WITH THE SCINTILLATION CAMERA

1. Jones and J. C. Clark

Medical Research Council, Cyclotron Unit, Hammersmith Hospital, London, England

J. M. Hughes* and D. Y. Rosenzweigt

Royal Postgraduate Medical School, Hammersmith Hospital, London, England

The radionuclide ¥'Rb can be readily produced
by bombarding bromine, in the form of sodium bro-
mide, with 30-MeV alpha particles (}2Br(a,2n) 5Rb)
from the Medical Research Council's Cyclotron.
Rubidium-81 has a 4.7-hr half-life and decays to
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FIG. Y. Gamma-ray spectrum of “Rb ond ““Kr in radioactive
equilibrium, together with isolated i €2
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8lmKr which in turn decays with a 13-sec half-life
to 8'Kr emitting a 190-keV gamma ray which is
35% intemally converted.

Figure 1 shows the gamma spectrum of 8'Rb and
81mKr in radioactive equilibrium. This figure also
shows the isolated 81=Kr, illustrating its monoener-
getic 190-keV gamma ray.

The following are some of the points which make
81mKr suitable for certain clinical investigations:

1. Krypton is an inert gas and can therefore play
the same biological role in medical scintigraphy as
8Kr and the widely used '33Xe.

2. 81@Kr emits a single 190-keV gamma ray and
thus provides a clean spectrum for analysis. Photons
of this energy are not subjected to as much low de-
graded scatter of the primary photons as the 80-keV
and 30-keV photons from '**Xe. The energy is not
high enough to cause difficulties from septa penetra-
tion in the collimator. In fact it falls within the
energy range considered suitable for the gamma
camera and provides a resolution diameter using
the **=Tc collimator of about 18 mm full widih at
half maximum height at a depth of 10 cm in water.

3. Since #1=Kr has a short physical half-life (13
sec) and a short biological half-life (inert gas). one
can administer large activities which are necessary
for certain short-duration gamma-camera studies and
still keep the radiation dose to a tolerable level. One
millicurie of 8'®Kr administered by inhalation or
injection results in a total lung dose of 0.6 mrad.
With these short physical and biological half-lives
it would be practical to repeat the administration
of this isotope without significant health hazard. The
repetition could be made after a few minutes, with-
out interference from the previous administrations.
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4. Unlike many of the other radionuclides ob-
tained from generators used in medical scintigraphy,
81mKr can be generated more or less continuously
from its rubidium parent.

5. Because the *'Rb parent has a 4.7-hr half-life,
the generator could be readily used in institutions
other than where it is manufactured. For example,
YF (110-min half-life) is supplied by the Medical
Research Council's Cyclotron Unit to 16 hospitals
up to a range of 20 miles.

6. Because the parent radionuclide has a 4.7-hr
half-life and the daughter a 13-sec half-life, waste-
disposal problems with this generator are minimal.

With these particular merits of #'™Kr in mind,
investigations were made into the feasibility of pre-
paring $1Rb-81"Kr generators which could provide,
in the gas and solution phase, #"Kr for convenient
clinical use (/).

PREPARATION OF MATERIAL

Production of 8Rb. Sodium bromide is used as
target material. This is melted onto a grooved cop-
per plate by eddy-current heating in a hydrogen
atmosphere.

The external alpha beam of the cyclotron is used.
The target is covered with aluminum foil 0.0025 cm
thick. At 30 pA, a typical operating current, the
power dissipated is 450 watts. Water cooling is-ap-
plied to the back of the copper plate to carry away
the beam power. After bombardment the S5!Rb is
recovered by washing the target with 10 ml of water.
This is carried out in a special machine in a shielded
cell. The yield of 8'Rb is 2 mCi/pA-hr.

Volume 11, Number 3
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FIG. 2. Schemotic diagram of circuit for generation of gos-
phase *'=Kr,

Generation of 81™Kr in the gas phase. To date the
principal method of generating #™Kr in the gas
phase has been to bubble air through the crude
target solution, thus washing out 8=Kr continuously
because of its low solubility in water. The 81Rb and
the sodium bromide stay in solution in the generator.
Figure 2 shows the schematic circuit for producing
gas-phase #=Kr.

The mixture of #'=Kr and air passes through a
centrifugal antispray device installed in the generator
and then through a series of filters to ensure that
no #Rb is carried out of the generator into the rest
of the circuit. The flow continues through a bulb
in an ion chamber for yield determination. Since it
is important to keep the transit time from the gen-
erator to the point of examination to a minimum,
1.5-mm-dia nylon tubing is used. An air cylinder
provides a supply of carrier gas, and pressures of
approximately 3.5 kg/cm? are required to provide
a flow rate of 5-6 liters/min at the point of exami-
nation.

The #=Kr yield is shown as a function of flow
rate through the generator in Fig. 3.

The generator is housed in a lead castle with 4-in.-
thick walls. The dose rate on the outside is | mrad/
hr when a generator capable of producing 19 mCi
of 8mKr/liter at a flow rate of S liters/min is then
placed inside.

The generator is installed at a distance of approxi-
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2 HOURS AFTER A 25 pA he BOMBARDMENT

36F

32

MILLICURIES/ LITRE

8 1 { 1 1 1
0 1 2 3 4 S 6

~

FLOW LITRES/ MINUTE

FIG. 3. Yield curve of gas-phase ““Kr generated from “Rb—
#1=K¢ solution 2 he after 25-pA-hr bombardment.

mately 15 ft from the point of investigations, usually
in an adjacent room.

Generation of 8™Kr in solution. The aqueous so-
dium bromide solution containing *'Rb is passed
through a zirconium phosphate cation exchange
column.

The column is then exhaustively washed with wa-
ter to remove all the sodium bromide, leaving the
81Rb strongly bound to the zirconium phosphate.
A schematic diagram of the 8'=Kr solution generator
is shown in Fig. 4.

If the column is eluted rapidly with a few milli-
liters of bubble-free water, the 8™Kr, which is dis-
solved in the water remaining in the column at
equilibrium, will be eluted into a bubble-free syringe
at the outlet of the column.

The generator is contained in a lead shield. For
a 2-ml elution, the elution efficiency is 65% and
the #Rb contamination is less than 0.03% at the
end of elution. A 44-xA-hr cyclotron bombardment
taking 90 min produced a generator capable of pro-
viding an administered activity of 10.0 mCi of 8'™Kr
in 2 ml of water 3 hr after the end of the bombard-
ment. At least 1 min of “re-equilibration” time is
allowed between elutions.

APPLICATIONS

Preliminary clinical studies have been made with
these 8=Kr generators to assess their potential in
conjunction with a gamma camera.
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Lung function. At present '*Xe is uscd exten-
sively for lung-function studies (2-5), but it has
the disadvantage of cmitting low-energy photons,
thus giving relatively poor resolution with the gamma
camera. 8'"Kr on the other hand ecmits gamma rays
of more suitable encrgy for the gamma camera. Also
the generator system can produce, more recadily than
133Xe dispensing systems, large quantities of isotope
with easily controlled specific activity.

Lung ventilation. A 30-uA-hr bombardment tak-
ing 1 hr will produce a 8™Kr generator of sufficient
activity to supply $'Kr air mixtures with activities
of the order of 19 mCi/liter at 2 hr after bombard-
ment. Such activities are sufficient to produce sig-
nificant gamma-camera pictures of lung-ventilation
distribution taken using a 10-sec exposure after a
single inhalation; from residual volume up to total
lung capacity about 70,000 counts arc accumulated.
Ilustrations of the ventilation distribution in the
right lung of a normal 25-year-old male are shown
in Figs. 5A and B. Unlike the normal Polaroid dis-
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FIG. 4. Schematic diogrom of the ™™Kr solution generator.
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81mK r GENERATOR AND ITS USE IN CARDIQPULMONARY STUDIES

play the images shown arc diffused pictures on 12.5
X 10-cm sheet film (Tri-X Ortho).

As can be seen, the size of the gamma-camera
field of view using a parallel-holed ##*Tc collimator
is such that it is not possible to visualize both lungs
simultanecously. However, this size restriction would
be eliminated if a diverging collimator was used.

The radiation dose to the lungs per inspiration
necessary for pictures of good definition is 6 mrad
(10 mCi inhalation). This technique of obtaining
gamma-camera pictures of lung ventilation has the

following advantages over the labeled aerosol method

(6):

1. Inhalation of air with trace amounts of an inert
gas is more physiological than inhaling a labeled
aerosol.

2. Much shorter measuring time is needed with
81mKr; this is due to the administered activity re-
strictions in the aerosol case.

3. Poorer resolution would be encountered with
the aerosol technique, unless a respiratory gating
device is used due to the blurring effect caused by
the subject breathing.

4. Several variable factors are introduced in the
aerosol technique such as particle size, air flow,
respiratory rate and tidal volume, all of which in-
fluence the deposition of the aerosol.

5. It is not as feasible to repeat the aerosol pro-
cedure.

[t is possible to study lung-ventilation dynamics
when higher concentrations of #'™Kr air mixtures of
the order of 40 mCi/liter (leaving the generator) are
used. Using this level of activity 8™Kr has been in-
troduced into specific parts of inspiration. Figure 6
shows the fate of 3'™Kr inhaled from residual volume
up to total lung capacity; pictures were taken dur-
ing both inspiration and the following expiration.
The procedure illustrated was carried out on a
normal 27-year-old male volunteer and shows that
the filling of the upper zone precedes the principal
filling in the lower zone, a finding which confirms the
work of Emili e al using '33Xe with multiple probes
(7). The first picture shows an absence of activity
due to inactive gas in the dead space of the inspira-
tion equipment. The dose received is 12 mrad to
the lung per inspiration. Investigations of this type
have also been carried out in isolated dog lung prep-
arations in order to study patterns of ventilation
under controlled conditions. ’

The photographic sequence shown in Fig. 6 was
obtained by storing the gamma-camera data on mag-
netic tape and subsequently replaying it at slower
speeds. The x and y pulses were recorded using the
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FIG. 5. A shows lung ventilation distribution ia right lung front
view. B shows lung ventilation distribution in right lung bact

view,

frequency modulation mode and the z pulses using
direct modulation (8).

One generator resulting from a 40-pA-hr bom-
bardment taking 80 min received at midday would
be sufficient for a complete afternoon of lung-ven-
tilation studies. The practical limit to the number
of patient studies is dictated by the setting-up time
of each patient. (Such a generator would provide an
average lung count of 99,000 counts/10 sec at 4.30
pm).

Lung perfusion. Lung perfusion can be illustrated
by using an intravenous injection of a solution of
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an inert gas such as ®"Kr. The principle of this
method rests on the insolubility of the inert gas
which, once it reaches the lung capillaries, leaves
the blood and accumulates in the air cavities. There-
fore the resuiting distribution of inert gas in lung
depends on the lung’s distribution of blood flow.

A comparison made by other workers of the per-
fusion distributions obtained with an injection of
133X e solution to that with an injection of '3!I-labeled
macroaggregate (9) indicates that the lung-per-
fusion patterns are similar but that areas of de-
pressed perfusion are not so dominant with '33Xe
as with '*I. This, it is thought, is due to relatively
lower degraded scatter of the photons of ¥¥Xe from
the well-perfused areas of the lungs into the low-
activity regions, thus effectively reducing the detect-

ability for cold areas. This defect would not be as
great for the 190-keV 8'"Kr gamma ray.

To date lung-perfusion studies with 81Ky have

only been carried out on dogs. Figure 7 shows serial
photographs taken after intravenous injections of
2 ml of solution (containing approximately 10 mCi
of 81=Kr), into a catheter placed in the femoral vein,
the bolus of activity entering the heart through the
inferior vena cava. The injection was followed by a
10-ml flush with saline. The anesthetized dog was
respiring slowly during this procedure.
. It can be seen from Fig. 7 that photographic ex-
posures between 4 and 10 sec post-injection pro-
duced significant pictures of lung-perfusion distri-
butions.

Since the radiation dose from such an injection

FIG. 6. Dynamic lung ventilation
study in which "=Kr air
breathed from residval volume up to total
lung capocity. Figure shows right fung
front view of normal male.

mixture was
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INJECTION OF 0mcs OF Kr8'm |NjD

S secs

FIG. 7. tung perfusion study in dog using ~'™Kr solution.

is 6 mrad. the procedure can be repeated several
umes without significant radiation hazard.
Radiocardiology. After the tung-perfusion studies
had been completed and the data recorded on mag-
nctic tape, we found that we could follow the in-
jected bolus as it passed through the right side of

500
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the heart. Recently interest has been shown in using
the gamma camera for radiocardiographic studics
(/10.11) as the camera has an advantage over single
probes in accuracy of localization. Thus attempie

were made lo obtain radiocardiograms {rom  the
recorded lung-perfusion data.

090
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femts s€€OmDY

FIG. B. A is linear plot of "™Kr rodiccardiogram ob ..ned »*

dog. B is logarithmic plot of “™Kr rodiocardiogram obtainzd

dog.
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It was possible to obtain the quantitative time
course of the 8™Kr as it passes through the heart
by simply masking off on the oscilloscope screen all
regions other than the right side of the heart, as
depicted by the photographs, then replaying the

_fape and counting the dots as they appear on the

screen with a photomultiplier (8,11-13), Figures
8A and B show a linear and logarithmic plot of a
right heart radiocardiogram resulting from an injec-
tion through a catheter placed in a femoral vein.

It can be scen that there is a tail on the radio-
cardiagrams due, it is thought, to some lung tissue
overlying the heart as well as some scatter from the
adjacent lung areas into the heart region,

It is thought legitimate to extrapolate the falling
portions of the curve to the base line on semilog
paper, thus describing the full radiocardiogram.
From this a mean transit time can be obtained for
the passage through the right heart. The curves
shown have been corrected for decay.

The advantages of this radionuclide over others
used to date for gamma-camera radiocardiographic
studies, e.g. ***Tc (10,11), are:

1. The absorbed dose is much lower because the
isotope is only present long enough for the examina-
tion. A 10-mCi injection of 8™Kr results in an
absorbed dose of 6 mrad to the lungs (critical or-
gan), whereas a 10-mCi injection of **=T¢ results
in 960 mrad to the upper large intestine (critical
organ) (14).

2. High specific activities are readily available
from the ®Rb parent.

3. The test can be repeated without significant
hazard.

4. Being an inert gas 3'=Kr does not return from
the lungs to the left heart as *Tc does. Therefore
there is no interference in the radiocardiogram due
to activity in the left heart.

This last point, although advantageous in the con-
text of the right heart, is a disadvantage in that a left
heart radiocardiogram cannot be obtained as in
the ™=T¢ case. Even when it is obtained, these com-
posite heart profiles are not easy to analyze.

CONCLUSION

The properties of the gamma camera make it an
important instrument for physiological studies of
short duration. Thus specific isotopes are required
to play a complementary role with the camera in
these investigations. Such isotopes must be available
in sufficient activities to make short duration studies
statistically feasible, and yet they must have the
physical characteristics to meet the requirements of
high resolution and low absorbed dose to the pa-
tient (15). .

124

It is belicved that it is in this context that the
8IRb-#1"Kr generator has a useful role to play in
medicine in association with gamma cameras.
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Measurement of the rate of gastric emptying is a
difficult clinical problem to which the best current
solution is external detection of a meal labelled with
a radioactive tracer substance. This basic method
has the advantages that it does not require naso-
gastric intubation and the results can be casily quan-
tified.

The main problem in such a technique is accur-
ate localisation of the stomach and continuous de-
tection of all its radioactive contents. A radioisotope
scanner can be used to outline the stomach and es-
timate the activity by adding up the counts within
a defined area (Griffiths, Owen, Campbell and
Shiclds, 1968; Williams, Glass, Arnot and De Gar-
reta, 1968). The main disadvantage of the scanning
technique is that detailed changes in stomach emp-
tving may be missed because of the time taken to
scan the stomach. Gross inaccuracics are inevitable
when stomach emptying is rapid.

We have used the Anger scintillation camera to
measure activity in the whole stomach. Quantitation
has been achieved by a relatively simple and inex-
pensive technique, modified from one developed
previously for quantifying gamma-camera data
(Holroyd and Jones, 1969). In this method a photo-
multiplier counts light scintillations within the area
of interest on the oscilloscope displdy of the gamma-
camera. 51Cr in the form of sodium chromate has
been used by workers who have measured gastric
emptying by radioisotopic scanning techniques
(Griffiths et al., 1968). We have used cyclotron-
produced 12°Cs absorbed on a suspension of zircon-
ium phosphate.

PuysicaL CHARACTERISTICS OF 129Cs
1. Production of 29Cs and its incorporation tnto a
suitably inert medium for gastric emptying measure-
ments.
120Cs is produced on the Medical Rescarch
Council’s cyclotron by bombarding iodine with 30

MeV « particles 1271 (a,2n) 129Cs. The target is
prepared by pressing powdered sodium iodide
(analytical grade) into a grooved aluminium plate.
The target material is then covered with aluminium
foil to prevent contamination and loss of powder
during irradiation. The back of the target is water
cooled during irradiation to carry away the beam
power, 450 watts at 30 pA. The vield of 129Cs s
approximately 170 pCifpAh. After bombardment
the sodium iodide is removed from the target plate
by washing it with water. Te the resulting sodium
iodide solution containing 129Cs is added approxi-
mately 1 g of zirconium phosphate cation exchanger
(B10-RAD ZP-1 100-200 mesh). The 129Cs is
absorbed rapidly on to the zirconium phosphate. The
slurry of 129Cs-labelled zirconium phosphate is then
separated from the sodium iodide by repeated wash-
ing and centrifugation, discarding the supernate.
The high distribution cocflicient for cacsium between
zirconium phosphate and aqucous solutions (cae-
sium activity per gram of zirconium phosphate;
caesium activity per gram of solution) has been
confirmed by various workers (Macck, Kussy and
Rein 1963: Amphlett, McDonald, Burgess and
Maynard 1959). This high affinity of zirconium
phosphate for caesium together with its insolubility
over the pH range of 0-13 (2:¢10-% A/100 g in
10 M HCI) (Amphlett, 1964) led us to choose this
agent, rather than an ionic solution of 31Cr the gastric
chemistry of which may be subject to variation.
Zirconium phosphate at the mesh sizes used is
thought to be more suitable, due to possible sedi-
mentation in the stomach, for administration with a
solid rather than a liquid meal.

2. Physical half-life of 129Cs

This is 32+1 hours which is relatively short and
therefore prevents unnecessary irradiation of the
intestine, but still is convenient for general use.
The practical minimum half-life of an isotope for
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TABLE I
RADIATION CHARACTERISTICS OF 129Cg*

Probability of y-ray
Principal y-ray e¢mission enussion per disintegration

40 keV 0-02
280 keV 0-03
320 keV 0-04
370 keV 0-48
410 keV 0-25

0-05

L 345 keV

Specific y-ray constant=2-28 R cm?/mCi.h.
Mean B energy per disintegration: 21 keV.
*Nuclear data from: Lederer, Hollander and Perlman (1967).

this study is dictated by the nced to administer the
tracer at breakfast for the sake of physiological con-
sistency.

3. Radiation characteristics of '29Cs

These are shown in Table I. Most of the y rays
emitted from 129Cs are distributed between 370 and
410 keV photons. By counting both these y rays a
suitable compromise is achieved between collimator
septal penctration and depth response, an important
consideration when only one detector is used. The
half-value thickness in tissue for 129Cs is 9-3 cm.

4. Radiation dosimetry

The absorbed dose to the lower large intestine,
which is the critical organ, is 3-7 mrads per uCi of
'29Cs administered. The corresponding dose to the
ovaries from activity in the lower large intestine,
considered as a point source 3-7 cm away (Macin-
tvre, Crespo and Christie, 1963; Smith 1965), is
1-58 mrads per Ci administered.

These absorbed dose values were calculated using
the ICRP (1959) data for normal gastrointestinal
transit (total time spent in the stomach, small in-
testine, upper large intestine, lower large intestine
=1, 4, 8 and 18 hours respectively)..The dose to the
critical organ calculated using these data is half that
which would result if an activity of 51Cr were ad-
ministered which gave a comparable external count
rate. Gastro-intestinal transit is frequently much
slower than the values given by the ICRP (Daven-
port, 1966), and this further favours 129Cs with its
much shorter half-life (32:1 hours compared with
27-8 days for 51 Cr).

MEeTHOD
A solid meal into which has been mixed 100 uCi
of 129Cs-zirconium phosphate suspension is eaten
by the subject. The gamma-camera is then man-

ocuvred over the supine paticnt until the whole
stomach, as depicted by the tracer, lies centrally in
the field of view displayed on the oscilloscope. An
114 cm thick, 1,090-hole collimator is used (Wes-
terman and Glass, 1963). Using a Polaroid camera.
a photograph is taken of the display which includes
an illuminated graticule to which the stomach can
be related. With the aid of the photograph, an out-
line of the stomach is cut out of a picce of light-

_proof paper on which an identical graticule has been

ruled. This masking paper is then superimposed on
the oscilloscopc face and the graticules aligned. This
procedure dehincates the stomach within the field
of view of the gamma-camera. A photomultiplicr
tube mounted to view the oscilloscope screen is then
used to count light pulscs on the exposed part of the
oscilloscope screen. The output pulses from the
photomultiplicr are amplified, analysed and counted
using standard equipment. The magnitude of the
pulses is adjusted by varving the intensity conirol
of the oscilloscope. As a result of the method usec 1c
locate the stomach accurately and to construct the
oscilloscope mask it was not normally possible to
begin measurements before 15 minutes after com-
pletion of the meal. In practice two display osciiio-
scopes are used, one for counting and the other for
serial photography. However, the development of 2
semi-silvered mirror svstem could eliminate the need
for one of these. The count rate from the stomzch
resulting from a 100 pCi administration is abeut
20 counts per sccond. Counts are integrated over
100 second periods to obtain reasonable counting
statistics. This is an acceptable period since
emptying rate of the stomach is long relative to 13is
counting interval. Measurcments are usually cea-
tinued for about 90 minutes after the mid-time of the
meal.

REsvLTs

The technique described has been used specii-
cally in investigations of stomach cmptving in
patients who have undergone vagotomy. The pur-
pose of this study was to measure gastric motility in
patients soon after vagotomy. The full clinical im-
plications of these investigations will be publish=d
elsewhere (Tinker, Kocak, Jones, Glass and Cox.
1970).

Figures 1 and 2 show respectively the mean res-
ults in five normal subjects and in five patier s
within a few weeks of vagotomy. Comparison af
these figures suggests that the rate of gastric emptyiag
is decreased carly after vagotomy. Figure 3 showms
the photographic sequence of stomach emptving in
a patient before and after vagotomy. Figure + shows
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Photographic sequence of stomach emMpLing in a patient before and after viagotomy,
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Stomach emptving in a single normal subject against time after the mid- point of the meal
ptying g ject against time P
(two standard deviation Limits).

the results from a single normal subject. This sug-
gests a steplike pattern which may reflect the true
nature of gastric emptying more accurately than the
simple curve seen when conventional scanning 1s
used. The difference may be attributed to the ability
of the gamma-camera to make relatively faster
counts of the whole stomach and thereby detect the
“fine details” of gastric emptying.

This steplike pattern is seen in all subjects but is

inevitably obliterated when the results of a number
of patients arc grouped together as was done for
Figs. 1 and 2.

Discussiox
A technique has been developed for measuring
stomach emptying with the scintillation camera in
combination with ancillary cquipment and a radic-
nuclide of a relatively short hatf-life which is stif:

540

ey



AucusTt 1970

Measurement of gastric emptying using the scintillation caxazra and 129Cs

convenient for general use. The method 1s simple
and can be carried out by rclatively unskilled per-
sonnel.

The radioactive tracer used is cyclotron-produced
129Cs bound to insoluble zirconium phosphate. This
ensures no loss of radioactive marker through ab-
sorption by the gastrointestinal tract. 129Cs which
has a 32-1 hour half-life has advantages in reduced
dose to the patient over other longer-lived radionu-
clides used for stomach emptying measurements,
particularly in patients with delayed motility. The
uscful y ravs cmitted by 129Cs (370 and 410 keV)
facilitate a reasonable compromise between depth
response and septal penetration. Other workers have
used moving detector scanners for gastric emptying,
but the camera has the advantage of measuring the
whole of the stomach simultaneously. This climin-
ates the main inaccuracies associated with the use
of scanners. Since the scanner only observes onc
portion of the stomach at any time, movement of
activity within the stomach or from that part of the
stomach which is not being monitored, will intro-
duce inaccuracies in the estimate of gastric emptying,
especially if the activity is not uniformly distributed
throughout the stomach. Furthermore, the finite
time taken to scan in order to obtain suitable sta-
tistics increases the time error in the measurement.

The main disadvantage of the camera relative to a
double-headed scanner system is the inherently
poorer depth response of a single detection system.
A further disadvantage of this technique rests in the
time delay between the mid-point of the meal and
the onset of counting the stomach contents. This
delay is probably not important when a solid meal
is administered but might be with a liquid meal.
Significant reduction in this delay could be achieved
by magnetic tape recording of the gamma camera
data and subsequent analysis. When patients are
lying supine, the gastric antrum frequently overlies
the duodeno-jejunal flexure and thusithe technique
measures some activity which has passed beyond the
pylorus. Whilst this does not invalidate the method,
if this has occurred the effect has not been apparent
on the observed curves.

The simplicity of the method relies on the
patient remaining in one position during the whole
of the procedure and this may meet with certain
physiological criticisms. However, the technique
has been specifically developed for comparative
studies of stomach emptying. Examples of the use of

this technique are illustrated by the emptying pat-
terns in groups of normal subjects and patients
after vagotomy. The basic quantitating system de-
veloped for stomach emptying may also be used for
other studies, which must, however, have rate
constants long enough to permit localisation of the
area of interest before counting actually begins. Al-
ternatively, the technique could be used for faster
studies if a preliminary dose of tracer, possibly of a
lower cnergy, is administered to delineate initially
the region of interest.
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ABSTRACT

A simple technique is presented for directly measuring
gastric emptying using an Anger scintillation camera in
conjunction with readily available nucleonic equipment.
Cyclotron-produced '#Cs is the radioisotopic marker which
is mixed with the patient’s meal. 1t has a 32-1 hour half-life
and principally emits 370 and 410 ke\” photons, which
provide a half-value thickness in tissue of 9:3 em. The
129Cg is bound to insoluble zirconium phosphate to prevent
absorption from the stomach. {Hlustrations of the use of
this method are given with normal subjects and patients
after vagotomy. The “step like” emptying pattern of the
stomach contents s sometimes apparent when this tech-
nique is used. The relative merits of the camera and the
scanner for this tvpe of study are discussed.
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The Production of !7Sh-labelled
Potassium Antimonyl Tartrate for
Medical Use

(Received 11 June 1969)

TIntroduction

SEVERAL antimony compounds have uses in medicine.
Amongst them, potassium antimony! tartrate (here-
inafter referred to as PAT) is used in the treatment of
schistosomiasis.") It has recently been suggested(®
that this substance, labelled with 7Sb, might
prove to be a useful agent for liver scanning, and
samples are now in production in our laboratory for
clinical trials.

Antimony-117 has a half-life of 2-8 hr and decays
chiefly by electron capture (97 per cent) followed by
emission of a 158 keV y-ray; only 3 per cent decays
by positron emission.®® It can be made conveniently
by a-bombardment of indium‘¥, through the
reaction %In (e, 2n)117Sh.

Experimental

(1) Gyclotron targets and bombardment

Targets of natural indium foil (96 per cent 115In),
50 x 10 x 0-125 mm, weighing about 400 mg, are
bombarded in the'.‘gxtemal a-particle beam of the

Medical Research Council’s cyclotron. They are
covered by an air-cooled aluminium foil (0-025 mm)
and backed by a water-cooled copper plate, but be-
cause indium metal melts at only 155°C the beam
current is restricted to 20 uA. The energy of the
a-particles incident on the indium is about 29 MV,
and the energy loss in the target is about 12 MeV.

Under these conditions a 30-min bombardment
(10 wAh) yields about 35 mCi of H175b. At the same
time, some 8"Sb (half-life 5-1 hr) is produced by
the *8In (o, n) reaction and its activity amounts to
about 6 per cent of the 17Sb activity at the end of
bombardment.  Yields of the shorter-lived 113Sh
and 11%Sbh from reactions with 13In (3 per cent) are
negligible.

(2) Dissolution of indium targets and recovery
of radioantimony

The apparatus used to dissolve the indium targets
after bombardment and to recover the radicantimony
is shown schematically in Fig. 1. It consists of four
small glass vessels connected in series and flushed
continuously by a slow stream of nitrogen.

In vessel A, the indium target is dissolved in 5 ml
concentrated hydrochloric acid, assisted by mild
heating. This takes about 10 min, and during this
step about 65 per cent of the radioantimony is liber-

N;_ —

F1c. 1. Apparatus used to dissolve indium targets and recover radioantimony.
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ated into the gas stream as stibine, affording an
excellent method of isolating it from the highly
toxic indium when samples for clinical injection have
to be prepared. The remainder is oxidised to the
5-valent state and stays in solution. Work still in
progress is aimed at increasing the efficiency of
stibine formation.

Subsequent recovery of radicantimony could
be achieved by means of the classical Marsh
reaction whereby stibine is decomposed by passage
through a heated silica tube, and antimony is
deposited on cold regions of the tube.®) However,
we found this to be an inefficient and inconvenient
method since a high proportion of the “carrier-free”
radioactive stibine passed through the tube without
decomposition and recovery of the deposited radio-
antimony was slow and difficult to manage.

Instead, we permit the stibine to react with excess
silver nitrate according to the following equations:{?

SbH, + 3 AgNO, — Ag,Sb + 3 HNO, (1)
4 Ag,Sb + 12 AgNO; + 6 H,0 —
Sb,Op + 24 Ag + 12 HNO, (2)

Vessel B contains water to remove acid spray from
the gas stream, and vessels C and D each contain
about 3ml of a 0-19 aqueous solution of silver

nitrate. More than 99 per cent of the radioactive
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Fi1c. 2. Elution curve for radioantimony (Col-
umn: Amberlite IR-120, 14-52 mesh, 200 mm x
15 mm. Element: 0-1% KHG,H,Oq, 5 ml/min).

stibine is decomposed in vessel C; the remainder is
decomposed in vessel D but this activity is not gener-
ally recovered. Experiments in which 183™[n was
used as a tracer have shown that less than | x 10—3
per cent of the indium target material reaches vessel

C.
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About two min after the indium target has com-
pletely dissolved, the solution from vessel C is trans-
ferred to a centrifuge tube. Concentrated HCI,
2ml, is then added, when the radioantimony is
converted to SbCly, and all the silver is precipitated
as AgCl to be removed by centrifugation. The loss
of radioantimony due to adsorption on AgCl at this
step has been found to be quite negligible.

The supernatant solution from this step is taken
down to dryness, heating gently to avoid loss of
SbCl, (b.p. 223°C), and this is repeated after 2 ml
conc. HCI1 have been added to destroy all traces of
nitric acid. The resulting residue is readily dissolved
in 5 ml 0-:05 M HCI and a clear solution is obtained
with a pH ~ L.

The separation of indium from other elements by
cation exchange has been described.®® We obtain
very effective further purification of carrier-free
radioantimony from indium using Amberlite IR-120
resin (14-52 mesh) and 0-19, potassium hydrogen
tartrate, KHC H,Og, as the eluting agent. The resin
column is 200 X 15mm and is conditioned by
washing first with conc. HCI and then with about
100 m! 0-05 M HCL The solution as described
above, in which the radicantimony is 3-valent, is
loaded on this column and washed with 5 ml 0-05
M HCL Upon eluting the column with 0-19%
KHC,H,Oq at a flow rate of approximately 5 ml/min,
95 per cent of the radioantimony can be collected in a
25 ml fraction which is subsequently used for the
preparation of PAT for clinical injection (see 3 below).

When samplegfare not required for clinical use,
so that a slight risk of contamination with indium
can be tolerated, the 5-valent radioantimony present
in the original indium target solution may also be
recovered. To do this, the solution from vessel A is
reduced to dryness (avoiding strong heat which leads
to loss of SbCl;, b.p. 141°C); the residue is taken
up in 0-05 M HCI and loaded on to the ion exchange
column, at the same time as the solution 6f 3-valent
radioantimony. In these circumstances, an elution
curve such as that shown in Fig. 2 is obtained.
Confirmation of the valence-states of the radioanti-
mony in the elution peaks has been obtained by means
of paper chromatography, using n-Tributylortho-
phosphate, 5 M acetic acid, and acetone (1:1:3)19) a5
the solvent and the results are shown in Fig. 3.

Indium may subsequently be removed from the
column by eluting with 0-5 M HCI, but tracer studies
using 133™In have shown that even when loaded with
400 mg In, less than 10 ug (0-0025 per cent) are
eluted from the column with the radioantimony bv
the 0-1 per cent KHC H,Oj4 solution.

. Cyclotron Unit

(3) Preparation of labelled PAT for clinical injection

Following elution from the cation exchange
column, the solution containing the radioantimony
is essentially tartaric acid. It is therefore titrated
to pH 4 with KOH solution, and then contains
KHCH,O, equivalent to that present in the original
25 ml 0-1%, solution used for the elution (i.e. 25 mg).

" To this solution is added exactly 19-4 mg Sb,0O,

{stoichiometrically equivalent to the KHC,H,Oq)
and on boiling a solution of PAT is thereby ob-
tained.? If required, the PAT concentration
may be adjusted ecither by dilution or by reducing
the volume of solution by evaporation. As a final
step, the solution is passed through a “Millipore”
flter, prior to dispensing, to remove “bits” which
are occasionally present.

Paper chromatography is used to check that the
final solution contains a negligible fraction (always
less than 3 per cent) of radioantimony that is not
present as PAT. Using Whatman No. | paper,
and water as solvent, PAT has R, = 0-95, whilst
uncombined radioantimony has R, = 0-05.

Discussion

The entire procedure for the production of clinical
samples of PAT takes less than one half-life of 117Sb
to work through, and losses of activity at each step
other than the first are so small than one may reason-
ably expect the final PAT solution to contain
at least 30 per cent of the starting (i.e. end-of-
bombardment) activity. Most of the chemical
manipulations can be carried out by simple remote
handling techniques, so that radiaiion doscs to ihe
hands may be minimised.

When preparing samples for clinical use we use
reagents of the highest purity commercially available,
and solutions are freshly prepared in “water for
injection B.P.”. Observing these precautions, we
have prepared samples that have been shown to be
free from contamination by pyrogens. Solutions of
PAT may be sterilised by autoclaving without
decomposition.
Medical Research Council Af. L. THAKUR

J. C. Crark
Hammersmith Hospital D. J. SiLvESTER
London, W.12, England
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THe EDITOR—SIR,
Thue Use oF CARBON 11 DIONIDE FOR SKELETAL
SCINTIGRAPHY

There 1s now much evidence to show that scintigraphy
1s more accurate than radiology for the detection of skeletal
metastases (Galasko, Westerman, Li, Sellwood and Burn,
1968 ; Galasko, 1969a). Opinions differ, however, as to the
choice of the isotope. 47Ca, 85Sr, 87Sr™ and 8) have been
the isotopes most commonly used. Of these '8F is probably
the isotope of choice (Galasko, 1969b). Recently, it has
been suggested that 11C, in the form of carbon dioxide, is the
isotope of choice for skeletal scintigraphy (Myers and
Hunter, 1967; 1969). As the carbon dioxide can be inhaled,
the problems of sterility and pyrogenicity associated with
intravenous injections need cause little concern. 1'C has a
half-life of only 20-3 minutes and, therefore, can be given
in large doses, producing high count rates and a rapid
scintigram, with the patient stil receiving only a fow dose
of irradiation.

Myers and Hunter (1967; 1969) have reported on the
use of 1C in studying spontancous osteosarcomata in the
limbs of dogs. We have studied the usefulness of 11COs for
the detection of skeletal metastases from mammary cancer
and have compared it with !8F. There has been no previous
report on its use, in man, for the detection of skeletal metas-
tases.

Patients and methods

Six patients with suspected skeletal metastases were
cxamined with a gamma-camera (Pho—Gamma Mk f[—
Nuclear Chicago). In this study the camera was used with
a 4-5 in. collimator, which was obtained by bolting together
the 3 in. and 1-5 in. multichannel collimators, since both
18" and 1'COg have a relatively high emission energy of
0:511 MeV. Two separate studies were made on each pa-
tient, one after an intravenous injection of '#F and the other
after inhalation of 11COa2. The dose of '8F was 1-5 mCi and
that of 11CO3z was 30 mCi.

[n three patients the scintigram with 8F was carricd out
first and in the other three patients the scintigram with
CO2 was first. The interval between the two examinations
was two to six days.

The !8F scintigrams were started 90 minutes after the
injection of 18F (Galasko, 1969a). The 11CO3 was adminis-
tered close to an extractor fan to remove ''CO:z from the
room in which it was administered. The patient breathed
the air from a cylinder, through a rubber tube to which an
expiratory valve and a rebreathing bag had been attached.
There was no soda-lime absorber included in the circuit.
After breathing normally for one to two minutes the patient
took four to six deep breaths with the expiratory valve open.
The valve was then closed, 30 mCi of 1'COq were injected
into the tubing and five or six deep breaths were taken by
the patient. The face-mask was then removed and the
patient walked to an adjacent room where the gamma-cam-
era was situated. Regions previously shown to contain
metastases were then examined, with the camera, at inter-
vals of 15 minutes until the count-rate became too low for
scintigraphy to be practical.

High specific activity !!C-labelled carbon dioxide was
prepared by the irradiation of boric oxide in the external
deuteron beam of the Medical Research Council Cyclotron
(Vonberg, Baker, Buckingham, Clark, Finding, Sharp and
Silvester, 1969; Buckingham and Clark, 1970). The 1CO2
was continuously removed from the target by a helium sweep
gas and recovered in a laboratory 100 m from the cyclotron
by freezing in a cold trap at —196°C. The 1'"COz was then

TABLE §
REsULTS OF THE DCOo AND 'SE SCINTICRAMS IN THE PATIENTS
STUDIED

Pt. Sites of
No. lesion I semtigram | Y'COq scintigram

U | Prox. femur| Lesions present | Lesions not present
Cerv. spine | Lesions present | Lesions not presen:

2 1 Lumbar
spine Lesions present | Lesions not present
Dorsal :
spine Lestons present | Lesions not preser.:
Cerv.spine | Lesions present | Lesions not presen:
Hinm ans present | {esions not presen:
Skull Lesions present | Lesions not preser:
3 | Ribs Lesions present | Lesions not preser -
Norsal
spine Fesions present | Lesions not preser.:

Prox. femur] fuesions present | Lesions not presern:

1+ | Lumbay

spine Lesions present | Lesions not preser:

Dorsal

spine [estons present | Lesions not prese: -

Pelvis Lestons present | Lesions not preses -
5| Cervospine | Fesions present | Lesions not preser -

Dorsal

spine lesions present | Lesions not preser:

Lumbar

spine Lesions present | Lesions not pres

6 | Cerv.spine | Lesions present | Lesions not preser:

Dorsal

spine [Lesions present | Lesions not preses -
Lumbar

spine Lestons present | Leesions not preser -
Rib cage Lesions present | Lesions not prese: -

ispensed by allowing the cold trap o warm to room temi-
disp d by all gl Id 1 t t 1
perature and was then flushed with air into a 30 ml. svrir z»
until the required dose was accumulated.

Results

The results on the six patents are shown in Table 1.
Although permission was obtained from the Medical *
search Council to study cight patients, the investigation +
abandoned after six patients had been studied as the ''CDa
had not been concentrated in any metastases. The regi
examined included the skull, cervical, dorsal and lumb>ar
spine, rib cage, pelvis and proximal femora.

High count rates were obtained. ininally, over re
distant from the lungs indicating that the *'COz had
absorbed. After two to two and a half hours the count
had become too low for scintigraphy to be practical.

The scintigrams indicated that the ''CO2 had been taizn
up generally by the tissues as the body outline was demen-
strated (Fig. 1). With I3F all metastases were seen.
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(A) A fareral N-vayv of the cervieal spine. A lesion (

1. [

arrowed) can be seen in the 3rd cervical veriehra,

(8} The 1TCO» saintigram of the same region. Although the autline of the neck can be seen the HC has not cancentias i
in bone nor in the metastasis.

Discussion
This study indicated that ""COzis unsuitable for skeletal
scintigraphy. The results suggest that it s evenly distri-
buted through the body tissucs and this is not surprising
since carbon is an essential component of all biological
material. ‘The Larger the bulk of tissue the greater the uptake
and, therefore, it s suggested that (1s concentration in spon-
tancous osteosarcomata of dogs (Myers and Hunter, 1967
1969) may have been due solely to the increased bulk of that
himb.
Yours, cte.,
C. S, B. Garasko, ChoM, F.RCS,, F.IRCS.LE.
R. R. H. Coomss, M.A., M.B., B.Ch.
Breast Unit and Deparunent of Surgery,
Roval Postgraduate Medical School and
Hammersmith Hospital.

J. C. Crarxk, B.Sc.
M.R.C. Cyclotron Unit,
Hammersmith Hospital, London.
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A target system is described for the production of llCO
and 1 CO, by the deuteron bombardment of B,05. The radio-
chemical® composition of the gas at the targét output is
given for a range of target sweep gases using a fixed
flow rate and beam current. Values are also given for the
production rate and radioactive concentration of the llc
labelled products, together with values for the overall

C target extraction efficiency. The use of various tar-
get sweep gases is discussed and sweep,?as compositions
are given for the direct production of 1co and llCOZ.

INTRODUCTION

Carbon monoxide and carbon dioxide both labelled with llC
are in routine production for clinical studies at Hammersmith
Hospitall and elsewhere. The present paper describes the sys-
taks currently in use for the production of carbon monoxide and
carbon dioxide labelled with llC. The most notable improvement

2.3 is in the use of hydrogen as a target

over previous systems
sweep gas, which makes the production of llCO virtually carrier-
-free, whilst inhibiting the formation of significant amounts of

l3N2 /13NN/.

TARGET DESIGN

llC has a 20.3 niin half-life and decays by the emission

of 0.96 MeV positrons. The target material generally used for
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llC production in a cyclotron is boron in the form of boron

trioxide. When bombarded with 14 MeV deuterons, the following

reactions take place:
10B/d,n/nC and llB/d,2n/llc

The target box is shown in Fig.l. The B203 powder is
melted onto the wedge in an electric furnace to a thickness of
1-2 mm. The deuteron beam, defocussed to cover an area approx.

5 cmz, passes through the 0.05 mm aluminium foil window and
strikes the surface of the 8203 at grazing incidence. With a
beam of 40 uA the power density is approx. 20 W cm'-2 on the sur-

face of the wedge which is deliberately in poor thermal contact

Fig.l. External target for 11C production.
1 - target mounting plate, 2 - beam entry window foil,
3 - brass wedge supporting B203, 4 - gas tight target
box, 5 - wedge locating pinsy “6 - sweep gas connections
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with the surrounding box. This power density is sufficient to
melt the B,0, /MP = 400 °c/ releasing labelled gases into a
stream of sweep gas passed through the box at about 80 ml min_l.
The molten B2O3 is prevented from rapid movement down the wedge
by the step shape.

The swept volume of the target box is kept small /about
200 ml/ to maximise the radioactive concentration of the

effluent gas. Its normal working pressure is approx. 0.007 kg

cm—z above atmospheric pressure.

TARGET SWEEP GASES AND YIELDS

The nature and composition of the target sweep gas are
of critical importance. The yield is expressed as the rate of
production of activity in mCi min—l continuously monitored by
a 200 ml container, in an ionisation chamber approx. 10 m from
the target. Table 1 shows the effect of varying the composition
of the sweep gaé at a flow rate of 80 ml min.l and a beam cur-
rent of 40 pA, the values being obtained by radio-gas chroma-
éggraphy and the use of a calibrated ionisation chamber system.
The target efficiency values were obtained by comparing the
yield of 11C induced in a similar wedge under conditions where
there were no losses of volatile products, decay curve analysis
being necessary to extract the 11C component.

The precise nature of the chemical and radiolytic reactiorn:s
which take place in the target during irradiation is not fully

11

known. However, it is thought that CO is the primary product

of the reaction between the llC atoms and the oxygen atoms in

the B203. In the absence Qf any oxygen radical scavenger the
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TABLE 1
Carbon-1ll: solid target: 8203 /wedge/: loB/d,n/llcld, 2n/11C
Target & of total recovered 11C recovery at target
sweep yield at target output target output 11C
gas extraction
oo 1lco, len, 3wn met mci mi~t efficiency
2 4 o
min—l 20 °C )
760 mm Hg
Helium 1.0 83 <0.1 16 17 0.21 52
1% CO
in He 52 36 <1 11 16 0.20 50
5% CO
in He 72 19 <1 8.2 16 0.20 50
1% CO2
in He <1 88 <0.1 11 14 0.17 44
5% CO2
in He <1 83 <0.1 16 16 0.20 50
1% H2
in HE 60 21 9.0 10 13 0.17 42
5% H
in B8 56 15 22 7.0 12 0.15 37
Hydrogen 86 8.7 5.2 <1 14 0.17 43
Tolerances >60% ..... t10%
Fs 11-60% ..... 120% +]10% +20%
<10% ..... 150%
Particle Deuteron
Current 40 uA
Energy 15 MeVv
Energy incident on
target material =14 MeV
Window material and
thickness Al 0.05 mm /.002"/
Energy loss in window =1 MeV
Beam distribution
dimensions 3-4 cm wide 1-1.5 cm high
Target dimensions 12.7 cm wide 2.2 cm high
10 cm deep [/gas vol. 200 ml/
Target pressure 0.007 kg cm~2 /0.1 1b in~2/ gauge
Sweep gas flow rate 80 ml min~
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11 11

CO is largely radiolysed to CO,. Thus when heljium is used

2
as the sweep gas most of the llC activity in the target effluent

is llCoz; the addition of CO2 carrier having little effect upon

the recovered yield. When stable CO is added to the helium less

llCO2 is made, the CO acting as a scavenger for oxygen radicals

11

and protecting the CO. As more CO is added this protection is

seen to increase.
When a sweep gas of helium containing a small amount of

hydrogen is used it also acts as a radical scavenger giving

11

some recovery of CO without added carrier. If however hydrogen

11

is used alone, a much higher recovery of CO is achieved, also

without added carrier.

It should be noted that there is a significant recovery

of l3N

13N atoms are scavenged by hydrogen to form non volatile products.

2 with all sweep gases except hydrogen. Presumably the

The absence in the target effluent of a possible volatile pro-

duct, 13NH3, has been demonstrated both chemically and gas
chromatographically.

¥

« The only detected 1o jabelled contaminant is llCH4 formed

by the combination of 1

C*and H radicals within the target dur-
ing irradiation. This, as would be expected, is only present in

significant amounts when Hz is used in the sweep gas.

CONCLUSION

In the production of llCO and 11CO2 by the deuteron bom-

bardment of 3203, the chemical form of the product nuclei re-
covered from the target 1is largely determined by the target

sweep gas composition. The use of hydrogen inhibits the forma-
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tion of llCo2 and 13N2 resulting in virtually carrier free llCO

production. The use of helium or 1% CO, in He results in the

11

CcOo but with no suppres-

production of a high proportion of

sion of the ;3N2.

2'

Thus the choice of an appropriate target sweep gas results

11 11

CO or Cco

in the preferential production of either 5

We wish to thank Mr.P.L.Horlock for valuable technical

assistance.
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The target systems used for the production of carbon monoxide and carbon dioxide, both
labelled with carbon-11, in the Medical Research Council Cyclotron at Hammersmith
Hospital are described. The radiochemical composition of the gas at the target output is
given for a range of target sweep gases using a fixed flow rate and beam current. Valucs are
also given for the production rate and radioactive concentration of the 1C labelled products,
together with values for the 11C target extraction efficiency. Recasons are stated for the present
routine use of hydrogen as a target sweep gas and its advantages discussed.

Systems are described for the production of 1'CO and 1CO, for routine clinical use and
details given of storage devices for these gases.

LA PREPARATION ET LE MAGASINAGE DES GAZ MARQUES AU
CARBONE-11 POUR EMPLOI DANS LA CLINIQUE

On décrit les systeémes de cibles qui servent 4 la production du monoxyde de carbone et du
bioxyde de carbone, marqués tous les deux de carbone-11, dans le cyclotron du Conseil de
Recherche Médical a ’Hépital de Harrersmith. On présente la composition radiochimique
du gaz au débit de la cible pour une gamme de gazbalayeurs de cible en employant un taux
d’écoulement et un courant de faisceau fixes. On donne aussi des valeurs pour le taux de
producgion ct pour la concentration radioactive des produits marqués au !1C, ainsi que des
valeur§ pour Pefficacité d’extraction du 1C de la cible. On précise des raisons pour I'emploi
couramment habituel de I’hydrogéne comme gaz-balaveur de cible ¢t on discute ses avantages.

On décrit des systémes pour la production du 1'CO ct du 1 CQ, pour emploi régulier dans la
cliniqueet on détaille des appareils pour emmagasinage de ces gaz.

NMPUTOTOBJIEHME U XPAHEHHME T'A30B, MEUEHIHBIX YIJEPOILOM CH,
OJIA MPUMEHEHUA B KJIHNHMKE

Onuncansl muweHHue cucremsl npoussogcrea CO, CO,, medenuwix yraepomom CU', B
nukaorpode CoBeTa MeAMLIMHCKUX HCCIemoBaHHit y Goabunipt Fammepcmura B JloHpowe.
Jau pagmoXuMH4ecKuif COCTaB rasa Ha BBHIXOJE MHIUEHI JJs1 OGNACTH Ta30B PasBepTHil
MMUIEHH, UCMONb3YA IOCTOAHHYIO CKODOCTE MOTOKA H NOCTOAHHBIT TOK myuku. Takike
HaHB! 3HAYEHHUA MHTEHCHBHOCTH NMPOWU3BOACTBA I PAJMOAKTHRIOI KOHUEHTPALKI NPOLYKTOR.
MEUYCHLIX ymeponom C”, BMECTE C 3HAYeHuAMN s U(IMI!UI{TIIl.{llOC'l'H UI{U'I‘[J&HL{HII MUILCHTT

(C**. Tlocme 060CHOBAHMA YCTAHOBMBINEHCA MPAKTHKH IPHMEHEHHsS BOXOPONA B KauecTse

rasa pasBepTKU MUIUEHH o6CYKAI0TCA NPEMMYILECTBA ITOrO rasa.
Onucann cucremsl Aasa nmpoussopcrea COY, CO,' nan ycTanoBHBUIEiCA NPAKTHKH B
KJIMHMKE, NIPeJCTABJIeHbl JAHHbIE 0 YCTPOHCTBAX AAA XPAaHCHUA JTHUX ras3on.

DIE ZUBEREITUNG UND LAGERUNG VON 1C MARKIERTEN GASEN

Die Trefplattensystems fiir die Herstellung von Kohlenmonoxyd und Kohlensiure, beide
mit einer 1C Markierung, im Zyklotron des Medical Research Council im Krankenhaus
Hammersmith werden beschrieben. Die radiochemische Zusammensetzung des Gases am
Treffplattenausgang wird fir eine Reihe von Treffplatienspilgasen bei Benutzung einer
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festen Durchflussmenge und Strahlstromstirke angegeben. Werte werden auch vorgelegt fiir
die Produktionsgeschwindigkeit und die radioaktive Konzentration der 1}C markierten Pro-
dukte, zusammen mit Werten fiir die 'C Treffplattenextraktionsausbeute. Es werden Griinde
angegeben fiir die derzeitige laufende Verwendung von Wasserstoff als Treffplattenspiilgas,

und seine Vorteile werden besprochen.

Einrichtungen fiir die Produktion von 2*CO und 1CO, zur laufenden klinischen Verwendung
werden bexchrieben und Einzelheiten werden angegeben fiir Lagerungsvorrichtungen fiir diese

Gase.

INTRODUCTION

CarBON monoxide and carbon dioxide both
labelled with MC are in routine production
for clinical studies at Hammersmith Hospital.(!
The principal uses are in serial blood volume
estimations,®® lung function investigations'¥
and organ visualisation using a gamma camera(®
or scintiscanner.‘® Ease of administration and a
low radiation dose to the patient make 11C an
attractive nuclide for this work. A further
advantage is that the 20 min halflife is suffi-
ciently long to make C storage systems a
practical proposition. Such systems allow the
use of the nuclide away from the site of pro-
duction, and make for more efficient use of
cyclotron running time.

The present paper describes the systems
currently in use for the production and storage
of carbon monoxide and carbon dioxide
labelled with 1C. The most notable improve-
ment over prévious systems‘”® is the use of
hydrogen as a target sweep gas, which makes the
production of 11CO virtually carrier-free, whilst
inhibiting the formation of significant amounts
of N, (¥¥NN).

EXPERIMENTAL

Target design

Carbon-11 has a 20.3 min half-life, decays by
the emission of 0.96 MeV positrons and is the
product of several nuclear reactions as shown
in Table 1.

The target is shown in Fig. 1. The B,O,
powder is melted onto the wedge in an electric
furnace to a thickness of 1-2 mm. The 14 MeV
deuteron beam, defocussed to cover an area
approximately 5 cm?, passes through the 0.05
mm aluminium foil window and strikes the
surface of the B,O, at grazing incidence. Witha
beam current of 40 uA the power density is

Tasre |. Some nuclear reactions used for the
production of carbon-11

Threshold energy

Nuclear reaction (MeV) Reference
19B(d, n)11C 1.70 (7)y (8)
UB(d, 2n)11C 5.89 (7) (8)
UN(p, a}H1C 3.13 (9) (10)
UB(p, n)C 3.01 (10)
UN(d, an)1C 5.88 (11)

approximately 20 W cm~2 on the surface of the
wedge which is deliberately in poor thermal
contact with the surrounding box. This
power density is sufficient to melt the B,O,
(M.P. &~ 400°C) releasing 'C labelled gases
into a stream of sweep gas passed through the
box at about 80 ml min—!. The molten B,O, is
prevented from rapid movement down the
wedge by the step shape.

The volume of the target box is kept small
(about 200 cm?®) to maximise the radioactive
concentration of the effluent gas. Its normal
working pressure is approximately 0.007 kg
cm~2 (0.1 Ib in~2) above atmospheric pressure.
Brass is used for all parts of the target except the
front plate and window which are aluminium
and water cooled. The gas inlet and outlet
connections are made using g in vacuum
fittings.

During bombardment the molten B,O, slowly
migrates from the area of the beam strike
causing a loss of yield. This process takes about
12 hr after which the wedge has to be re-coated.
Since B,O, is hygroscopic, wedges are always
stored in a desiccator until required for usc.

Target sweep gases and yields

The nature and composition of the target
sweep gas are of critical importance. The
range of gases which we have used is listed in
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Fig. 1. External target for 1'C production. (1) Target mounting plate (Beam entry window
2:5cm x 12-7cm) (2) Beam entry window foil (3) Brass wedge supporting B;O5 (4) Gas tight
target box (5) Wedge locating pins (6) Sweep gas connections.

TaBLE 2. Carbon-11: Solid target: B,0, (wedge): °B(d, n)IC MB(d, 2n)!1C

641

Particle Deuteron
Current 40 A
Energy 15 MeV

Energy incident on target material =14 MeV
Window material and thickness
Energy loss in window
Beam distribution dimensions
Target dimensions
Target pressure

; Sweep gas flow rate

>~ MeV

Al 0.05 mm (0.002 in.)

3—4 cm wide 1-1.5 ¢m high

12.7 cm wide 2.2 ¢cm high 10 cm deep (gas vol. 200 ml)
0.007 kg em=% (0.1 Ib in.~2 gauge)

80 ml min™!

Per cent of total recovered

11C Recovery at Target 11C

Z‘;de’ept g yield at target output target output cxtra.ction
gas mCi ml—1 efficiency
20°C per cent
1nCO HCO, MCH, 3NN mCi min~! 760 mm Hg
Helium 1.0 83 <0.1 16 17 0.21 52
19 CO in He 52 36 <1 11 16 0.20 50
5% CO in He 72 19 <l 8.2 16 0.20 50
1% COy, in He <1 88 <0.1 11 14 0.17 44
5% GO, in He <1 83 <0.1 16 16 0.20 50
1% H, in He 60 21 9.0 10 13 0.17 42
5% H, in He 56 15 22 7.0 12 0.15 37
Hydrogen 86 8.7 5.2 <1 14 0.17 43
>60--- 410
Tolerances 11-60 - - - + 20 +10 +20
(%) <10 4 50

Table 2 which also shows the effect on the
radiochemical composition of varying the
composition of the sweep gas at a fixed beam
current of 40 #A and fixed flow rate of 80 ml
min~1. The gas flow system, shown schemati-
cally in Fig. 2, is an open circuit design.

The precise nature of the chemical and
radiolytic reactions which take place in the
target during irradiation is not fully known.
However, it is thought that 11CO is the primary
product of the reaction between the 1C atoms
and the oxygen atoms in the B,O, In the
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NPL lonisation

Carbon-11 Target

Pressure | Filter
Reducing
valve

73
= 14 MeV
Y {: Deuteron
< Beam
-{Flow
Meter
Sweep
Gas
D.C.Amplifier

Chamber

Gas Sample

200ml cylinder

Scavenge
Pump

@ Air Inlet

Chart Recorder

Fic. 2. MC experimental gas flow system.

absence of any oxygen radical scavenger the
1CO is largely radiolysed to 1'CO,.®® Thus
when helium'is used as the sweep gas most of
the 1C activity in the target effluent is 11CO,,
the addition of CO, carrier having little effect
upon the recovered yield. When stable CO is
added to the helium less 11CQO, is made, the CO
acting as a scavenger for oxygen radicals and
protecting the 1CO. As more CO is added this
protection is seen to increase.

When a sweep gas of helium containing a
small amount of hydrogen is used it also acts
as a radical scavenger giving some recovery of
BCO without added carrier. If however
hydrogen is used alone, a much higher recovery
of 11CQO is achieved, also without added carrier.

It should be noted that there is a significant
recovery of BN, with all sweep gases except
hydrogen. Presumably the 3N atoms are
scavenged by hydrogen to form non volatile
products. The absence in the target effluent of a
possible volatile product, 1¥NH,, has been
demonstrated both chemically and gas chro-
matographically.

The only detected 11C labelled contaminant is
1CH, formed by the combination of *C and H
radicals within the target during irradiation.
This, as would be expected, is only present in
significant amounts when H, is used in the
sweep gas.

The parameters affecting the total yield
recovered from the carbon-11 target may be

listed as follows:

{a) Target material nuclear cross section

(b) Beam current
(¢) Beam cnergy
(d) Target material thickness

(e} Sweep gas flow rate

(f) Sweep gas composition

(g) Beam distribution

(h) Target material water content
(i) Target material temperature.

These parameters may be divided into those
affecting the acuvity produced within the
target, and those affecting the recovery of
activity from the target. Thus (a-d) largely
determine the activity produced, whilst (e-1)
tend to determine the amount of recovered
activity and its chemical composition. With
the recovery of the activity depending upon so
many factors, the yield is never constant from
day to day or even during a run of say, 3 hr
duration. However, it is possible to deter-
mine the relationship between some of the
parameters by running for long periods and
taking mean values of beam current, yield and
analyses of samples.

Activity assay

Table 2 shows the radioactive products that
have been detected in ''C experimental bom-
bardments. The analysis of these products was
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carried out using a Pye Series 104 gas chromato-
graph, modified so that the effluent gas passed
through a f-counter connected to an amplifier,
ratemeter and second recording channel. It
was thus possible to detect both stable and
radioactive gases. Three 1.0m X & 4.5 mm
bore columns were used: molecular sieve
(type 5A), silica gel and “poropak Q all of
80-100 mesh. Helium was used as the chro-
matograph carrier gas.

The target efficiency values were obtained by
comparing the yield of 'C induced in a similar
wedge under conditions where there were no
losses of volatile products, decay curve analysis
being necessary to extract the 1C component.
The activity of the target effluent was measured
using a calibrated ionisation chamber system
shown schematically in Fig. 2. The calibration
was performed by taking a 1 ml sample from the
input of the monitored volume and measuring it
in a calibrated gamma spectrometer.

PRODUCTION

Routine production of 1CO

For the production of 1!CO for routine
clinical use, either H, (commercial grade) or
1% CO in He may be used as the sweep gas.
Usually H, is to be preferred since the target
effluent gas sthen contains very little MCO,,
obvialing the need of a reducing furnace. The
HCH, contaminant does not interfere with red
cell labelling and one has the advantage of a
very low N, contaminant level. *

When 1% CO in He is used the 1CO, is
reduced to MCO by passing the gas over
activated charcoal. At 800°C the following
reaction takes place:

800°C

12C 4 1CO, —— UCO + 12CO.
Heated zinc can be used as an alternative
reducing agent:‘12
400°C

Zn + 1'CO, — ZnO + 11CO

We find that for sweep gas flow rates of

* When H, containing 1CO is administered by
rebreathing®® a maximum volume of 15ml is
diluted to 3 1. with air or oxygen thus giving a
0.5%, maximum H, mixture which is 10 times lower
than the explosive limit for air/O, mixtures.!!¥

approximately 80 ml min~! a pyrex glass

furnace tube 5 cm long and 2.5 cm dia. filled
with zinc powder maintained at 400°C + 10°C
to avoid melting, is satisfactory.

Any unconverted 1'CO, is absorbed in a soda
lime column 60 cm long and 2 cm dia. The use
of 1% CO in He as a sweep gas for clinical
production bombardments does have limita-
tions. The presence of CO carrier lowers the
specific activity of the target effluent gas,
causes ineflicient red cell labelling, restricts the
volume of gas used when it is administered by
inhalation and causes inefficient trapping of
HCQO in the storage system to be described.
Moreover, the ®N, contaminant level is ofien
unacceptably high.

The 11C labelled gases are used at two sites:
experimentally, in an area approximately 10 m
from the cyclotron target, and clinically in a
measuring and dispensing area approximaiely
100 m from the target. Gas transmission pipes
of 1.5 mm bore stainless steel are used betwezen
the target and the experimental area. The
pipes between the target and the clinical zrea
are 1.5 mm bore stainless steel and 1.9 mm
bore nylon.

At a target pressure of about 0.05 kg cm™?
above atmospheric pressure (necessary when
using the long gas transmission pipes) anc a
sweep gas flow rate of 50 ml min™!, the transit
time [rom the target to the clinical arez is
approximately 8 min.

1CO storage system

The storage systems described in this paper
work on the principle of trapping the labeled
gas using low temperature techniques. O
may be trapped either on activated charcoal at
—196°C, or on a molecular sieve at —85°C. We
have found the latter to be more reproducible.

The molecular sieve 'CO storage systemn is
shown schematically in Fig. 3, and consists of 2
27 cm length of 0.6cm ID copper tuking
filled with % in. pellets of type 13 X molecu-
lar sieve (Linde Air Products, USA). The zas
is passed through it to waste for 20 min, the wap
being cooled to —85°C in an acetone “Driceld”
bath.f Trapping efficiency is about 85 per cznt.

+ “Dricold”: solid CO, supplied by Disitlers
Co. Ltd.
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n
Output CO Input

to Waste 1

Needle Valve

—o/ Copper Gauze

o1

Copper Tube

O

A 5 Molecular Sieve

™ Acetone /Solid €0,
Mixture

Fic. 3. M1CO storage system.

With an 'CO production rate of about 12 mCi
min~l, a typical trapped activity is 150 mCi
of which approximately 95 per cent is released
on heating the trap to 90°C. Since some of the
residual oxygen or nitrogen in the system is
trapped at —85°C, the volume of the released
gas is about 7 ml. This is transferred to the
low pressure storage unit shown in Fig. 4 by
flushing the trap with 40 ml of air or helium.
Alternatively, if about 40 ml of air is introduced
into the trap during the first 2 min of trapping,
flushing becomes unnecessary since upon heat-
ing, the air together with about 90 per cent of
the 1'CO is released directly into the low

Input from "CO or "coz

50 ml Trapping Systems
Volume
Indicator

0 Ring

T _somt
" Rubber Sac

74_/ Perspex
water

Container

N\,

——Lead
Shielding

/ \Wcter

Fic. 4. Low pressure storage unit.

[ ——Stainkss Steel Tube

pressure storage unit. An indication of the
volume of stored gas 1s given by a simple water
displacement indicator. When sterile samples
are required they are dispensed through a
millipore filter. Before use, the molecular sieve
is outgassed at 200°C for about 12 hr and will
retain its adsorbing characteristics providing it
remains dry.

Routine production of 1CO,

NGO, may be produced continuously without
the use of a furnace, by using the B,O, target
with a sweep gas of either pure He or a mixture
of 19 CO, in He. Such a system produces a
significant amount of ¥N, contaminant (Table
2) which for some applications may have to be
removed. The !CO, storage system to be
described does this cffectively.

Occasionally 1'CO and MCO, are required
simultaneously. Under these circumstances
11CO, is supplied batch-wise using the appara-
tus depicted in Fig. 5 which i1s used to oxidise
the 1CO to CO,. To prepare a batch of
1CO, a charge of 2CO is first trapped in the
storage system described previously. The
output of the trap is then connected to the
input of the conversion unit and the 1CO
flushed through the cupric oxide furnace for
3—4 min at about 10 ml min~!, to be collected
in the tonometer at the furnace output as
11CO,. To collect the 1CO, a 50 ml syringe is
connected to the tonometer output and the gas
collected by the displacement of mercury.
HCO, radioactive concentrations of about
3 mCi ml-! are readily obtained.

Since the trapped !CO contains a little hy-
drogen, traces of water, which tend to dissolve
the 11CO,, are formed in the CuO furnace
during conversion. To remove this water, and
thereby reduce absorption, a drying agent,
magnesium perchlorate, is added at the furnace
tube output.

UCO, Storage system

The trap for 1CO, shown in Fig. 6 consisis
of a 3.6 m length of empty copper tube &3 mm
OD, 1.7 mm bore, formed into a closely wound
spiral approximately 4.5 cm dia. and 7.3 cm
long. When used in conjunction with a system
using He as the sweep gas it is possible to trap
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IlC()Z collection
Syringe

L__I. Magnesium
Perchlorate

Cupric Oxide
100mm x 4mm dia.

"co Input
——+4- from
Trapping System

800°c

Mercury

-~

[ERERRIGINNNN|

Fic. 5. Apparatus for batch-wise conversion of 11CO to 11CO,.

Output "CO, Input

to
/Nezdle Vatve

Stainless Steel
Tube

{—————Copper Tube
Spiral

/ Liquid Nitrogen

Fig. 6. 11CO, storage system.

CO, of high specific activity. In use it is
similar to the !CO storage systems already
described. The target efluent gas is passed for20
min through the trap which is placed in liquid
nitrogen, and the 1'CO, condensed in the tube.
A typical 1*CO, trapped activity is 220 mCi of
which more than 95 per cent is recoverable on
heating the trap to approximately 90°C. The
released gas is flushed with 20 ml He into a low
pressure storage unit as used with the CO
molecular sieve trap.

A notable feature is that although the yield
may contain as much as 16 per cent *N,, the
stored activity contains less than 1 per cent of
this nuclide. It is however essential to ensure
the trap is dry before use.

CONCLUSIONS

UCO and Y1CO, are produced for routine
clinical use using well proven cyclotron target

systems. The chemical form of the product
nuclei recovered from the target is largely
determined by the target sweep gas composition.
Hydrogen is now used for 'CO production
since it results in a yield which is virtually
carrier-free, and has practically no BN,
contamination. A typical 1CO production rate
and radioactive concentration at the target
output is 12mCi min~! and 0.15 mCi mi-!
respectively.

When 1CO, is required continuously either
helium or 1% CO, in He is used as the target
sweep gas, a typical production rate znd
radioactive concentration at the target output
being 17 mCi min~! and 0.2 mCi ml~! respzc-
tively. Under these conditions however thzre
1s significant N, contamination. This con-
taminant is virtually absent if the YCO, is
supplied batch-wise by oxidising *CO which
has previously been stored. A charge of 1'CO,
produced batch-wise typically contains about
100 mCi in 35 ml of helium.

Both 'CO and CO, may be stored in
suitable trapping systems with high trapping
and release efficiencies. Typical trapped actvi-
tiecs are 150 mCi of CO and 220 mCi of
1CO,, the radioactive concentrations on relezss
being approximately 3.5 mCi ml~* and 10 mCi
ml~! respectively. The storage systems will
supply up to seven 500 pCi patient doses at
20-min intervals from a single 100 mCi charge.
This results in 1CO and 1CO, being availzble
either to a larger number of patients locally
or to a more limited number at several mies’
radius from the cyclotron.
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Nitrogen-13 Solutions for Research Studies
n Pulmonary Physiology

P. D. BUCKINGHAM and J. C. CLARK
MRC Cyclotron Unit, Hammersmith Hospital, London W12 OHS, England

(Received 14 June 1971)

Techniques are described in detail for producing saline solutions of nitrogen-13 suitable
for clinical use. The target system, cyclotron irradiation conditions and gas handling system are

fully described.

LES SOLUTIONS DE NITROGENE-13 POUR LES ETUDES DE
RECHERCHE DANS LA PHYSIOLOGIE PULMONAIRE

On décrit en détail les techniques pour la production des solutions salines de nitrogéne-13
convenables a Pemploi dans la clinique. On explique complétement le systéme de cible, les con-
ditions de Pirradiation dans le cyclotron et le systéme pour la manipulation du gaz.

PACTBOPBI A30TBI-13 [UIA UCCIEOOBAHWUM B JETOYHON ®U3NOJIOTHHM

Hamo mopeTanbHOC ONHMCAHME NMPUEMOB ANA IIPOH3BOJNCTBA COJEHBIX PACTBOPOB a30TH-13
OPUTOAHLIX AN MCHCIB30BAHKA B KanHuKe. [1OAHO ONMHMCAILI MILCHHAA CHCTEMA, YCIOBHSI
o6Jiyuenusn B LHKIJIOTPONE, CHCTEMA A YIABIUBAHIA BLIIENSIOHUXCH [a30B.

N-13 LOSUNGEN FUR FORSCHUNGSSTUDIEN IN DER
LUNGENPHYSIOLOGIE

Arbeitsweisen werden im einzelnen beschrieben zur Herstellung von Salzlésungen mit zur
klinischen Verwendung geeignetem Stickstoff-13. Das Treflplattensystem, die Bedingungen
der Zyklotronbestrahlung und das System der Gasbehandlung werden cingehand beschrieben.

INTRODUCTION

NITROGEN-13 (T}, = 9.96 min) labelled molec-
ular nitrogen ¥N,(33NN) has been produced
for research studies in pulmonary physiology at
Hammersmith Hospital using the Medical
Research Council’s cyclotron.=%  Recently
sterile solutions labelled with 13N, have become
routinely available.®® Many lung ventilation
and perfusion studies have been carried out
using 133Xe (T, = 5.3 days) which is widely
available commercially. However inaccuracies
in these measurements can arise due to the
solubility of xenon.1® MartTHEWS and Dor-
LERY'™) have shown that the use of N, the
solubility of which is 12 times less than that of
xenon under similar conditions, should reduce
these inaccuracies. A further advantage of
13N, over 13Xe is that the 511 keV annihilation
radiation is not so readily scattered as the
80 keV and 30 keV photons emitted by 3Xe.
The higher energy of BN also affords better
depth response characteristics than %¥Xe.

However, the production of 1*N requires the use
of a cyclotron in the vicinity of the clinical
facility and at present this precludes its use at
many centres.

TARGET SYSTEM AND
IRRADIATION CONDITIONS

The MRC cyclotron is a fixed energy
classical machine capable of accelerating deu-
terons to 16 MeV and alpha particles to 32
MeV. Nitrogen-13 is produced by the bom-
bardment of carbon with deuterons having an
energy of =14 MeV, the nuclear reaction
being 12C(d, n)®N. The target material used
for the production of 13N, for use in the gas
phase is activated charcoal.') However, carbon
is this physical form is quite unsuitable for
making N, for labelling solutions, since it is
extremely difficult to remove all the adsorbed
gases before irradiation.

When making N, for use in solution, it is
imperative that unwanted gases are excluded
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from the cyclotron target, its “sweep” gas and
the gas handling system. If these unwanted
gases are insoluble they will have the undesired
effect of reducing the radioactive concentration
and thus the proportion of 3N, dissolving in the
final solution. Hence, the target material we
use is carbon in the form of graphite,* the
adsorbed gas content of which is much Jower
than that of activated charcoal.

(F1c. 1. External target for 1*N production

(1) target mounting plate

(Beam entry window 2.5 cm x 12.7 cm)
(2) beam entry window foil

(3) spacer

(4) graphite block

(5) gas tight target box

(6) sweep gas connections

(7) cooling water connections.

The complete target is shown in Fig. 1. The
BN, is removed from the target during irradia-
tion by a suitable sweep gas, the choice of which
Is important. In an atmosphere of 99.9%
helium, 99.99% argon or 99.9% hydrogen,
only small amounts of BN, are released from
the graphite. However, in the presence of
carbon dioxide,} the graphite, which is raised
to a temperature in excess of 1450°C by the
beam power, typically 170 W cm~2 at 60 1A,
15 eroded continuously as the following reaction
occurs

C + CO, — 2 CO.

* General purpose extruded graphite grade EY9
(Supplied by Morganite Carbon Ltd.).

T Analytical grade containing 10-50 vpm  of
residual gases (Supplied by Distillers Co. Ltd.).

R i S R UENE N

This continuous crosion lcads to the release
of volatile N labelled molecules previously
trapped 1n the graphite laitice. Of particular
importance is the release of BN,

The purpose of cutting the graphite into a
matrix as shown in Fig. | is to minimise the
heat loss by conduction from the area struck
by the beam. This increases the release of
BN, from the target.

The yield from this target system is quite
sensitive to beam power density; at high
power densities crosion is more rapid. Under
normal cyclotron operating conditions the
beam strike area is approx 5 cm?, the life of the
graphite matrix being about 8 hr.

The extraction efficiency for the graphite
matrix target system is about 6 per cent. This
value is obtained by comparing the yield of
BN recovered from the graphite matrix with
that induced in a solid block of graphite having
the same dimensions as that used in the target,
under conditions where there are no losses of
BN labelled molecules.

A major problem in using this type of target
system is to find a becam cntry window which
will retain its strength at elevated temperatures.
Stainless steel foil (EN58B) 0.025 mm thick is
very rehable at beams currents up to 70 HA
(200 Wcm™%). In the present target design
both air and water cooling are employed, air
for the beam entry foil and water for the target
back plate and ‘O’ ring.

GAS HANDLING, MEASUREMENT
AND SOLUTION PREPARATION

The complete target and gas handling
system is shown schematically in Fig. 2. It may
be considered in three sections: the target
which is described above, the measuring and
processing equipment, and the sterile assembly.
In practice the target is situated about 40-50 m
from the rest of the apparatus and is connected
to it by 1.5 mm bore stainless steel tubing.

The measuring and processing equipment
consists of the following: flowmeters (5-150 ml
min~!); an air-filled re-entrant ionisation
chamber and associated d.c. amplifier; a
furnace containing a vertical column of copper
oxide 23 cm X 2.5 cm dia. at a temperature of
700°C, the copper oxide being formed in situ
by the oxidation of a roll of copper gauze.

v v TR




Nitrogen-13 solutions for research studics in pulmonary physiology 7

200m
hu?b ! Ionisgtion Furnoncs
Nitrogen chamber 700%C 10 mt sodium
-3 l / hcsphate tami
target [j 7 phesghoi normol
- t / Wasie oufler saline
i I l ] solutions salution solution
amev U U G | E®Y | U S U
deuteron . ! :
beam ¢
.
1
'
:
'
N [P =
'
'
o 1
Flow °© oo H
metar f Copper ¢ T = ©
lifier '
oc Ampli / oxide !
co H v 20mt 2N sodium
2 Flow 1 AN |7 hydroxide solution
. i
High meter Waste ' N ARAY
purity XK N
Pl N
: \§ )/
. N
' Shaker Sterile assembly

Fic. 2. Gas flow system for the production of 13N, solutions.

The sterile assembly consists of a small frame
on which are mounted four syringes connected
by a suitable arrangement of taps. The frame is
so constructed that it will attach to a unit
containing a small variable speed shaking
machine which will oscillate the lower syringe
(Fig. 2). Several such assemblies are in use;
all are prepared under sterile conditions using
disposable syringes, taps and solutions. Great
care is taken to exclude all gas bubbles.

Ancillary equipment consists of a cylinder of
high purity carbon dioxide, a shaking machine,
and a second ionisation chamber and d.c. am-
plifier for solution dose measurements.

BN, solutions are prepared as follows. Car-
bon dioxide sweep gas is passed to the target
through a two-stage regulator and flow meter.
The normal input flow rate is approx 45 ml
min~l, the target gas pressure being approx 0.1
kg cm™2 above atmospheric pressyre. The
target is then bombarded with deuterons at a
beam current of 60 #A and the nuclear and
chemical reactions described above take place.
The target eflluent, a mixture of -approx 98 %,
CO and 2% CO,, together with the 13N,
molecules, is piped back to the preparation
room where its radioactive concentration,
expressed in mCi ml~! is continuously monitored
by passing it through a 200 ml. cylindrical
bulb in the ionisation chamber.1? On leaving
the bulb, the gas passes through a second flow
meter to the copper oxide furnace which both
sterilises it and oxidises the CO to CO,. After
leaving the furnace through a removable

sterile fitting, the CO, and BN, mixture may
be either passed to waste, or to the sterile
assembly for 133N, solution production.

A minimum concentration of 0.25 mCi 13N
ml~! gas is required for the reliable production
of solutions having a concentration of 100 xCi
ml~1. A typical concentration under the above
iwradiation and flow rate conditions is about
0.5 mCi m]~! gas.

To prepare 10 ml of 3N, labelled 0.99, NaCl
solution the furnace cffluent 1s passed to the
syringe containing 20 ml of 2N sodium hy-
droxide, which absorbs the CO, at a rate
depending upon the speed of oscillation of this
syringe; by adjusting the rate of shaking, the
absorption rate may be kept sensibly constant
for 5 min. At the end of this time all the CO,
sweep gas delivered will have been removed,
leaving the N, in the accumulated residuai
permanent gases found in the system. Since the
volume of the residual gas bubble can be as low
as 1 ml, the radioactive concentration can be
very high; a typical bubble contains approx
20 mCi.

This bubble is then transferred to the 10 ml
of sodium phosphate buffer solution which
neutralises any traces of sodium hydroxide
which may also have been transferred. The
buffer is next passed into the sodium hydroxide,
leaving the bubble to be finally transferred into
the syringe containing 10 ml of NaCl solution.
This syringe and its tap are then removed and
measured in an ionisation chamber prior to
shaking vigorously for 90 sec to obtain optimum



8 P. D. Buckingham and J. C. Clark

solution activity. After allowing the phases to
separate the bubble is cjected and a solution
containing between 100 and 300 xCi ml!

is obtained.

QUALITY CONTROL

The pH of the labelled solution is always
tested to ensure that it has remained unchanged,
using a suitable indicator paper. The solution
must also remain sterile, pyrogen frece and
isotonic. ' ’

For reliable physiological measurements at
least 99 per cent of the solution activity must be
present as nitrogen-13 labelled molecular nitro-
gen. This is confirmed by making a typical
13N, solution and recording its activity as the
BN, is washed out of solution by bubbling
nitrogen through it at about 250 ml min—!, as
shown in Fig. 3. If no contamination is present
the washout curve falls to the base line. In
practice it falls to between 0.01 per cent and
0.1 per cent of the original solution activity.
Gamma ray spectrometry ‘and decay curve

13NN WASHOUT FROM 0-9% SALINE SOLUTION
(CORRECTED FOR DECAY TO ZERO TIME)

100+ Solution activity at

start of washout
=100 pCi/ml.

in
o
T T T

N,~250 ml/min

T T T 117177

“10m! 0-9*% saline solution

T 1 T 1TiTiT T

PERCENT ACTIVITY IN SOLUTION

@
~N
T

T T TTTITT

Solution activily
at end of washout
=0-07pCi/ml

@
o
~

T

o0 11
-1 01

| S S
11 12 13 14

N IS Y SN DU S |
2 3 4 56 78

1t

910
MINUTES

FiG. 3. 13N, solution washout curve.

analysis of this contaminant show that it
contains BN and !1C labelled solublc com-
pounds.

Regular checks are made on the gas phase
composition using a Pye serics 104 gas chro-
matograph having both thermal and radio-
active detectors. The composition of the gas
bubble is shown to be nitrogen and oxygen
with traces of CO,.

GCONCLUSION

The above system has been in frequent use
for over 1 yr, during which time a total of 43
13N,-labelled solutions were prepared for clini-
cal use. Its performance has proved reliable
and has been little affected by day to day
changes in cyclotron operating conditions,
typical solution radioactive concentrations of up
to 300 £Ci ml~? being readily obtained using a
14 MeV deuteron beam current of 60 yA.

Acknowledgement—The authors wish to thank Mr.
P. L. Horvrock for valuable technical assistance.
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The Production of Potassium-43 for
Medical Use
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A dynamic argon gas target system is described for the production of potassium-43 and the
method for recovery of the activity is stated. The influence of the incident alpha particle beam
energy on the relative yield of potassium-42 and potassium-43 is reported. The effects were
investigated of other parameters, such as gas pressure and gas flow rate on the yields. The
results are discussed.

LA PRODUCTION DU POTASSIUM-43 POUR EMPLOI MEDICAL

On décrit un systéme de cible dynamique & gaz d’argon pour la production du potassium-43
et on précise la méthode pour le recouvrement de I’activité. On rend compte de Pinfluence
de I’énergie du faisceau incident de particules alpha sur le rendement rélatif de potassium-42
et de potassium-43. On regarda les effets d’autres paramétres tels que la tension du gaz et le
taux d’écoulement du gaz sur les rendements. On présente une discussion des résultats.

NPOU3BOLCTBO KAJUNA-43 IJA NCIMOJNB30BAHUA B MEIOUIIMHCKHUX
HEJAX
Ommucana AWHAMMYECKAA AProHOBAA Tra3eBasdg MULICHHAR CHCTEMA AN MPON3BOACTBA
Kannn-4§, RaercA I1 METOA MJIA BOCCTAHOBJIEHHA aKTHBHOCTH. COOOIEGHO BJIMFAHIE IHEPTHI
HNafaoifero my4ka anb@a-4acTul{ Ha OTHOCHTENbHBIH BLIXON Kaiufa-42, raaug-43. M
HCCIICNOBANLI BANAWNA APYTHX MAPAMETPOB, HANPHMED, NABJEHIIE Ta3a 11 PACKO] Fas3a.

DIE HERSTELLUNG VON KALIUM-43 FUR MEDIZINISCHE ZWECKE

Ein dynamisches Treflplattensystem von Argongas fiir die Herstellung von Kalium-43 wird
beschrieben und ein Verfahren wird angegeben fiir die Wiedergewinnung der Aktivitdat, Der
Einfluss der Einfallstrahlenergie eines Alphatcilchens auf die relative Ausbeute an Kalium-42
und Kalium-43 wird festgestellt. Die Wirkungen von anderen Parameter wie z.B. Gasdruck und
Gasgeschwindigkeit auf die Ausbeuten wurden untersucht. Die Ergebnisse werden besprochen.

INTRODUCTION

with that of rubidium and caesium has been

THERE are several ways in which radioactive
potassium may be of value in medical investi-
gations. For example the presence of 4K
in naturally occurring potassium has enabled
estimation of the body content of potassium
by means of whole body counting.® Isotope
dilution analysis enables in vivo estimation of
total body concentrations and measurement of
the exchangeable potassium.‘2-% Comparison
of the physiological behaviour of potassium

carried out with the aid of radioactive potas-
sium® and in particular their accumulation
in muscle tissuc.”” ‘T'he labelling of red cells
with radioactive potassium has been carried
out successfully and used in the measurement
of blood volume.® Tt has also been used for
imaging the heart” and in myocardial per-
fusion studies.1® Cnc further application has
been found in the localisation of brain tu-
mours.12 Of the seven radioactive isotopes

329
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Tasre 1
Characteristics 12K 8K Ref.
Half life 12-4h 226 h 13, 14
y energies 1524 MeV (189,) 373 keV (87-89%,) 13, 14

B~ energies
Whole body radiation dose
K factor 1-4

3-52 MeV (max)
0-85 m rad uCi™?

618 keV (81%)

830 keV (max) 13

0:6 m rad uCi? 4
56 4

of potassium there are only two which permit
satisfactory use in clinical investigations. These
are 42K and 43K. '

42K has been used most extensively in medical
work as it is readily available from a reactor
irradiation. It is produced by the reaction
4K (n, o)42K, 42Ca(n, p)42K and *Sc(n, «)42K.
The half life of 42K is relatively short, 12-4 hr,
but its principal y-ray energy and - end point
energy are high, 1:524 MeV and 3-52 MeV
respectively, making it unsuitable for some
medical applications. On the other hand 43K
has abundant y-rays with energies of 373 keV
and 618keV, and f~ end point energies of
830 keV and 460 keV, making this isotope more
suitable for medical use. These physical
characteristics of 42K and 43K are shown in
Table 1.

Potassium-43 can be prepared by the reac-
tions 4°Ar(a, pf*3K and #Ca(p, 2p)*3K using
accelerators or by the 43Ca(n, p)43K reaction
using highly enriched 43Ca'% (natural abund-
ance 0-145 per cent) for a reactor irradiation
with fast neutrons.

In 1959 Dvson and Francos®® described
an electrostatic method of recovering 43K from
an argon gas-phase target in which some of the
potassium ions were collected on a stainless
steel rod held at a negative potential of about
I kV.

The method described was inherently in-
efficient as it was found to be necessary to
interrupt the alpha particle beam with a 50
per cent duty cycle in order to establish a high
electric field to collect the 43K ions. Although
a more powerful source of high voltage may be
used to overcome this problem, the recovery
of the 43K from a long stainless steel rod was not
attractive.

In the first publication describing the dis-
covery of 43K 17 it was found that as the argon

was allowed to flow out of the target chamber
through a glass wool filter plug some of the
43K was carried as far as the filter in the gas
phase and could be removed by a warm water
wash. However, the majority of the 3K was
recovered by washing the walls of the irradia-
tion vessel with water. The present work
describes efforts to increase the proportion of
43K recovered on a small, easily washed filter
and other factors influencing the yield and
purity of the final product.

TARGET SYSTEM AND PREPAR-
ATION FOR CLINICAL USE

The target chamber consists of an aluminium
tube, 46 cm long, 14 cm dia., 3-18 mm wall
thickness, onto both ends of which are welded
1:25 em  thick aluminium plates which are
water cooled. The front plate has a rectangular
aperture 12:5cm X 2:-5cm for beam entry
over which is mounted a beam entry windov-
consisting of an 0-025-mm titanium foil and
two 0-10-mm aluminium foils. This reduces
the 30-MeV external alpha beam of the Medical
Research Council (MRC) cyclotron to about
17 MeV. Asa resultabout 500 W are dissipated
in the foils. This heat is removed by a com-
bination of front plate water cooling, air
cooling blast on the foil*® and transfer in the
recirculating argon to the rest of the systern.
The back plate of the target chamber has two
gas connections, a 6-4-mm gas inlet with delivery
tube and a 19-2-mm outlet. The target is
connected to a gas flow system shown in Fig. |
and schematically in Fig. 2. It is of closed
circuit design and uses oil-free diaphragm
pumps (Compton oil-free compressors, type
4D, supplied by Dawson McDonald and Dawson
Ltd., Ashbourne, Derbyshire) to circulate the
gas. A flow meter and pressure gauge are
provided for monitoring purposes during filling
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FiG. 2. Potassium-42[43 gas flow circuit.

and irradiation. A borosilicate glass fibre
filter paper (Whatman GF/A 3-4 cm diameter)
is supported on a glass sinter filter tube, porosity
I, which is in turn supported in a brass pressure
vessel placed close to the target outlet. The
system is evacuated to approx 1 mm Hg before
filling with argon to 0-73 kg cm™2 (10 1b in~2).
During bombardment at beam currents of
around 35 pA the gas is circulated at approx
118 1. min—1.

About 70-80 per cent of the total activity
produced is récovered on the filter. A single
filter is able to retain more than 95 per cent of
the activity carried up to the filter in the gas
stream. After bombardment the argon is
released to waste and the filter tube together
with the filter paper is removed and washed
with about 5 ml of 0-001 M HCI which removes
more than 99 per cent of the activity without
added carrier. The yield of 43K at the end of
bombardment, based on the activity recovered,
varies between 40 and 60 xCi pAh~l. Po-
tassium-42 contamination amounts to 8-10
per cent.

To prepare the solution for 1.v. injection it is
boiled to dryness in a 50-ml silica glass centrifuge
tube and baked for a few minutes to decompose
any pyrogenic material which may be present.
The residue is then taken up in isotonic saline,
isotonic KCI or water for injection depending
on the intended application. The solution is
sterilised before injection by filtration through
a 0-22 p millipore filter or by autoclaving.

EXPERIMENTAL

A series of investigations have been carried
out in order to establish the optimum beam
energy, target pressure and gas circulation flow
rate for this target system. The aim was to
produce 43K in the highest possible yield but

with minimal 42K contamination.

(a) Yields of K and *3K as a function of
incident o particle energy

The 30-MeV external o-particle beam of the
MRC cyclotron can be degraded using alumin-
ium foils of various thicknesses. Several bom-
bardments were carried out each with a different
incident particle beam energy entering the
gas target, but with a constant conveniently
selected gas pressure 0f 0-73 kg cm=2 (10 Ib in—2)
and the maximum flow rate of 118 1. min=1.
As far as possible the beam intensity distribution
was kept constant for all bombardments.
At the end of each bombardment measurements
of activity on the filter were carried out by
y-spectroscopy using a 3 in. X 3 in. Nal(Tl)
detector and 100-channel pulse height analyser.
Experimentally determined geometry and crys-
tal efficiency factors were used 1n the calculation
of the yields of the two isotopes. The 591/618
keV combined photopcak was used to measure
the 43K activity and the 1524 keV photopeak
to measure the %2K activity both of which
decayed with the correct half lives of 22:6 h
and 124 h respectively. In all measuremenis
corrections for decay during bombardment
have been neglected, since the bombardment
times were short relative to the half lives of the
two Isotopes, and yields have been expressed
as pCi pAh! at the end of bombardment
(E.O.B.).

The yields are plotted as a function of energy
in Fig. 3 and the relative yields in Fig. 4.
The former curves show that the 3K activizy
recovered from the %%Ar(e«, p) reaction staris
at about 8 MeV reaching a maximum at about
26 MeV whilst 42K recovery from the 4%Ar (o, p#)
reaction starts at a beam energy of 15 MeV
and 1s still increasing at 30 MeV. The latter
curves show that in order to reduce the 12K
contamination to less than 1 per cent of 43K
the beam energy must be kept below 17 MeV.
It should be noted that these measurements
were carried out with a low beam and for a
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short time; production runs use a higher beam
current often for up to 2 h with the result that
42K contamination can amount to 8 per cent
or more. This is probably caused by ““thinning”*
of the target foil window by beam heating, with
consequent increase in the incident particle
energy.

(b) Yields of 42K and 43K as a function of

argon pressure

Bombardments of the argon gas target were
carried out with 17-MeV a-particles using a
combination beam entry foil consisting of
0-025-mm Ti and two 0-10-mm Al foils. The
gas flow was the maximum obtainable and the
gas pressure was raised from zero above atmos-
pheric pressure to 1:5kg cm=2 (201b in~2)
above atmospheric pressure in equal steps.
In these and all subsequent experiments the
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Fic. 5. Yields of 42K and 43K as a function of
argon pressure.

activities were measured using a 15-cm3
Ge(L1) detector coupled to a 4000-channel
pulse height analyser. The higher resolution of
this detector enabled the 618-keV photopeak
alone to be used to measure the 43K activity.
Onceagain experimentally determined geometry
and crystal efficiency factors were used to
calculate the activities and yields were expressed
in #Ci pAh™! at the end of bombardment.
The yields of 42K and 43K are both plotted as a
function of pressure in Fig. 5.

The 43K yield curve from the («, p) reaction
reaches a maximum at 0-73 kg cm~2 indicating
that at this pressure the target gas thickness
reduces the beam energy to the reaction
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threshold energy of about 8 MeV. Only a
small change in the 42K yield is noted, the
increase with pressure being difficult to explain
satisfactorily on account of the many other
variables in this system. However, for routine
production purposes it is clear that there is no
advantage in increasing the argon pressure
above 0-73 kg cm~2.

(c) Yields of 2K and 3K as a_function of rate
of flow of argon

Since it is the gas stream which carries the
produced ac{ivity to the filter the influence of
the flow rate on the recovered activity was
studied. The rotameter flow meter was cali-
brated against a gas meter calibrated by United
Gas Industries (London). The flow was
controlled by an adjustable valve inserted in
the circulation system between valve No. 3
and the pump (Fig. 2). Bombardrnents were
carried out with 17-MeV «-particles and with a
gas pressure of 0-73 kg cm=2. Activities were
measured using the Ge(Li) detector and the
yields, corrected to E.O.B., were plotted as a
function of flow rate in Fig. 6. These curves
show that no increase in recovery can be ob-
tained with flow rates in excess of 100 1. min—!
and the relative yields remain, as expected,
unchanged at all flow rates. Activity lost at the
lower flow rates is deposited on the inside surface
of the target chamber. For routine production
purposes therefore the maximum attainable
flow rate of 118 1. min—1 is used.

(d) Activity losses on the target chamber at a
Sfixed energy and pressure

In order to see the #3K vyield distribution
within the target chamber, bombardments
were carried out in a static system at a pressure
of 0-73 kg cm~2 with 17-MeV «-particle beam:s.
of 35 uA. The target was lined with aluminium
foil which after bombardment was removed and
cut into cylinders 5 cm tall. Each piece of
foil therefore represents a different depth in the
target. The 43K activity was then measured on
each cylinder using the 15-cm?® Ge(Li) detector.
The percentage of the total activity on each
strip was calculated and the results are plotted
as a histogram in Fig. 7. These measurements
were then repeated with the dynamic system
with the maximum gas flow rate. The results,
expressed as the percentage of the total activity
produced during the static run, are also plotted
in Fig. 7. The dotted curves are the total
integrated activity in each case. The differences
between the two histograms represent the
activity swept from the target chamber. In
the static system 65-70 per cent of the activity
1s produced in the first 15 cm of the chamber
and adheres to the wall. In the dynamic
system two thirds of this activity is re-
moved from the target and collected on the
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Fic. 7. Formation and losses of 43K activity
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glass fibre filter, but still one third of the
total activity produced is left on the target
walls.

An attempt was made to reduce these losses
of activity by changing the flow path of the
gas in the target. The flow was arranged
across the front section of the chamber and
under these conditions the total recovery
increased by about 15-20 per cent reducing
the total loss to about 10 per cent. %2K con-
tamination in the recovered activity also
decreased to about 2 per cent. However, as
before, the 42K contamination was found to be
very sensitive to changes in the incident particle
energy. A 1-MeV increase raised the 42K in
the recovered activity to about 15 per cent.
This system has not yet been adopted for
routine production as a suitable target has
not yet been constructed.

DISCUSSION

The maximum attainable external o particle
beam current from the MRC cyclotron is
100 uA. The target foil system described in this
paper permits a maximum continuous beam
current of only 35 yA. Even at this beam
current the loss of energy in the foil is equivalent
to about 500 W& If beam currents greater
than this are employed, particularly if the beam
defocusing is 1nadequate, then the present
cooling system of air blown onto the foil
face and water cooling around the edges of the
foil window becomes insufficient, resulting
very quickly in puncture of the foil.

Several different foil materials have been
tried including tantalum, titanium and stainless
steel (EN58B) of a thickness which reduces the
beam energy to 17-MeV, but none proved
better than the present titanium/aluminium
combination. A graphite window, uncooled,
of 0-25-mm was tried, protected from pressure
and oxidation by a 0-025-mm titanium foil.
This proved satisfactory for bombardments at
beam currents up to 70 uA. However, the
yield of 43K per wAh dropped by about 30
per cent below the yield at 35 pA. This is
probably explained by local density reduction
of the gas in the target chamber along the path of
the beam as a result of the heat produced by

the beam. Increasing the pressure to 1-5kg
cm~2 (20 lb in~2) did not improve the yield.
The overall result of operating the system at
70 pA with a Tifgraphite window combination
was to raise the rate of production from 2
mCi h™ to 3 mCi h™! but with a decrease in
reliability due to foil window failures. This
method has not therefore been used for regular
production of this isotope.

The measurements described in this paper
were made wholly to obtain practical data for
the target system described. Factors such as
the shape and size of target, geometry of the
gas inlet and outlet all make the target system
unique. Variation in beam distribution also
results in considerable variation in yields and
contamination levels. However the system,
although perhaps not ideal, can be operated
reliably and reasonably reproducibly under the
conditions described.

Acknowledgement—The authors wish to thank Dr.
D. J. SiLvesTER for his comments.
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Abstract

PREPARATION OF '*f-LABELLED DL-3-FLUOROTYROSINE,

A method of preparing '*fF-labelled DL- 3-fluorotyrosine is described. ' is produced by the cyclotron
bombardment of neon via the ®Ne (d, o) "¢ reaction using a glass-lined target vessel. The ¥F is recovered
in agueous solution by remote washing of the glass liner, by rotation of the liner with 20 ml of water in it.
Detailed operation of the system is described, The '*F activity is introduced into a diazonium tetrafluoroborate
derivative of the amino-acid by an exchange reaction in aqueous acetone/acetonitrile sotution. The prepara-
tion of this diazonium salt, 4-methoxy-3-(2', 2'-dicarbethoxy-2'-acetamidoethyl)-phenyl diazonium tetra-
fluoroborate (I) starting from p-methoxybenzyl chloride is fully described. Pyrolysis of the labelled diazonium
salt (1) yields 18F-diethyl 3-fluoro-4-methoxybenzylacetamidomalonate (Schiemann Reaction) which is then
hydrolysed to '*F-3-fluorotyrosine by red phosphorus and hydriodic acid. A similar synthesis, starting from
L-phenylalanine, has been investigated with a view to preparing ‘®F-L-phenylanine, Experimental details
of the labelling procedure are described and quality control methods for '
discussed,

EF-labelled amino-acids are also

INTRODUCTION

Following the success of the organometallic compounds chlormerodrin
and BMHP (197 Hg), and the purely organic compounds selenomethionine
(75Se), rose bengal and sodium iodohippurate (1231, 1251 1311y 35 scanning
agents, it has been generally thought desirable to try to prepare organic
compounds containing short-lived gamma-emitting radionuclides in which
some of the limitations of thé scanning agents in use at the present time,
namely reliability of distribution, loss of label from the form in which it
is administered, and radiation dose, are minimized. In the past few years
several organic compounds containing the firmly bound 18F label (Ty 110 min,
B+) have been prepared, prominent among which are the monofluoro-
derivatives of two natural aromatic aminoacids, phenylalanine {1, 2] and
tryptophan [2]. A description will here be given of the preparation of
I8F-DL-3-fluorotyrosine, a previously unreported 18F-labelled aromatic
amino-acid.

The monofluoro aromatic amino-acids have attracted interest because
of their well-documented pharmacological properties. They are incorporated
into proteins [3], show anti-tumour properties [4] and are anti-metabolites
of the natural amino-acids[5]. These properties and the utility of 7°Se-
selenomethionine indicate a potential for these materials when labelled

* On leave from Laboratory of Labelled Compounds, Institute of Atomic Physics, Bucharest, Romania.
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with 18F, as organ scanning agents, especially for the pancreas [6]. The
success of a compound in this application depends critically upon the
pancreas-to-liver ratio, which must be as high as possible if good pancreas
images are to be obtained. The ratio varies with the structure of the
compound concerned [7], so that it is essential to test as many different
compounds as possible in order to maximize this ratio. .

Two other important points must also be considered since they are
directly related to the synthetic method used at present for making 18F-
labelled amino-acids. These compounds' show varying toxicities. The
most toxic, including 3-fluorotyrosine [8], have an LDso in the range
5-10 mg kg! and consequently must be prepared with the highest possible
specific activities. Also, all natural amino-acids belong to the L-series
and it is only possible, at the present state of knowledge, to prepare the
DIL-racemates of compounds labelled with 18F,

GENERAL CONSIDERATIONS FOR 18F-LABELLING

The carbon-fluorine bond has a very high dissociation energy
(~ 110 kcal mole-l), and consequently stability problems are less likely
to be encountered with 18F-labelled compounds than, for example, iodine-
labelled compounds. However, this fact means that some of these com-
pounds are difficult to prepare in the short periods of time available, the
half-life of the radionuclide being 110 min. Long reaction times and large
molar excesses of the fluorinating agent are used in many fluorination
reactions, consequently radiochemical yields would be extremely low if
such reactions were adopted as labelling procedures. Because of the
high specific activities often required, difficulties in handling small amounts
of material efficiently are also encountered.

To prepare 18F-labelled 3-fluorotyrosine it was necessary to devise
a synthesis in which the 18F activity could be introduced into a precursor
which would then be rapidly transformed into the product. Unlabelled
3-fluorotyrosine has been previously synthesized by condensation of
3-fluoro-4-methoxy- or 3-fluoro-4-ethoxybenzaldehyde, with hippuric
acid and subsequent hydrolysis and reduction [9]. It has also been pre-
pared from m-fluorophenylalanine by nitration, reduction and finally
decomposition of the corresponding diazonium salt on refluxing the
aqueous solution [9]. Neither of these two methods is feasible as a route
to the 18F-labelled material because of the excessively long times
required.

In the previously reported preparation of 18F-labelled p-fluorophenyl-
alanine, the 18F was introduced into 4-(2',2'-dicarbethoxy-2'-acetamidoethy:)-
phenyl diazonium tetrafluoroborate [1]. Thermal decomposition of this dia-
zonium salt gave the corresponding fluoro-ester, and then the amino-acid
function was generated from the diethyl acetamidomalonate side chain by
acid hydrolysis. 18F-3-fluorotyrosine has now been prepared in an ana-
logous manner from 18F-2-methoxy-5-(2',2' -dicarbethoxy-2' -acetamidoethyl)-
phenyl diazonium tetrafluoroborate, the ring hydroxyl group being protected
as the methyl ether. In all syntheses of this type certain functional groups
(for example OH, NHg, aliphatic COOH) must be protected in order not to
interfere with the production of the diazonium salt and/or the subsequent
Schiemann reaction. '



IAEA-SM-171/8 293

SYNTHETIC CHEMISTRY

The synthetic route adopted for the preparation of the diazonium
tetrafluoroborate precursor is shown in Fig.1. Diethyl p-methoxybenzyl-
acetamidomalonate (I) is prepared by condensation of p-methoxybenzyl
chloride with diethyl acetamidomalonate. Careful nitration of (I) with a
one molar equivalent of fuming nitric acid in acetic anhydride at 0°C yields
diethyl 3-nitro-4-methoxybenzylacetamidomalonate (11}, the structure of
which was confirmed by its *H NMR spectrum (aromatic region Haé = 7.05
(singlet) Hgé = 7.15 (doublet J=2 Hz) Heo = 7.7 (doublet J =2 Hz). This
compound has been previously prepared by reaction of 3-nitro-4-
methoxybenzyl chloride with diethyl acetamidomalonate [10]. The 3-nitro
derivative is reduced to diethyl 3-amino-4-methoxybenzylacetamidomalonate
(IV) using 10% Pd/C catalyst in glacial acetic acid at a hydrogen pressure
of 1 atm. The amine (IV) may be diazotized, and the diazonium tetrafluoro-
borate (Va) isolated in the normal way. This material is stored and used
in the radioactive synthesis as required. For the reduction, and the sub-
sequent diazotization step to proceed satisfactorily, it is essential that the
diethyl p-methoxybenzylacetamidomalonate is purified by vacuum distilla-
tion as described in the experimental section below.

Thermal decomposition of the diazonium salt (Va or b) gives diethyl
3-fluoro-4-methoxybenzylacetamidomalonate (VI), and this is hydrolysed
to 3-fluorotyrosine (VII) by hydriodic acid and red phosphorus (Fig.2).

This is the standard reagent for the reductive demethylation of methoxy
groups, and it is also very effective for hydrolysis of the diethyl acetamido-
malonate group to give the amino-acid function. Passage of the hydrolysed

COOC2H5 €00CHg
CH30~©—CHZC| 4+  Na—{nHoocH; —> CH3OOCH2 NHCOCH;
COOCZHS COO0CoHs

(1)

HNO3 ( excess ) in

H2594 at 20°C HN03 (1 mole ) in

(CHyCON0 at 0°C
NO; .
C00C,Hs CO0CHs
CH30 CHZ—éNHCOCH3 CHy0 CH2—<NHCOCH3
COO0C,Hg CO0CHs
NO, NO7
(T) (II)
(a) Hy (1atm 1,10% Pd/C

in CH3COOH ( Gives IV )
{b) HNO, , NaBF, al 0°C

COOC Hs
CHy0 cuz-éwncocrg
COOCHs
BF 4N
(Ya)

FIG.1, Preparation of 2-methoxy-5-(2', 2'~dicarbethoxy-2'~acetamidoethyl)-phenyl diazonium
tetrafluoroborate. )
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COO0C,H Labelling 00C Hg
CH,0 CH NHCOCH, ——— 3 CH0 CH NHCOCH
’ 2 CO0C_H ’ 18 } 2 COOC_H 3
F/HO!/
BF 4N z5 2 BN, s
CHyCN / CH,COCH,
(Ya) (¥ b)
Decomposition

(155°C in vacuo )

7\ / COOH Hydrolysis COOC s
HO . CHZ-CH\ < D——Q—L NHCOCH
o NH, Hi /oP I CH3COOH COOCsz
(135°C , 40 mins )
(YIT}

FIG.2. Preparation of '*F-]abelled DL-3-fluorotyrosine,

solution down a column of IR4B (OH™) resin removes hydriodic acid and
phosphoric acid, but the product may contain traces of acetic acid which
may be neutralized with a few drops ofdilute sodium hydroxide solution.

The preparation of other fluorine substituted tyrosine derivatives
was also atiempted. Nitration of (I) with excess nitric acid produced
diethyl 3, 4-dinitro-4-methoxybenzylacetamidomalonate (III), the struc-
ture of which was also confirmed by 'H NMR spectroscopy (aromatic
region 2ZH6 = 7.71 (singlet)). This cannot be used to prepare
3, 5-difluorotyrosine since the equivalent diazonium tetrafluoroborate
derivative (which may be easily prepared in the normal way) yields
< 0.2% diethyl 3,4-difluoro-4-methoxybenzylacetamidomalonate on
pyrolysis. It might be possible to prepare this compound in labelled form
if the synthetic route for 3-fluorotyrosine is followed, but using 3-fluoro-
4-methoxybenzyl chloride as starting material.

Diethyl 2-nitro-4-methoxybenzylacetamidomalonate has been pre-
pared from the corresponding benzyl chloride [11], but this cannot be
reduced to the Z2-amino compound because an alternative reaction takes
place [12]. Thus it is not possible to prepare 2-fluorotyrosine by this
route.

EXPERIMENTAL

Diethyl p-methoxybenzylacetamidomalonate (I)

p-Methoxybenzyl chloride was prepared by the reaction of thionyl
chloride in chloroform on the corresponding alcohol, the crude product
being purified by vacuum distillation (b.p.85°C/5 mm Hg). Sodium metal
(1.70 g, 0.077 g atom) was dissolved in anhydrous ethanol (105 ml) and
diethyl acetamidomalonate (16.7 g, 0.077 mole) was added. This solution
was stirred under reflux and a solution of p-methoxybenzyl chloride
(12.2 g, 0.083 mole) in ethanol (30 ml) was added over 10 min under
anhydrous conditions. The mixture was refluxed for a further 2 h, cooled,
and stirred into crushed ice and water (500 ml). The white solid so pro-
duced was filtered off and pumfled by vacuum distillation (b.p. 180°C/5 mm Hg)
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followed by crystallization from 70% ethanol/water to produce

a colourless crystalline solid (10.0 g, 38%) m.p. 98° - 99°C
(Lit. 101°C (131) A (EtOH)max = 277 nm, VNH(KBr) = 3270 em™!, veo =
1750, 1650 cm™!.

Diethyl-3-nitro-4-methoxybenzylacetamidomalonate (II)

The compound (I) (2.95 g, 8.8 mmole) was dissolved in acetic
anhydride (10 ml) cooled to between-5°and 0°C, and a solution of fuming
nitric acid (0.40 ml, 9.0 mmole) in acetic anhydride (10 ml) (prepared
at 0°C) was added over 5 min with efficient stirring. The resultant yellow
solution was stirred for a further 10 min, then poured on to crushed ice
and stirred, a yellow sticky solid being produced. This was extracted
into chloroform, the organic phase was dried over calcium chloride, and
the solvent removed in vacuo. Several recrystallizations from aqueous
ethanol gave a pale yellow crystalline solid (1.95 g, 58%) identified as
diethyl 3-nitro-4-methoxybenzyl-acetamidomalonate, m.p. 165°-168°C,
by 'H NMR spectroscopy, X max(etoHy = 260, 330 nm, (e 3240, 2270),
vno, = 1510, 1370 cm-t.

Diethyl 3-amino-4-methoxybenzylacetamidomalonate (IV)

The compound (II) (0.50 g, 1.3 mmole) was hydrogenated at 1 atm in
glacial acetic acid (20 ml) in the presence of 10% Pd/C (0.1 g). After
absorption of hydrogen had ceased (about 30 min), the solution was filtered
off from the catalyst and evaporated in vacuo leaving a grey crystalline
solid, diethyl 3-amino-4-methoxybenzylacetamidomalonate (0.44 g, 96%),
m.p.185°-189°C (Lit.191.5°-93°C[10]), vnuxpy = 3450, 3370, 1620 cm-1.

2-Methoxy-5(2', 2' -dicarbethoxy-2'acetamidoethyl)-phenyl diazonium
tetrafluoroborate (Va)

The amine (IV) (0.44 g, 125 mmole) was dissolved in a mixture of
concentrated hydrochloric acid (0.35 ml, 3.7 mmole) and water (1 ml).
The resulting suspension of the hydrochloride was cooled to 0°C, and a
solution of sodium nitrite (0.085 g, 1.25 mmole) in water (0.7 ml) added
dropwise with stirring. When the addition was complete a solution of
sodium fluoroborate (0.3 g, 2.7 mmole), in water (0.7 ml, previously
cooled to 0°C), was added. The product was obtained as a dark oil which
slowly solidified to a yellow-grey crystalline solid, 2-methoxy-5-(2',2" -
dicarbethoxy-2'acetamidoethyl)-phenyl diazonium tetrafluoroborate
(0.40 g, 71%) m.p. 125°C-130°C (dec.), (found: C, 45.5; H, 4.9; N, 9.15;
C17HgeNy BF4 Og requires: C, 45.25; H, 4.9; N, 9.3%), vn=n(kpy - 2250 cm™1,

Diethyl 3-fluoro-4-methoxybenzylacetamidomalonate (VI)

This compound was prepared as described below (m.p. 117°-119°C);
(found: C, 57.8; H, 6.5; N, 4.3;C17HgyNFOg requires: C, 57.5; H, 6.2;
N, 3.9%), X maxEton = 274, 320 nm (e 1600, 220).
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DL-3-Fluorotyrosine (VII)

This compound was also prepared as described below and was shown
to be identical with an authentic sample by i.r. and u.v. spectroscopy,
Amax (HoO, pH 7) 274 nm.

THE PREPARATION OF 18p

Operational principles of the target system

18F is produced by the 20Ne (d,o)!8F reaction. Neon (CP grade,
supplied by British Oxygen Co., Ltd.), at 7 kgf/cm? gauge is irradiated
with 13-14 MeV deuterons in a 45-cm long target vessel shown schemati-
cally in Fig.3. The outer aluminium pressure vessel (¥ig.3.3), houses a
56-mm o.d., 2-mm wall, borosilicate glass liner (Fig.3.1). The glass
liner, which has thin titanium windows (Fig.3.2) crimped on to each end,
may be rotated by the motor (Fig.3.4) and the gear box (Fig.3.5) at
10 rev/min. Irradiations are currently carried out at up to 30 uA when
the neon pressure rises to 10 kgf/cm? gauge. Most of the 18F produced
is caught by the glass liner. Of the 18F caught on the liner, 60-65% may
be recovered by washing its inner surface with 15-20 ml of water. This
is achieved remotely by transferring the water from the recovery vessel
(Fig.3.11) to the target under pressure, rotating the glass liner for 5 min,
then, after a draining period of 2 min allowing the solution to return by
reducing the pressure with the three-way valve (I'ig.3.14), in the recovery
vessel. The solution is finally transferred to a suitable container, e.g. a
50 ml syringe or 50 ml boiling tube via the three-way valve for liquid
transfer (Fig.3.13).

The following features are important for the successful operation of
this system. A strong target window and a well-distributed deuteron
beam are essential for high mechanical reliability. For a4 cm X 2 cm
beam aperture a 0.050-mm EN58B stainless-steel foil (supplied by
Goodfellows Metals Ltd, Esher, Surrey, England) has proved to be very
reliable at beam currents and pressures of up to 30 ¢ A and 10 kgf/ecm?
respectively. The 0.025-mm-thick titanium windows on the glass liner are
necessary to reduce "diffusion" losses to the walls of the aluminium pressure
vessel. These windows are crimped on to a rim formed on the liner ends
so that no adhesives are required. Adhesives may be degraded during ir-
radiation and give rise to organic chemical contamination of the wash solu-
tion. A small hole, 3-4 mm in diameter, is left in the rear window to
allow entry of the stainless-steel water pick-up tube (Fig.3.6) and for
pressure equalization. The target must, of course, be quite level to avoid
spillage of solution from these unsealed ends and to ensure efficient pick-
up of the solution. The glass liner must be easily wetted so that washing
and recovery of the wash solution is efficient. This simply means careful
cleaning of the liner with, for example, "Pyroneg' (Diversy (UK) Ltd,
Barnet, Herts, England) followed by an exhaustive rinse with distilled
water. The choice of material and diameter of the liquid transport tube
(Fig.3.10) is also important if efficient transfers are to be achieved. It is
best if the tubing is not wetted and that the solution forms into columns
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rather than droplets in the tube bore. Polyethylene tubing, 1.5 mm
bore, 2.7 mm o.d., 15 m long, has proved to be very satisfactory in this
respect.

Target system performance

Many irradiations have been carried out under various conditions up
to maximum filling pressures and beam currents of 7 kgf/cm?2 and 45 pA.
A preliminary irradiation of 2 u Ah at 20 yA and3.5 kgf/cm? yielded
28 mCi/uAh at the end of bombardment, of 18F on the glass liner. The
liner was assayed using a large re-entrant ionization chamber. By
washing on the bench with 20 ml of water, 65% of this 8p was recovered
in 19 ml, thus giving a recovered yield of 17.8 mCi/uAh. Two further
irradiations under similar conditions but with remote washing and re-
covery yielded 17.5 mCi/uAh and 17.0 mCi/uAh for a dry and a "wet"
liner respectively. Thus it is possible to carry out repetitive irradiation/
recovery cycles without drying the target or significant loss of the neon
filling. To maintain these yield figures at 30 uA it was necessary to
increase the filling pressure to 7 kgf/cm?, the design limit for the present
system. Above 35 pA at this pressure the yield begins to fall through
thinning of the target gas by the beam power. The longest irradiation
carried out to date was 20 pAh at 30 pA and a pressure of 7 kgf/cm?2.

318 mCi of 18F, at end of bombardment, in 19 ml of water were re-
covered. This corresponded to a yield of 15.9 mCi/uAh. The only radio-
chemical impurities detected in the 18F solutions from this system are
22Na 3.0 X 1074%, ¥V 6.7 X 1079% and "Be 2.3 X 107%%, all values being
the maximum observed and corrected to end of bombardment.

Preparation of 8F-DL-3-fluorotyrosine (VII)

The 18F solution is first reduced in volume to approximately 0.5 ml by
boiling in a 50 ml centrifuge tube while nitrogen is slowly bubbled in through

.a fine glass capillary. The diazonium tetrafluoroborate (Va) (130-150 mg)

is then added to the solution (after cooling) followed by the minimum amount
of 50% acetone/acetonitrile solution necessary to dissolve the salt com-
pletely (~1 ml). The solution is then left to exchange at room temperature
for about 1 h. After this time sufficient anhydrous sodium sulphate is
added to take up the water present and the solution is left for a further

5 min. ’

Part of the solution is then removed using a Pasteur pipette and added
to dry diethyl ether (45 ml) in a 50-ml centrifuge tube causing precipita-
tion of the labelled diazonium salt (Vb). The precipitate is separated by
centrifugation, and more diethyl ether (45 ml) is added followed by the
remaining acetone/acetonitrile solution and further acetone (~1 ml) to
wash the sodium sulphate. The combined precipitate is then centrifuged
off.

The labelled diazonium salt (Vb) is dried in vacuo at room temperature
and then decomposed to the fluoro ester by heating under vacuum in an oil
bath at 155°C. The dark brown tarry residue is extracted with hot toluene
(2X 2 ml) and this solution is chromatographed on a column of basic
alumina (grade 1) (4 X 1.3 ¢m) eluting with 10% chloroform in toluene.
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After elution and evaporation of the solvent, the 18¥-diethyl 3-fluoro-
benzylacetamidomalonate (VI) is left as a white solid. This is dissolved
in a little acetone and transferred to a 2-ml flask. The acetone is then
evaporated and the flask is fitted with a reflux condenser. Red phosphorus
(~ 10 mg) is added followed by acetic anhydride (0.3 ml) and the flask is
heated by immersion in an oil bath at 135°C. When refluxing has begun
55% Analar hydriodic acid (0.6 ml) is added dropwise through the con-
denser and refluxing is continued for a further 40 min.

After cooling the solution is diluted to 3 ml with water for injection,
and passed down an Amberlite IR4B (OH™ form)! ion exchange column
(6 X 1 cm) which has been previously prepared in and eluted with water
for injection. The fraction containing the activity is collected, neutralized
if necessary with a few drops of 2N sodium hydroxide, and passed through
a Millipore filter into a sterile vial.

Analysis

The product is analysed by ion exchange chromatography. In this
case a 30 uCi sample is applied to a 24 X 1.3-cm column of AG50W-X8
(Na+* form) 200-400 mesh resin eluting with a Mcllvanes standard
citrate/phosphate buffer at pH 7.6. The column output is connected via
0.15 mm i.d. ptfe tubing to a Cecil instruments CE 212 UV monitor
(270 nm) and then to a measuring cylinder. The connecting tubing is
viewed by a shielded Nal(Tl) scintillation counter (Nuclear Enterprises
Edinburgh Series). The output signals of both instruments are displayed
on a dual pen recorder, thus a continuous record of the mass concentra-
tion of the pfoduct and the radioactive concentration in the eluent is
obtained.

The mass concentration of the amino-acid inthe final solution is
determined by an absorbance measurement at 270 nm (after a 100-fold
dilution), by comparison with the absorbance of a standard solution.

DISCUSSION

The times and radiochemical efficiencies for two typical preparations
are given in Table I. The thermal decomposition of the diazonium tetra-
fluoroborate (Vb) to the corresponding fluoro-ester (VI) occurs with low
chemical yield because substantial tar formation takes place as in other
reactions of this type, particularly when the decomposition temperature is
high. Also, the maximum possible radiochemical yield in this stage is
25% because the activity is divided between the aryl fluoride and the other
product, boron trifluoride, in the ratio of 1:3. Both factors combine to
give a very low radiochemical yield of about 3.5% (corrected for decay)
for the desired product. However, the low chemical yield does not affect
the specific activity of the final product which is about 75 uCi mg-!
(starting from 100 mCi 18F). This is substantially higher than specific

' Before use the resin must be regenerated in the OH™ form by washing with 2N sulphuric acid,

2N sodium hydroxide solution and finally de-ionized water until the eluant is neutral, This serves to
remove soluble impurities from the resin,
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TABLE I. RADIOCHEMICAL YIELDS FOR
182 3-FLUOROTYROSINE PREPARATION

Starti
. ‘i;“"g Radiochemical yields (%) a Specific activity
Weight (Va) F
tivi of (VII)
(mg) activity ) . (uCi mg™")b
(mCi) Exchange Decomposition Hydrolysis
150 58 26.5 .1 83 19.4
130 102 48.5 3.6 86 76.8

# Corrected for decay.
b At time of despatch.
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FIG. 4. Elution behaviour of DL-3-ﬂuc;rotyrosine on a 24 x 1, 3-cm column of AG50W-X8 (Na+-form)
200~-400 mesh resin.

activities hitherto reported for other 18F-labelled amino-acids, and there
is probably room for further improvement. The proportion of activity
incorporated in the diazonium salt (Vb) appears to vary between 25 and 50%
when a period of 1 h and 130-150 mg of material are used. The total time
required for the preparation (after delivery of the 18F solution) is ap-
proximately 210 min.

Amino-acids may be conveniently analysed on cationic [14] or anionic [15]
ion exchange columns, and this method is valuable when working with
short-lived radionuclides. A typical chromatogram obtained by the
technique described in the experimental section is given in Fig.4. This
shows a major peak in both the activity and mass traces at an elution
volume of 22 ml corresponding to 3-fluorotyrosine. A smaller multiple
peak ~ 5% is also present in each trace at 7 ml from the partially hydro-
lysed intermediates. The u.v. spectrum of the product is identical with
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that of an authentic sample. If the time for hydrolysis is reduced to 20 min

the peaks of low retention time account for about 50% of the activity present.
The method described produces a DL-mixture of the amino-acid since

the asymmetric centre is generated in the hydrolysis stage. Resolution

of the isomers in a sufficiently short time is not at present practicable, but

advances in liquid chromatography might change this in future, for example

by the use of suitable optically active stationary phases [16, 17].
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DISCUSSION

C. MANTESCU: Did you try to use the fluorination of the diazonium
salt in liquid hydrogen fluoride?

A.J. PALMER: No. Hydrogen fluoride is an inconvenient compound
to use because of its corrosive nature. A
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Abstract

PREPARATION OF "*F-LABELLED FLUOROCARBONS FOR USE IN PHARMACODYNAMIC STUDIES.

For many years fluorocarbons, widely used components of aerosol propellents both for domestic and pharma-
ceutical use and known by a number of proprietary names including "Freon” and "Arcton”, were considered to be
inert. Recently doubts were cast on this belief and work is being carried out in many centres to investigate the
possible causes ofllshe reported toxicity. It was felt that labelled fluorocarbons would be of help in some in-
vestigations, and F was chosen as having physical properties most suited to the investigations envisaged ,

namely in-vivo distribution studies using a scinticamera and retention studies using a whole-body counter.
wF-labelled trichlorofluoromethane (“Freon-11") and dichlorodifluoromethane ("Freon-12") were prepared

using both silver fluoride Ag18 F and silver difluoride Angz. Ang and Ag"F2 were both labelled by lining
a neon-filled target vessel with carrier AgF or AgF,. After irradiation with 14 MeV deuterons the neon was
removed and the appropriate reactants added to the target vessel by vacuum transfer, the reaction then being
carried out at an elevated temperature. The reaction products were removed by vacuum transfer and purified
by radio-gas chromatography. The final product was then either diluted with air for rebreathing or transferred
by vacuum distillation to aerosol dispensers for placebo administration.

INTRODUCTION

Several chlorofluorocarbons are used as propellents in a wide variety
of aerosol generators both for domestic and pharmaceutical use. These
propellents are known by a number of proprietary generic names including
Freon and Arcton @, For example, the compounds CCly-, I are named
in this system as Freon-1n or Arcton-1n, For many years these compounds
have been considered to be pharmacologically inert {1, 2], but doubts were
recently cast on this belief and work is being carried out in many centres
to investigate the pharmacodynamics of these fluorocarbons in man and
animals [3-5] . It was felt that labelled fluorocarbons would be of help in
some investigations, Fluorine-18 was chosen as having physical properties
most suited to the investigations envisaged in man, namely-in vivo distri-
bution studies using a scintillation camera and simultaneous retention
studies using a whole-body counter. Some work has been reported where
38C1 was used as the label [5] but its high gamma-ray energies of 1.60 and
2.17 MeV make it unsuitable for use with most imaging devices, in particu-
lar an Anger-type scintillation camera,

In the present work the method of administration to man was by means
of a placebo aerosol drug dispenser of the Riker Medihaler ®type, in order
to fully simulate certain clinical situations. Animal experiments were to be
carried out using dilute mixtures of labelled fluorocarbons in air,

A direct synthetic route was chosen for the preparation of labelled
Freon-11 and - 12, CCIl4F and CCl,F,, using fluorides of silver {6, 7] as

411
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the fluorinating agent. Preliminary investigations into recoil or hot-atom-
labelling techniques using carbon tetrachloride/neon mixtures did not give
promising results presumably because of the high radiation dose deposited
in the target filling during ¥F production,

Fluorine-18 was introduced into the silver fluorides by an indirect
method. Neon gas at 3.5 kgf/cm? was irradiated with deuterons in a static
gas target, the inner walls of which were coated with fluoride. The hot
atoms produced by the 20Ne(d,)8F reaction interact with the target walls
resulting in the production of appreciableé amounts of labelled silver fluorides,

The silver fluoride or difluoride layer was prepared fresh for each
bombardment, and to facilitate this the target (Fig.1) was fitted with a
removable copper liner, silver plated on its inner surface, This liner
was removed from the target for coating with the fluoride, and then
replaced, A quick-release Triclamp (® was used to seal the removable back
plate and a gauge was provided so that the pressure conditions inside the
target could be continuously monitored during filling, irradiation and sub-
sequent reaction stages,

After the irradiation the target vessel was evacuated and a suitable
organic reactant (~2g) introduced. The sealed vessel was then heated
to temperatures of up to 170°C for 40-50min, when 18 F-labelled fluoro-
carbons were produced by heterogeneous gas phase reaction, chemical
yields of up to 90% (based on starting organic compound) and radiochemical
yields of up to 40% (based on estimated starting activity) being obtained, as
detailed in the following reactions:

2Ag8F +CCl,Br ——2C + AgBr-AglF+CCl,F (1)
2Ag8F +CCl, SA8O-1CC . AgCl. Agl8F+CCl, BF (2)
2Ag®F, +2CCl,F  28M0C L opgl8R+2CCl, 8K, +Cl,  (3)

FIG.1. Apparatus used for chemical reaction: 1. Aluminium pressure vessel, target 45-cm long, 6-cm

diameter; 2. Silver-plated copper tube coated internally with silver fluoride or difluoride; 3. Beam entry
window, 0.050-mm stainless-steel; 4. Reactant carbon tetrachloride; 5. Electrothermal ® heating tape;
6. Ladish ® quick-release clamp; 7. Product recovery trap. :
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For the production of Freon-11, reaction (1) has certain disadvantages.
Bromotrichlormethane readily decomposes on heating, and significant
amounts of the highly toxic compound carbonyl chloride (phosgene) are
produced in the reaction. Reaction (2) does not suffer from these disad-
vantages and so is used routinely for the preparation of Freon-11. Freon-11
does not react under the same conditions at a significant rate with silver
fluoride to give Freon-12; therefore the more reactive difluoride,

reaction (3), is necessary.

In preliminary studies of these reactidns, samples were withdrawn
during the course of the reaction and analysed by radio-gas chromatography,
so that the optimum reaction times could be determined. For routine
production, after allowing the reaction to proceed for 40-50 min, the
volatile products were distilled out of the reaction vessel into a cold trap.
The desired product was isolated using preparative scale glc, when it
was recovered from the helium effluent in a glass trap at -196°C. If
necessary it was diluted with carrier on a glass and Teflon (® vacuum
line, and a small sample transferred to a tared ampoule for specific activity
determination, After this the required mixture of labelled and unlabelled
Freons was made up in a modified Riker aerosol dispenser. Finally the
dispenser was tested before clinical use.

EXPERIMENTAL i

Target system for 18F production

Fluorine-18 was produced from neon by the 20Ne(d, «) !8F reaction, C. P.
Neon being contained in the target vessel shown schematically in Fig. 1.
Preliminary irradiations of the target with a glass liner with 0.25 mm
aluminium end cover foils and a neon-filling pressure of 3. 5 kgf/cm? yielded
28 mCifuAh for a 2 uAh irradiation with 14 MeV deuterons at a beam
current of 20-25 4 A [ 8].

A copper liner (Fig.1.2), electroplated with silver internally to a
thickness of 0.1 mm, was used to support the inorganic fluorinating agents
which were to be labelled. This liner was introduced into the target from
the back and the back plate secured by a quick-release clamp (Fig. 1. 6).

The target was also used as the reaction vessel, it being heated electri-
cally at this stage.

Silver fluoride preparation

Two methods were used to coat the inside of the silver-plated tube
with silver fluoride,

Evaporation of aqueous silver fluoride solutions

This method was used for most of the work when preparing Freon-11.
25% aqueous silver fluoride solution (25 ml) was evaporated under vacuum
on to the liner while it was rotated and gradually heated with hot air to
50°-70°C., A schematic layout of this system is shown in Fig, 2. The appa-
ratus consisted of a rotary evaporator with Teflon vapour duct and liquid
nitrogen cold trap. The target liner was attached to this apparatus and
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FIG.2. Apparatus used for coating target liner with silver fluoride: 1. Copper tube (45-cm long, 5-cm
diam.), silver-plated internally (0. 1-mm thick); 2. 25% Aqueous solution of silver fluoride; 3. Rotary
evaporator with Teflon liner; 4. Vacuum-tight end fittings (polythene); 5. Cold trap (liquid N,).

Electrolytic ?D\ Furnace
F,_Generator

L 05 Target Liner SOT,
- /A - 7k
H, _

\® PTEE. PARTS.
\@ 2 $ SCALE IN cm

N,

FIG.3. Apparatus for the preparation of silver fluorides inside the target liner: 1. Anode, nickel;

2. Cathode, and containing vessel, mild steel; 3. Mild steel lid (insulated from both electrodes) and
skirt to separate anode and cathode chz;mbers; 4. Electrolyte, KF.2HF, maintained at 80°C: 5. Safety
lute filled with KEL-F®oil; 6. Silver-plated copper tube mounted in furnace; 7. Teflon-sealed end

caps; 8. Gas control valves, Teflon barrel in copper (modified Rotoflo ® valves); 9. Connecting tubes
for fluorine gas, copper 5-mm i.d.

sealed by means of polyethylene plugs with neoprene "O'"- rings, and was
supported on rollers to facilitate rotation, This method resulted in a
non-uniform deposit of silver fluoride of damp appearance, the colour of
which varied from yellow to dark brown,

The reaction of heated silver with fluorine

A schematic layout of the system used is shown in Fig, 3. The silver-
lined tube was purged with dry nitrogen and a small flow of fluorine then
allowed to enter the tube until it was detected strongly at the outlet (moist
potassium iodide paper), The fluorine was generated in a small electro-
lytic cell which had nickel anode and mild steel cathode. Other compo-
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nents were steel and Teflon and the electrolyte was the salt KF. 2HF main-
tained in a molten state at 80°C {9, 10| . The fluorine was conducted through
9 mm-bore copper tubing and copper taps with Teflon plugs. After filling
the tube it was heated to 150°C, and the contents were sampled occasionally
using KI paper by allowing a small volume to be purged by the nitrogen
supply. When only traces of fluorine were detectable at the outlet the heat-
ing was stopped. The tube was then purged with nitrogen to waste until
cool, The resulting silver fluoride appeared as a quite uniform greenish
yellow layer. The quantity of the fluoride present, however, was unknown,
After preparation the lined tube was handled under nitrogen,

Silver difluoride preparation

The silver-plated target liner was coated with silver difluoride using
fluorine in a similar way to the preparation of the monofluoride described
above, except that the temperature of the silver was raised to 350°C and
the fluorine was passed through slowly until excess reagent was detected
strongly at the waste outlet, After preparation the coated liner was handled
under nitrogen as above.

Labelling of the silver fluorides with 8F

The coated liner, prepared by any of the above methods, was introduced
into the target vessel. In the case of fluorides derived from fluorine this
procedure was carried out under dry nitrogen. The target was then evacuated
and filled to a pressure of 3,5 kgf/cm? with CP Neon, Irradiations of the
neon were carried out with 14 MeV deuterons at beam currents of up to
25uA. No attempt was made to measure the total activity of silver halide
produced,

Synthesis of 18F-labelled Freon-11

After irradiation the neon was released, the target evacuated, and
heated t0160°-170°C. Spectroscopic grade carbon tetrachloride (1.5 ml)
was then transferred via the target valve into the target/reaction vessel.
The temperature was maintained for 40 min, and then the reaction vessel
was connected to an evacuated trap (Fig.1.7) which was cooled to -196°C,
When most of the target contents had distilled into the trap (1 min) it was
opened to vacuum and the trapping-out procedure continued for a further
5 min, The trap was then isolated and the contents carefully melted and
refrozen to obtain a concentration at the bottom of the trap. After allowing
the pressure to rise in the trap it was dismantled and toluene (0.5 ml)
added to simplify further handling procedures.

Synthesis of F-labelled Freon-12

A procedure analogous to that adopted for Freon-11 was used, the main
differences being the use of labelled silver difluoride and inactive Freon-11
as the starting materials, Although a detailed study of the temperature/time
course of the reaction has not been undertaken, labelled Freon-12 was ob-

served as the major condensable reaction product after 30 min
at 160°-170°C,
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Purification of the 8F_labelled Freons

The compounds were separated from the crude reaction mixture by
preparative gas liquid chromatography using a 22 ft X 3/8 in. (6 mX 10 mm)
aluminium column of 20% SE 30 on 30-60 mesh chromosorb W operated at
60°C with a helium flow rate of 100 ml/min (injector 150°C, thermal
conductivity detector 150°C). The effluent was passed through an unheated
length of 2 mm ID Teflon tubing supported over a shielded Nal(Tl) scintil-
lation counter, A simultaneous mass and radioactive concentration record
was thus obtained. The crude product at -8°C was taken from the cooled
trap (Fig.1.7) using a 5 ml Hamilton type 1005 " Gas Tight'', glass and
Teflon syringe, and applied to the glc injector via a tap and large bore
dwelling needle. A typical preparative chromatogram is shown in Fig. 4.
The Freon-11 and -12 are eluted well before the other components of
the mixture, carbon tetrachloride and toluene. The desired product, in
this case Freon-11, was recovered by placing a small glass trap (Fig. 5A)
at the radiation detector outlet, and cooling it to -196°C as the product
was being eluted, Freon-12 may be purified in an analogous fashion al-
though more care is necessary in handling the crude product before and
during application to the column, since the boiling point of this compound
is lower than that of Freon-11,

]
Freon 1 _Freon— 11
-12

Mass Trace

0 ’ 10 20
Time (min)

FIG.4. Separation of ' F-labelled Freon-11 from the crude reaction mixture by preparative gas liquid
chromatography (after the addition of 30% toluene carrier, conditions as described in the iext).

RADIOCHEMICAL ANALYSIS

Analytical chromatograms were obtained for the crude reaction mixtures .
and purified products using a 5 ft X 1/8 in (1.5 mmX 3 mm) stainless-steel
column of 80-100 mesh Poropak-Q programmed from 160°C to 230°C (injec-
tor 160°C, detector 240°C). A typical mass trace of the crude reaction
mixture from a Freon-11 preparation (2 ¢l injected on to the column) is
shown in Fig. 6. In preliminary experiments the products were identified
by infra-red spectroscopy and analytical glc, by comparison with authentic
samples, '
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FIG.5. Vacuum system used for dispensing *F-labelled Freons: 1. Rotoflo ® taps; 2. Vessel for storing
Freon-12; 3. Pressure gauge, 0-400-mm Hg; Inset A: glc trap containing Freons-lsF, inset B: Assembly

for filling aerosol vial; 4. Connector from Bl0-cone to vial neck (stainless-steel); 5. Vial; 6.

seals.
0 Time 10 {(min) 20
1 T
Air Peak
Co,?
Freon - 12
Freon—-11 Toluen
|
Isothermal 170 180 190 200 210 220 230
160°C

Temperature (°C)

"O"-ring

FIG.6. Analytical gas chromatography of Freons; trace shows a typical crude Freon-11 reaction mixture,

conditions as described in the text.

After the desired product had been collected in the trap (Fig. 5A) at
the chromatograph output, the trap was quickly transferred to a vacuum

line (shown schematically in Fig. 5).

A small preweighed ampoule (Fig, 7C)

was also attached to the vacuum manifold and a small fraction of the product

distilled into it. The radioactive content of this container was then estimated

using a calibrated re-entrant high-pressure (20 atm) argon-filled ionization
chamber type 1G 12, Finally the container was weighed, Thus a direct
estimate of the specific activity of the product was obtained,
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Glass Vial ‘)) (’7\Socket
\ \r( BI0
§ | - Stem Groove ﬂi
| —Metering Tank lI’ Ro(oflo
I—Stem Orifice S/Steel Outer (RTZ/‘CI/IJ)
—— Stem / Container
Mouthpiece TS em

A [] C

FIG.7. A. Cross-sectional view of assembled aerosol spray unit containing iabelled Freon, inverted for
use and with the valve open,

B. The stainless-steel container, vial and valve assembly shown partially assembled.
C. Ampoule used for handling liquid labelled Freons, e. g. for weight determination.

PACKING AND DISPENSING

Animal investigations were carried out using air/fluorocarbon mixtures,
These were prepared by evaporating weighed amounts of the fluorocarbon
from the ampoule (Fig.7C) into the chamber in which the animals were being
exposed. For the investigations in man it was necessary to fill a clinical
aerosol dispenser. The Riker clinical dispenser, the Medihaler ® is widely
used for the aerosol administration of pharmaceutical products (e. g. Isopren-
aline for treatment of asthma), and was chosen for this study.

The main components are a thin-walled aluminium canister, a lid
assembly with Spraymiser ® metering valve and an outer plastic holder/mouth-
piece. The valve is contained in a sub-reservoir which ensures that it is
charged with liquid Freon, * A groove at the upper end of the stem allows
the pressurized liquid to pass from the canister via the sub-reservoir into
the metering tank which also houses a return spring.

When the canister is pressed into the holder the groove in the stem
moves out of the metering tank and thereby isolates its contents (a measured
dose) from the canister. This movement at the same time allows the small
hole at the lower end of the stem to enter the metering tank. This provides
an outlet for the measured dose which passes into the mouthpiece. When
downward pressure is released the spring returns the stem to its former
position and the tank refills,

In order to administer labelled fluorocarbon mixtures to human volun-
teers, a container of similar external appearance and operational charac-
teristics was necessary. The thin-walled canister was replaced by a
stainless-steel container (Fig.7A, B) of identical external form, This
had a central well in which the small glass vial (Fig. 5.5 and Fig.7) closely
fitted. A Teflon collar was used to fill the dead space around the neck of
the vial. The Spraymiser valve assembly and lid was used to complete the
device, but was modified by the omission of the small sub-reservoir,
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A recommended filling mixture for such a dispenser is Freon-12
(2 parts) Freon-11 (1 part by gas volume). The filling was carried out
on the vacuum line shown in Fig. 5. The manifold section was filled to a
suitable pressure with the labelled product which was then condensed into
the vial, The amount introduced into the vial was determined from mano-
meter readings. The inactive constituent was introduced by the same pro-
cess. The vial was then rapidly transferred to the stainless-steel con-
tainer while the contents were still frozen, and the valve assembly crimped
on together with its sealing "O" ring. A leak test was then carried out
by immersing the assembly in water, followed by discharge tests into
1-litre flasks with rubber septa, A needle adaptor was temporarily fitted
to the Spraymiser valve to achieve this, The labellied fluorocarbon content
of the flask was measured using a re-entrant ionization chamber thus giving
a close estimate of the activity. This figure together with that for the spe-
cific activity enables the mass of fluorocarbon administered to the subject
to be determined. In addition, the chemical composition of the mixture in-
side the aerosol dispenser may be checked by gas chromatography of a
sample taken out of the flask,

DISCUSSION

The production rate of 18F from neon by the 20 Ne(d, «)!8F reaction with
15 MeV deuterons is far greater than that using 30 MeV alpha particles in
the 180(a, pn) 18F reaction, The results obtained suggest that a very large
proportion of the ¥ F product nuclei are caught in the silver fluoride lining
and are available for synthetic incorporation,

The volume of 25% aqueous silver fluoride solution used was chosen
in order to be sufficient to cover completely the interior of the liner on
evaporation, while at the same time providing a reagent of sufficiently high
specific activity when it was labelled. Reaction of fluorine with silver
metal produces a much smaller amount of uniformly distributed silver
fluoride and consequently could be used to produce labelled Freons with
higher specific activities altﬁough this was not necessary for the
present application, )

Reaction at 170°C of carbon tetrachloride and silver fluoride produced
by evaporation always resulted in the production of small amounts of Freon-12
(< 5%). However it was necessary to use silver difluoride and Freon-11
in order to produce 18 F Freon-12 at a satisfactorily high rate at this
temperature (near the maximum attainable using the present target/reaction
vessel). For repeated use a silver metal tube would be desirable since
the silver layer on a plated tube is soon exhausted. In both types of reaction
the aluminium vessel served adequately although it was not ideal because
of corrosion problems. A nickel target would probably be more satisfactory.

It should be noted that the maximum attainable radiochemical yield in
these reactions with silver fluoride is 50%, Silver fluoride forms molec-
ular compounds with other silver halides produced in the reaction with
organic halides. These contain and immobilize one equivalent of silver
fluoride (reactions 1-3) [7]. The times and radiochemical efficiencies for
several preparations of 18F-labelled Freon-11 are given in Table I. All
the production runs listed were carried out using silver fluoride produced




420 CLARK et al.

TABLE 1. RADIOCHEMICAL EFFICIENCIES FOR ¥F-FREON-11
PREPARATION

c. ; o S Total time
Int. beam R . Activity Radiochem. Specmc activity |
Reaction times is ) 18 for preparation
current . F-CFCly yield F-CFCl, P
Ab (min) (mCi) 2 ) (uCi mg-1) and purification
(uAh) [ g (min)
S 40 17 (67) 18 - 10.0 121
10 S0 50 (81) 30 20.7 129
10 - 50 45 (89) 41 - 117
15 S0 55 (98) 24 23.4 122
20 45 76 (13) 21 35.4 115

2 The figures in brackets are the time after E. O. B. (min).
After glc purification.

by evaporation of aqueous solution, This resulted in the production of up
to 76 mCi of impure 18F Freon-11 (from a 20uAn bombardment) approxi-
mately 70 min after E. O, B, Purification by preparative scale glc took a
further 40 min, producing a final product of specific activity ~354Ci mg ™!
ready for packaging for clinical use,

The chemical conversion of carbon tetrachloride (2.2g) was usually
~80%. Dilution of the product to a volume of ~3 ml with toluene enabled
purification to be accomplished by a single preparative glc injection. The
trapping efficiency at the glc outlet was~ 90%, handling losses which did
occur being mainly during transfer of the solution from the trap to the
syringe. A system of direct transfer from the trap to the glc inlet port
would be desirable,

CONCLUSION

The preparative methed described above yielded gas chromatographically
pure !8F.labelled Freon-11 of specific activity of 20-30 uCi mg ! at time of
dispatch for clinical use, This was sufficient to provide satisfactory count-
ing statistics and scintillation camera pictures when measured doses were
administered to human volunteers from the modified Riker Medihaler dis-
penser. The results of investigations in man and rats will be published
elsewhere.

The fluorination method described is of general application and could
be used to prepare other volatile 18F-labelled compounds, Its use in the
preparation of polar involatile 8F compounds, e, g. amino-acids or steroids,
would be more difficult, In particular it would be necessary to produce the
silver fluorides on a smaller scale and with much higher specific activities.
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A method for the preparation of flurine-18 labelled me-
tal fluorides and organic diazonium tetrafluoroborates 1s

described. F is produced using a dynamic neon gas
target system. The compound to be labelled is supported
on a glass fibre filter paper which is mounted in the
gas stream externally to the target vessel. The greatly
improved specific activities of the product amino acids
which may be obtained using this system are due to two
factors. Firstly very much smaller starting amounts of
the diazonium tetrafluoroborate may be used compared
with previously reported methods. Secondly, the times
required for chemistry following irradiation have been
substantially reduced.

INTRODUCTION

In recent years considerable effort has been directed to-
wards the synthesis of 18F labelled organic compounds, with a
view to their possible use as organ scanning agents. However,
no compound has yet been prepared that has yielded encouraging
results in clinical trials 1 Amongst the reasons for this are
possibly thé choice of compound, Or insufficiently high spe-

cific activity. In addition to other types of compounds, there

x
On temporary leave from the Laboratory of Labelled Compounds,
Institute of Atomic Physics, Bucharest, Romania
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are several references to the preparation of 18F labelled amino
acids in the literature _S. Previously reported work has pro-
duced 18F labelled amino acids with specific activities of
10-100 uCi mg-l /after chemistry/ using aquecus solutions of

18F produced from either water 2.3

Oor neon gas targets

We_now wish to report some prelimipary results obtained
from a recirculatory neon gas target system, similar to that
used for 43K production 6, in which several non-volatile
compounds containing ionic or potentially ionic fluorine atoms
have been labelled at high specific activities /5-10 mCi mg—l
at end of bombardement, eob/. Potassium fluoride, antimony
trifluoride and six aromatic diazonium tetrafluroborates have
been successfully labelled.

The inorganic fluorides may be used for introducing 18F
into non-aromatic compounds by the nucleophilic displacement
of another halogen or a good leaving group /e.g. tosylate/.
The reactions are carried out in anhydrous aprotic solvents
e.g. DMSO, DMF, acetonitrile and hexamethyl phosphoramide
/HMPA/. After about 1 hour reaction at reflux temperature, the
mixture is cooled, diluted with water and the organic compounds
extracted into ether or chloroform. Model compounds used have
included bromocyclohexéne and l-bromoadmantane.

The diazonium salté labelled by this method may be pre-
cursors of useful synthetic intermediates e.g. /fluorobenzoyl
chloride/, or the fluoro-analogues of useful bio-organic sub-

strates /e.g. amino acids, Table 1/. We have prepared 18F

labelled p- and m- fluorophenylalanine [III a,b/, 18F-3—

. fluorotyrosine [IIIc/, 18

185

F-5- and 6-fluorotyptophan /III d,e/

and -p-fluorobenzoic acid using this target system.
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TABLE 1
18

‘Preparation of

COOEt A COOEt
g%4N2—ArCH2——4<E-NHCOR ——+>-XF—ArCH2——4<E-NHCOR —

F-labelled DL-amino acids

COOEt COOEt
1/a-e/ II/a-e/.
: H,0°% COOH
B or
§j _iﬁja_*F-Arcnzcn//
i OH SN
AL 2
2 III/a-e/.
Ref. Precursors [I/ Amino-acids /I1I/. Lit.
a,p COOEt //COOH
{ §>cuz-——<£.NHAc ;£;>Fc32ca\\ /2,3]/
b,m BF 4N, COOEt F NH,
COOEt _ COOH
c CH,0 CH, —<— NHAc Ho/ N\ CH2CH<g
i COOEt ¢ NH, 131
BF 4N,
d4,5- , COOEt //coon
BF4N2E:]rUCH2-—<i:-NHCHO - CHZCH\\\ /4]
N COOEt a8 NH,
Ac ¢ X
e,6-

The diazonium salts are decomposed to give the correspond-
ding fluorocompounds by heating in an inert high boiling sol-
vent such as xylene, dichlorobenzene or diphenyl ether. These
latter cémpounds=a¥e purified by adsorption chromatography,

and then converted tb the desired products by further chemical

reactions as necessary.




CLARK et al.: THE PREPARATION OF FLUORINE-18 LABELLED COMPOUNDS

Target system

Irradiation of C.P. neon with 15 MeV deuterons produces

a reactive carrier free 18F— containing species ia the gas

phase, by the 2°Ne/d,(1118F reaction. Since air is not rigor-

; ously excluded from the system and it has been shown that only

compounds containing exchangeable fluorine atoms may be label-

led, the activity is probably present as NOXF or - O,F and not

2
.F. The species has sufficient stability to be transported via

ptfe tubing to a filter where a suitable fluoro-compound [5-20
18

B mg/ will incorporate a large proportion of the F activity.

The design of the system was dictated by the properties

of the 18F species. It is rapidly removed from the gase phase

o1 by aluminiﬁm; slowly removed by nylon, perspex,; brass and glass;

and is apparently inert towards ptfe and silver [all at 30—90°C/.
The cylindrial aluminium target vessel [45 x 6 cm, see
Fig.l/ has a borosilicate glass liner connected to 2 mm I.D.

3 Filter Holder.

TSI ITIITITTIT I A IS
[T R N

d /K" 2 \1— ~ 7= X5
e .

2222222l 2222

Target Vessel.

- Pump.

Fig.- 1. Schematic diagram of the target system.

/1-Beam inlet, stainless steel 0.05mm, 2-Gas flow,
3-Borosilicate glass liner, 4-Inert supporting disc,
5-GFA backing disc, 6-GFA disc and ‘fluoro-compound,
7-pPtfe lines with brass connectors, 8-Thermocouple
probe, 9-Pre-filter for target inlet gas/

104




CLARK et al.: THE PREPARATION OF FLUORINE-18LABELLED COMPOUNDS

ptfe tubing as shown. The system is evacuated to “1 mm Hg and
then filled with CP-grade neon to a pressure of 4 kgf.cm“2
and tune gas is circulated at a flow rate of ™10 litre/min

A | at 4 kgf. cm-zl by means of a Compton oil-free diaphram
pump, type 415 IE® with 0.25 HP motor.

‘Most irradiations to date have been carried out at beam
currents of 5-1lo pA. The maximum beam current is determined
by two factors, the first of which is the pressure of the neon
in the system. It is desirable that the beam is completely at-
tenuated before it reaches the back of the target, favouring
a high pressure, but the maximum operating pressure is deter-
mined by the pressure rating of the pump. The second is the
temperature of the gas entering the filter holder which must
be kept below 100°C since diazonium tetrafluoroborates are
temperature sensitive compounds.

The compound to be labelled /5-20 mg/ is coated onto a
type GFA glass fibre filter paper /Whatman Ltd./, 3-5 cm in
diameter. To achieve this the compourd dissolved in a suitable
solvent/ ~1 ml/, namely water for potassium fluoride, ethanol f
for antimony trifluoride and acetonitrile for the diazonium
tetrafluoroborates, is applied to the filter element and the
solvent allowed to evaﬁbrate. In the case of potassium fluori-
de the filter is dried at 120°C for 1 day before use. After the
bombardement the GFA filter paper is removed from the filter

unit and used without elution of the labelled fluoro-compound

® Dawson, Mc. Donald and Dawson Ltd. Ashbourne, Derbyshire,
England
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from it. The filter paper is merely crumpled-up and introduced

into the reaction mixture.

Preparation of l8F—labelled DL amino acids:

The diazonium tetrafluoroborate [10-20 mg/ is labelled
as described above. After bombardement the labelled product,
I/a-e/, still on the GFA filter paper} is decomposed in diphenyl
ether /biphenyl /Dowtherm A3 ml/ at 160-200°C. Decomposition
is complete within 10 min amd the resulting fluoro-ester, II/a-e/
now in solution, is purified by chromatography on basic alumina,
eluting with 10-50% chloroform in toluene. The conditions for
the final stage, namely hydrolysis to the free amino acid, III/
ja-e/, depend upoen the particular compound. Compounds II/a,b/are
heated in 13N sulphuric acid at 170°C for 30 mins® and II/c/ is
refluxed in hydriodic acid/red phosphorus/acetic acid for 40
mins4. Compounds II/d,e/ are refluxed in 2.5N sodium hydroxide
for 60 mins, treated with conc. hydrochloric acid to pH 1, and
refluxed a further 10 mins.3

The final product is deacidified using IR4B/O§/ resin, or
alternatively in cases [a}b,d and e/ desalted using Poropak
Q7. Radiochemical analysis of the product is by means of the tlc
on silica gela, or by ei;her high9 or low2'4pressure ion ex-
change chromatography, and the specific activity determined
by ionisation chamber assay and U.V. spectrophotometry2'4.Data

for several typical preparations are given in Table 2.
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Many of the ideas concerning this target system were based

on information supplied by Dr. Nozaki of the Institute of

Physical and Chemical Research, Wako Shi, dapan, who has used

2 similar approach to lBF labelling procedures.
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Williams, Faith M., Draffan, G. H., Dollery, C. T., Clark, J. C., Palmer, A. J., and
Vernon, P. (1974). Thorax, 29, 99-103. Use of “F labelled fluorocarbon-11 to investigate
the fate of inhaled fluorocarbons in man and in the rat. The distribution and elimination of
®F labelled fluorocarbon-11 has been followed in a group of rats killed after air breathing
following six minutes’ exposure to *¥F fluorocarbon-11. Whole body and individual organ
count rates were measured. In four volunteers the fate of 18F labelled fluorocarbon-11 was
followed by both whole body counting and gamma camera measurement of the activity in
the lung and mouth region after inhalation from a specially loaded aerosol dispenser.

In the rat there was a high initial level in high blood flow organs and in the adrenals and fat :
the level in blood and high blood flow organs fell rapidly. Elimination from fat was slow
but the adrenal level had fallen within one hour. The fall in whole body count rate was
similar to that in fat.

In man,.he fall in lung concentration was consistent with rapid uptake into tissues followed
by slow elimination; the whole body count rate curve also indicated slow elimination. There
was no evidence of deposition of droplets of fluorocarbon in the mouth region after use of the

aerosol.

The present investigation was undertaken as part
of a series (Draffan, Dollery, Williams, and Clare,
1974) designed to evaluate the hazards that might
arise from the fluorocarbon propellants®used in
pressurized aerosol products for the treatment of
asthma. The aim was to determine the absorption,
distribution, and elimination of fluorocarbons in
man and rat.

The levels of fluorocarbons-11 and -12 (F-11,
CCLF; F-12, CClL,F,) in arterial and venous blood
and alveolar air have been measured in man
following the use of an aerosol inhaler (Dollery
et al., 1970; Paterson, Sudlow, and Walker, 1971;
Dollery et al., 1974; Draffan er al., 1974). Imme-

1Present address: Department of Nuclear Medicine, Charing Cross
Hospital, London

Requests for reprints to: Dr. C. T. Dollery. Royal Postgraduate
Medicat School, Du Cane Road, London W12

diately after use of the inhaler the concentration of
fluorocarbon in arterial blood rose to a peak and
then fell again, initially rapidly and then more
slowly. The slow phase probably reflected elimina-
tion of fluorocarbon concentrated in the tissues and
fat deposits. Morgan, Black, Walsh, and Belcher
(1972) investigated the retention of 3Cl fluoro-
carbon after inhalation of the vapour, by counting
the expired gas, and drew a similar conclusion.

These studies were made with cyclotron pro-
duced F fluorocarbon-11. ¥F has a radiation
(51 KeV) suitable for external detection and a
half-life of 110 minutes. The count rate/time
curves of the whole body and specific organs in
rats exposed to F fluorocarbon vapour were
measured. In man, distribution and elimination
were followed by whole body counting and use
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of a gamma camera after inhalation from a
specially loaded aerosol dispenser, similar to that
used by patients with asthma.

METHODS

PREPARATION OF FLUOROCARBON-11 LABELLED WITH Bf
(described in greater detail by Clark, Goulding, and
Palmer (1973)) Fluorine-18 was prepared as silver
fluoride by the cyclotron irradiation of a vessel filled
with neon and lined with carrier silver fluoride. The
nuclear reaction used was #Ne(d,2)®F. After the
irradiation with 15 MeV deuterons the neon was
removed and CCl; was transferred into the target
vessel which was then heated to 170°C when the
following reaction proceeded:

170°C
CCl,+2Ag"¥F —— CCl, ®F + AgCl AgF

The target contents were removed after a reaction
time of 30-40 minutes by vacuum distillation into a
trap at —196°C. The contents of the trap were diluted
with toluene to raise the boiling point of the mixture
and thus simplify the subsequent handling of CCLF
(boiling point 23°C at 760 mmHg). This mixture was
then purified by radio-gas chromatography. Purified
samples of fluorocarbon-11 were recovered at the
chromatograph outlet by condensation at —196°C,
the specific activity being typically 20 xCi/mg at the
end of chemistry for a 10 gAhr irradiation.

Fluorocarbon-11 was diluted with air for rebreathing
by rats. For studies in human volunteers, it was mixed
with stable fluorocarbon-12, CCLF,, and transferred
1o an aerosol dispenser by vacuum distillation so that
one pressure on the dispenser released 50 mg fluoro-
carbon containiag 1 mCi 18F,

DISTRIBUTION OF 8¢ FLUOROCARBON-11 IN THE RAT
Rats (100 g male Wistar under light nembutal anaes-
thesia) were exposed to an atmosphere of 0:3% v/v
'8F fluorocarbon-11 in air in a sealed 20 litre Perspex
box fitted with a fan to maintain a uniform atmo-
sphere. The animals were removed after a 6-minute
exposure and killed by decapitation at 0, 15 or
60 minutes. (At O minutes the animals were killed
under anaesthesia while still in the fluorocarbon atmo-
sphere because of its rapid elimination from the blood
on breathing air.) Blood and tissue were rapidly
removed after death to sealed containers and counted
in a Nal (TI) well scintillation counter. The tissue
levels of fluorocarbon-11 at each time were calculated.
The whole body fluorocarbon content of a single rat
was followed by observing its whole body F activity
using a 6 X4 in Nal (T1) detector. The rat was retained
in a fixed geometry in a container which was ventilated
o waste by means of a fan to prevent the ac-
cumulation of exhaled activity. From a phantom
calibration of the whole body counter the whole body
content of fluorocarbor-11 was calculated. In order to
estimate the correction necessary due to surface
adsorption on the skin and fur a dead rat was simul-

taneously exposed to the fluorocarbon vapour and the
8F activity was estimated under similar geometric
conditions. The skin contribution was less than 19.

FATE OF 8F FLUOROCARBON-11 IN MAN AFTER NORMAL
ADMINISTRATION FROM AN AEROSOL DISPENSER This
was investigated in four healthy male volunteers who

were free of respiratory disease. The subject was. . -

seated and a gamma camera (Nuclear Enterprises
Mark 1II) was placed against the body. On the other
side of the subject at approximately 2 metres was a
single 6 X4 in Nal (T1) detector used to count radia-
tion from the whole body.
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FIG. 1. Decline of fluorocarbon-11 concentration Jrom
whole body and individual organs of rars in air, after
breathing F-11, 0-3% vollvol, for 6 minutes.
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Expired fluorocarbon was removed by enclosing
the volunteer’s head in a Perspex hood which was
exhausted by a vacuum cleaner.

After the volunteer had inhaled one puff from the
canister, he held his breath for five seconds, during
which time the canister was removed from the room
and the vacuum cleaner was switched on. The whole
body counter was switched on before the study and
the gamma camera immediately after the canister
had left the room. Volunteers were seated with back
to camera, with either lungs or neck region in the
field of view, or with side to the camera and neck
region in the field. The volunteer remained stationary
in the hood for two minutes during which time the
gamma camera was in operation. After this time the
volunteer relaxed within the hood but maintained a
constant position, and whole body measurements were
continued for 20 minutes. Frequent background
measurements were made with the volunteer removed
to check that no expired radioactivity remained in
the hood.

Data from the gamma camera were digitalized and
recorded on magnetic tape and subsequently processed
on a CDC 6600 computer (Vernon and Glass, 1971).
On the processed gamma camera pictures, areas were
delineated and the activity/time curves were obtained
for each area. The areas delineated were in the lung
and mouth regions.

Data from the whole body Nal (T1) detector

40 1 il
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O

F-11 pg/q tissue
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measured in counts per one second interval were
stored in a multichannel analyser and corrected for
background and decay. From a water phantom calibra-
tion the whole body content of fluorocarbon-11 could
be determined.

RESULTS

FATE OF ®F FLUOROCARBON-11 IN THE RAT The
levels of fluorocarbon-11 were measured in whole
blood, heart muscle, psoas muscle, liver, kidney,
spleen, lung, brain, adrenal, and fat. The levels
of fluorocarbon in tissues at 0, 15, and 60 minutes
after 6 minutes’ rebreathing fluorocarbon (0-3%
v/v) are shown in Figure 1. The rate of elimina-
tion of fluorocarbon from the heart and blood
was similar, with a constant ratio of 18 to 1.
Fluorocarbon-11 was also rapidly eliminated from
the other high blood flow organs, kidney, liver,
spleen, lung, and brain. The level in fat was greater
than in other tissues. The slow elimination of
fluorocarbon from the fat was similar to the fall
in whole body count rate (Fig. 2). It is of interest
that a high concentration of fluorocarbon-11 was
present in the adrenal at 0 and 15 minutes but
this had declined by 60 minutes.

e

BHLKSpluBrAdF M
Zero
Time after exposure to F-11

BHLKSpluBrAdF M

i i
BHLKSWBAIFM

15min 6O min

FIG. 2. Histogram showing the decline in individual organs in the same group of rats as in

Figure 1.

B=blood, H=heart, L=liver, K=kidney, S=spleen, L= lung, Br=brain, Ad=adrenal,

= fat, M=skeletal muscle.
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carbon concentration fell more slowly but had
reached a low value by 60 minutes. Elimination
from fat was very slow and had not reached half
the initial value by one hour. The slow rate of
elimination from fat must reflect a high tissue:
blood partition coefficient and a low blood flow
per unit mass of tissue. The blood:heart muscle
ratio, 1:1-8, agrees well with that found in vitro
using dog heart muscle (Dollery er al., 1974). Cox,
King, and Parke (1972) found that 97 % of a single
dose of fluorocarbon-11 given to a rat was expired
unchanged within six hours, indicating that the
radioactivity measured in our studies represents
unchanged fluorocarbon.

The whole body count rate in man initially fell
quickly. The final phase in our studies (t! range
12 to 20 minutes) was shorter than that observed
by Morgan er al. (1972), who measured expired
#¥Cl fluorocarbon-11 (t} approximately 100
minutes).

The profile of fluorocarbon elimination from
the lung indicated an initial transfer of the dose
to the blood stream and uptake by tissues and
later pulmonary excretion of fluorocarbon released
from the tissues and fat. The time course of
elimination from the lung observed using the
gamma camera was similar to the elimination from
alveolar gas measured by mass spectrometry
(Draffan et al., 1974). The absence of an early
peak and initial fall in count rate in the mouth
region suggests that fluorocarbon-11 was not de-
posited in the mouth as droplets. If droplets had
formed one w#ﬂd expect to see a rapid fall in
count rate with the first breath as the droplets
were volatilized and washed directly out of the
nmiouth.

The main factor influencing the elimination of
fluorocarbon-11 from the body is concentration in
fat depots. The slow release of fluorocarbon from
fat into blood should not prove any hazard to the
heart of man. The high concentration in the
adrenal gland must also reflect its lipid content.
Perfluro-n-hexane (C4F;,) can bind to microsomes

and in vitro can act as an inhibitor of oxidation
(Ullrich and Diehl, 1971). Fluorocarbon-11 (CCL,F)
will probably act in a similar manner. However,
it is improbable that a high concentration would
persist for long enough in man, after normal use
of an aerosol inhaler, significantly to inhibit the
formation of adrenal steroids.
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An External Counting Method for Regional
Measurements of Extravascular Lung Water!

F. Fazio?,J. C. CLark, P. D. BUCKINGHAM, C. G. RHoDEs, F. R. Hub-
SON, HAZEL A.Jones, T. Jones and J. M. B. HUGHES

Departments of Medicine, Medical Physics and MRC Cyclotron Unit, Hammer-
smith Hospital, London

Introduction

An estimation of extravascular lung water volume (ELWV) can be made
in vivo by the standard double indicator technique of CHINARD and EnNs [1].
This technique requires an injection in the venous side of the circulation of
a mixture of tracers, one non-diffusible indicator (NDI) or intravascular
reference tracer and the other freely diffusible in the interstitial spaces (DI),
and arterial sampling of the downstream dilution curves.

The downslope of each curve is then extrapolated in order to eliminate
recirculation, and mean transit time (MTT) is calculated.

The ELWYV is calculated as:

2 ELWV = (tp1 —tnp1)F,

where F is the water flow through the lungs (i.e. the water content of the
cardiac output) and tpy and typr are, respectively, the MTT for the DI and
for the NDI.

Indicators labelled with y-emitting radioisotopes have aiready been
used as intravascular tracers. On the other hand, the water tracer which is
commonly used 1s THO (tritiated water), a 8-emitter which cannot be detected
externally. For this reason, it requires arterial sampling and time-consuming
laboratory procedures for liquid scintillation counting. Qur aim was to

| Supported in part by grant 73.00490.04 of the Italian National Research Council.
2 On leave from CNR Laboratory of Clinical Physiology, Pisa, [taly. Recipient of
a Wellcome Trust Fellowship.
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develop a non-invasive method for the estimation of lung water by external
recording of dilution curves over the chest.

Therefore, we decided to substitute a y-emitting radioisotope for THO.
The y-emitting water tracer with the longest half-life H,10 (2.05 min half-
life, 511 keV energy) was chosen as the DI. Red blood cells labelled with C'!
monoxide (20.3 min half-life, 511 keV energy) were used as intravascular
tracers. Both isotopes were prepared in the MRC Cyclotron at Hammersmith
Hospital.

Methods and Results

Dogs anaesthetized with chloralose were studied in the supine and erect postures.
Injections of H,%0 and C'1O red cells were made via a catheter placed in the superior
vena cava, with an interval of approximately 5 min between injections. Blood was with-
drawn by a Harvard pump via two identical catheters simultaneously from the aorta (Ao)
and the pulmonary artery (PA) and allowed to flow through a coil in front of a scintillation
crystal. Time-activity curves, representing the input (PA) and the output (Ao) of the
pulmonary circulation, were recorded on a multi-channel analyser. Time-activity curves
for two 1egions of the right lung (apex and base) were also recorded externally by means
of probes collimated over the chest. To assess regional distribution of blood flow, *°[-
labelled albumin microspheres were injected. The animal was killed, the lungs excised,
dried, and sliced. Slices were counted and blood flow distribution from base to apex
expressed in counts per gram of dry lung.

Figure 1 shows regional time-activity curves for H,"*O and UCO-RBC
in a supine dog. The count rates and definition of these curves are sufficiently
good for regional lung water to be measured not only with the double extra-
polation technique, but also with the more sophisticated deconvolution pro-
cedures [2] required for the determination of the true frequency function of
transit times (and consequently the true MTT) for water in the extravascular
spaces of the lung.

Figure 2 shows curves from similar regions in a dog tilted head up for
about 3 h. Whereas the curves obtained from the bottom of the lung show a
steep downslope followed by a recirculation phase, the shape of the curves
recorded from the top are very shallow with recirculation poorly defined. The
latter resemble arterial dilution curves obtained from heart patients with
very low cardiac output [3]. In fact, the erect anaesthetized dog presents a
very large gradient of perfusion from apex to base of the lung. Figure 3
shows the distribution of blood flow per gram of dry lung in one erect and
one supine dog. Whereas the horizontal dog presents a reasonably uniform
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Fig. 1. Semilogarithmic plot of time activity curves recorded externally over the
chest in a supine dog after injection of tracers in the superior vena cava. On the right:
curves from a probe collimated over the base of the right lung. On the left: curves from
a probe collimated on the right apex. For each region two curves are shown: one obtained
after injection of the non-diffusible tracer, "*CO-RBC (open circles), and one obtained
after injection of labelled water (dots). In the supine position, both regions are at the same
gravity level and no gross regional differences are evident in MTT for each tracer.

Fig. 2. Same curves as in figure 1 but in an erect dog. The curves recorded from the
base (on the right) show a steep downslope followed by a recirculation phase, but the
curves recorded from the top (on the left) are shallow with recirculation poorly defined.
Estimation of extravascular lung water from the latter using the standard double extra-

polation technique can lead to gross errors,
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Fig. 3. Distribution of blood flow per gram of dry lung from base to apex in a
supine and in an erect dog, obtained by %I microspheres injection and postmortem
counting of dried lung slices. No significant differences of flow are present between base
and apex in the supine dog, whereas the erect dog has almost no perfusion in the upper
half of the lung.

distribution of blood flow per gram of dry lung, almost all the flow in the
vertical dog is confined to the lower third of the lung. This means that most
of the tracer is routed through those regions; therefore, the MTT of the
downstream arterial dilution curve reflects principally these high flow areas,
misrepresenting the MTT through low flow zones. This is, in our opinion,
one of the reasons for thé variable underestimation of the actual content
of water with the standard technique which relies on arterial sampling and
double extrapolation [4]. To resolve the true spectrum of transit times from
the lung for different tracers, the regional data should be deconvoluted by
the input function (PA curve) in the pulmonary circulation.
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Shortlived radioactive gases for clinicai
use by J. C. Clark and . D. Bucking-
ham. Rutterworths, London), 1975,
353 pp., £9-50

A considerable number of cyclotrons,
in many parts of the world, are now
being used in the regular production
of radioisotopes for medical work,
and when these cyclotrons are sited
within a hospital complex, one of the
anticipated anplications is in the use
ol short-hived  radioaciive  rases,
This monagraph, with nine chapters,
seven appendises, 30 tables  and
128 illustrations, provides an exhius-
tive technical account of mcthaods
developed Tor the production of
O, N, UC and radioisotopes of
the rarc gases. The work deseribed
derives latgely from -the  anthors®
cxtensive experience with the Medical
Rescarch Council Cyclotron  Unit
at Hammersmith Hospital, but Tor
completeness there is a short descrip-
tion of the techniques wiel elsewhere
for the prepacation of *'*Xe from
the fission products ol >,

The first Tour chaplers are con-
cerned with general techniques, such
as target dezign, gas handling and
the types of facilities used for clinical
measuremcnts; fdur chapters  deal
with individual radionuclides and a
final chapter with hazards and
precautions.  The  monograph s
intended primacily for the radio-
isotope  producer  and  cyelotron
operator; detailed eritical and coi-
patative accovnts  are  given  of
techniques ol prepacation and con-
structional delaiis of apparatus augd
ol measuring systems  with, in
essence, operating manuals for parti-
cular rccommended procedures. The
hazards that can arise are described
fully; they include the apposite and
alarming item that there is no
internationally agreed colour code
for gas cylinders and on the very
practical Jevel a  recommended
method for making up and storing
5N NaOH solution. The authors also
comment, in rclation to hazards to

" the patient (p. 317) ‘while it is the

responsibility of the clinician in
charge to ensuré that no patient
inhales any dangerous quantity of
toxic or inflammable gas, it behaves
all concerned with the use of such
gascs to be aware of the risks in-

)

volved® and peints out the dangers
that can avise from CO. HCN, ozone
and oxides of nitrogen, and from
mixtures of My and air. They remark
that “the clinical application ol **K ™

requires a certain amount of jn-
senuity’ and the book is a tribute to
the authors” own ingenuity in
designing  and  commissioning  so
witny techniques for the production
and use of these short lived gases.
However, it should be aoted  that
those who wish (o gain an overall
critical impression of  ihe present
scope of the clinical applications
and the role of the gases in diagnosis,
chinical tnvestigation or physiolo-
gical rescarch, will not find (he
answers in (s booi: they are
dirceted to the journal literature and
numerous references are provided.

Tt is a pity that so much skilt and
ingenuity cannat for the present find
many applications in the United
Kingdom, outside of the Hammer-
smith Hospital. Althouph the book
must he a warning o prospective
cyclolron users not to undcrestimate
the complexity of the techaiques
needed to exploit their potential in
the manufacture of the short-lived
radiouctive gascs, nevertheless with
such a detaifed guide now available
it is clear that many such users will
find the path smoothed for them by
the pioneering work reported here.
The book is well produced and
copiously illustrated. In relation to
the cost of a cyclatron, or indeed of
any one sample of radivactive
mlerial, the price is reasonablc,

N. G. Trotr

Active filters for integrated circuils by
Walter E. Heinlein and W; Hacvey
Holmes. Prentice-Hall International,
1974, 668 pp., £21

The subtitle of this volume is
‘Fundamentals and design methods’.
It is a textbook on the theory of,
the design of, the synthesis of and
practical problems with active flters,"

both discrete and integrated. Most

of it is devoted to linear active RC

filters and it is aimed at advanced
Students and practising engineers. -
Although basically a textbook it has
800d cross-references and a subject”
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Short-lived Radioactive Gases for Clinical Use. By ] (.
Clark and P, D, Buckingham, pp. xit § 353, 1975 (London,
Butterworth), £9-50.

This excellent monograph sets out in a clear and orderly
format the detaited  technology for producing pascous
radionuclides suitable for pulmonary function and other
clinical work. Inevitably it is a specialist's book, since
most doctors and physicists using radioactive gases are more
concerned with the clinical aspects of the subject than with
details of manufacture, vield, and desipn of processing
svstems for radiopharmaceuticals. Furthermorz a large
proportion of the book is devoted to the really “<hort-lived”
gascs, "Ny, 170, ""CO and HCO., which are of only acn-
demic interest to those not in close proximity to a cvclotron,
‘T'he authors devote hittle space to M3Xe, presumably be-
cause its technology is well known, but do give uscfui sec-
tions on 127Xe and '39Xe, and the radionuchides of krypton,
of which B1ICr™ has been shown to he of promise for regzronal
ventilation studics. A scction on dispensing and clhinieal
facilities brings the subject closer to the hospital department,
but if a multiprobe detector svstem is to be described n
such detail, is not a scintillation camera worthy of mention
also? IFor such a specialist book it seems unnecessary to hll
even a small chapter with the elements of nuclear physics,
but this happens too often in books concerned primanly
with the application of radioactive substances to medicine,

With its attention to detail, clear illustrations, and inclu-
sion of uscful appendices on mathematical analvsis this
book is of direct benefit to those working in a cvclotron unit
dedicated to clinical investigation. l'o those of us less for-
tunate it provides a comprehensive background to the
subject, and Ieads to a better understanding of the problems

of supplying hospitals with clinical radioactive gases..
D. M. ACKERY,
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Short-lived Radioactive Gases for Clinical Use. By J. C. CLark and P. D. BUCKINGITAN
(London: Butterworths, 1975) [Pp. xii+353] £9-50

When the decision was taken some 25 years ago to set up a medical cyelotron at. Hammersmith
Haspital it was envisaged that one of its uscful functions weuld be the production of radionctive
nuclides for medical research which could not be produced in a reactor. This promise was amply
fulfiled as evidenced by the construction of similar cyelotrons and accclerntors in medienl
institutes in many other countries. Tho short-lived gnses (11C, 13N, 130 and vacious isotopes of KKr
and Ne} provided the tools for some spectacular advances in clinieal physiology, and it is with the
production of these nuclides that this monograph is concerned.

The authors have condensed their considerable expertise and experience info a single valume
which covers in minute detail every step of the target preparation, hombardment, separntion,
purification. assay and dispensing of the various gases listed and some of theic siimple compounds.
The handling technicques, the equipment (much of it original and highly ingenious) and above all
the plumbing. are deseribed in eaual detail. There ean he no doubt that the proud owner of a new
cyclotron or other particle accelerator will find this book invalunble. Unfortunately, the paucity of
such individuals means that the book will never uchicve a mass imarket, though warkers in relnted
ficlds may bo able to profit by a spin-off process if they ure prepared to work through a lot of
matcerial which may not be immediately relevant {o their problem. For example, the 20-minute
HC, st present availuble as CO, or CO, could in theory be used in centres a few kilometres nway
from the cyclotron for the synthesis of o range of important organic compounds, and there may
well be scope for a separate monograph on this subject in the near future. 1 so, it will draw (o a
large extent on the techniques deseribed in the present volume.

Although the authors are concerned primarily with the production of short-hved radioactivo
gases, the increasing number of off-site users of some of these materials will find the volume to be a
useful veference source, particularly when it comes to quality control and measurement. The
standard of production of the hook is high, particularly the illustrations, and the price is modest by
today's standards.

N. Vearn
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KRYPTON-81m GENERATORS
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Methods for the production of rubidium-81 and subsequent pre-
paration of Krypton 81m gas and solution phase generator sys-
tems are briefly reviewed. Some aspects of zirconium phos-
phate generator operation and clinical application are discussed.

INTRODUCTION

Krypton-81m decays with a 13 sec half-life and emits 190 keV photons
in 65% of its disintegrations. It is the daughter of 81Rb which has a half-
life of 4. 58 hours.

Recent clinical interests have led to the exploitation of the very short
half life of 81mKr to obtain functional images of various orgaﬁs directly

from the scintillation camera during the continuous administration of
81

M r at constant concentrations
- Generators have beén developed for producing 81mKr in solution for
intravenous and intraarterial infusion as well as for producing gas for use

in lung ventilation studies.

The main factors to be considered in the preparation of these genera-
tors are:
| 1) Cyclotron production of useful quantities of the 81Rb parent

2) Generator design
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3) Chemical separation of 81Rb from the target material

4) Loading the generator with 81Rb

5) Procedures for testing the generator

In this paper these points will be considered, together with some

practical aspects of generator operation..

THE PRODUCTION OF RUBIDIUM-81

There are several reported methods for producing 81Rb and these are
shown in Table 1.

Both the 79Br( o, 2n)8le and the 81Be( o, 4n)81Rb reactions are
seen to proceed in good yield for the alpha particle energies shown. So-
dium bromide and cuprous bromide have been used as target materials.
The yield for the 21 MeV helium-3 reaction with bromine is not high enough
for useful generator production. The use of 3He at higher energies is be-
ing investigated4. By using an enriched 80Kr(37%) target both 20 MeV 3He
and 8 MeV deuterons have.been used to produce practical quantities of

81 :
Rb the latter particle providing samples particularly low in 82mRb.

The 82Kr(p, 2n)8le reaction does not appear to have been investigated.
All these methods of producing 81‘Rb simultaneously produce other

rubidium radionuclides which are of importance only when considering

the whole body radiation doée due to rubidium breakthrough from solution

generators.

GENERATOR DESIGN
The chemical aspects of generator design only are considered here.

81 :
Two types of Mgy generators have been reported and some of their

characteristics are shown in Table 2.
They both use a cation exchange material to retain the 8'le whilst
. 8lm NP
allowing the Kr to be recovered in either the solution or gas phase.

However, they have quite different rubidium loading characteristics.
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The first type developed in our laborator'y5 incorporates a column of
the inorganic ion exchange material zirconium phosphate while the second
type of generator developed in the Donner Iaboratory6 and subsequently
improved in the Veterans Administration Hospital, Hines Illinois7 uses a
cation exchanger of the organic type, a sulphonated polystyrene-divinyl

benzene copolymer eg. Dowex 50 x 8.

CHEMICAL SEPARATION OF 81Rb AND GENERATOR LOADING

Zirconium phosphate is an insoluble crystalline material with a high
affinity for rubidium even in the presence of high concentrations of sodium
ions. This property enables one to load 81Rb onto the zirconium phosphate
generator rapidly at high efficiency using the irradiated 2.5 gram sodium
bromide target dissolved in 20 ml water. A wash with 100 ml water to re-
move the unwanted sodium bromide is all that remains to complete the ge-
nerator preparation. The whole procedure is accomplished in approxima-
tely 10 min and readily carried out by remote control.

The organic cation exchanger used in the second type of generator
will only retain rubidium when it is applied to the column in solutions of
low ionic strength. Thus, if a sodium bromide target is used, the target
solution must be diluted to give a concentration of less than 0. 5% and the
resulting volume of 200-500 ml must be loaded slowly if large losses of

le are to be avoided6. Alternatively the 81Rb must be chemically se-
parated from the target material and loaded on to the column essentially
carrier fr'ee7.' Both of these procedures are extremely time consuming
and the resulting generators appear to offer no advantages over the zir-
conium phosphate type, both types having elution efficiencies of 70-80%

and similar rubidium breakthrough values.
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GENERATOR TESTING
The zirconium phosphate generators produced in our laboratory are
routinely tested for eluted activity at steady state. Rubidium breakthrough
in solution generator eluates is also estimated. o
The rubidium breakthrough is usually expressed in microcuries of
rubidium eluted per minute. For a generator yielding 20 mCi of 81 Kr

at steady state a typical rubidium breakthrough per minute would be

82m 84

0.04 w«Ci 81Rb, 0.01 uCi Rb, 1. 6)(10_4 MCi 83Rb and 4x10-5/uCi Rb.
During an infusion procedure the above quantities of rubidium radionuclides
infused each minute would give a whole body radiation dose to the subject

of approximately 10 microrads. The radiation dose was calculated using

8
data contained in ref.

SOME ASPECTS OF ZIRCONIUM PHOSPHATE GENERATOR OPERATION

The infusion generator must only be eluted with water and its elution
with physiologica-l saline is not recommended as this has been shown to
increase the breakthrough values by at least an order of magnitude. Ad-
ditionally 24Na and 22Na become detectable in the generator eluate. In
order to render the infusate isotonic the generator eluate is mixed with
an equal flow of 1. 8% sodium chloride solution. The resulting solution is
terminally sterilised using a milipore Millex disposable 0. 22 micron fil-
ter unit as shown schematically in Fig. 1. |

When a generator is used for ventilation studies it is eluted using
air or physiological gas mixture. It is essential to ensure that the elut-
ing gas flow is saturated with water vapour before passing through the
column as shown in Fig. 2. Dry gas causes the column to dry out and it
is found that little 81rnKr can then be recovered. Should a generator ac-
cidentally become dry it is possible to re-wet it again and regain the nor-

mal high elution efficiency.
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09 % NaCl solution
of krypton 81 m to
1.8 % NaCl perfusion catheter.

|

I'I’
L

Flow 28 ml.min™

Lead Shield
H,0 ® >

: . ' Millipore
/’- - Filter

Harvard Model 2206
dual syringe pump

|

8.1Rb bound to
zirconium phosphate

8lm
Fig. 1. Recovery of Kr solution for perfusion studies.

Flow 1liter min™
to face mask

1kg.cm’ air U
——

-
-

3\\\\‘\

ble ©
Fle o

\ Lead Shield
H,0

Fig. 2. Recovery of 8lmKr in the gas phase for ventilation studies.

When using these generators clinically it is essential to minimise
8lm :
losses of Kr decay during its passage from the generator to the sub-

ject.
This is usually achieved by keeping the diameters and lengths of the
delivery tubing and catheters to a minimum and operating at flow rates

consistent with their volume and the 13 sec half life of 81mKr.

CLINICAL USE OF THE MRC KRYPTON-81m GENERATOR
We have developed a simple, reliable and rapid generator production

system that enables us to prepare gas phase generators and to distribute
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them to many centres in the United Kingdom at distances of up to 600 ki-
lometres by road, rail and air within a few hours.

Solution generators have only been prepared for on site use up to the
present time as the present design requires a high standard of technical
expertise to ensure its safe assembly and final testing before use in human
infusion investigations. An integrated generator system is under construc-
tion which has been designed to deliver both sterile solutions for infusion
and 81mKr in the gas phase for ventilation. This development should make
lung ventilation and perfusion investigations with 81mKr a practical pro-

position as well as making a safe infusion available for off site use.
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THE NON-INVASIVE USE OF OXYGEN-15 FOR STUDYING REGIONAL BRAIN
FUNCTION IN PATIENTS WITH CEREBRAL TUMOURS

T. dJones, C.G. McKenzie, S, Moss, P.D. Buckingham & J.C. Clark

Introduction

Oxygen-15, which is the longest lived Y-emitting radioisotope of
oxygen (2.1 min T3), has been used to study the regional cerebral
function of patients who have brain tumours being treated with
radiotherapy. The method of investigation has been to continuously
inhale Oxygen-15 while it is being produced at a constant rate by
the cyclotron (1). Following six minutes of constant inhalation
the radioactivity within the brain reaches an equilibrium level.
Most of this activity is contained within the brain tissue itself,
and has been shown that it is due principally to the tisspe's
production of Oxygen-15 labelled water of metabolism (H. 70 met.)
(2). During this procedure the level of radioactive wafer contained
within the cerebral tissue is theoretically proportional to the
tissue's extraction of oxygen from the blood. Within the normal
perfusion range it is fairly independent of flow. However it has

a linear dependance with flow at low values of perfusion:

H 120 met ¢ E.R. F
2 F/V + A
where E.R. = tissue's oxygen extraction ratio
F " blood flow
v " volume
A " radioactive decay constant of

15 1

0, (0.335 min™")

It was thought that the cerebral image of oxygen uptake in the brain
may provide a means to assess the effectiveness of radiotherapy for
the treatment of cerebral tumour. In particular the uptake of
Oxygen-15 within the tumour and the surrounding cerebral tissue has
been studied as well as changes resulting from radiotherapy.

Procedure

A series of patients with various types of cerebral tumours have
been studied. In some cases the tumour had been partially removed
by surgery, while inlgthers only a biopsy had been performed. The
pattern of cerebral “7O uptake was studied prior, during and
following radiotherapy of the tumour. An Anger y-camera with a 43
inch thick lead collimator (3) was used to view the lateral aspect
of the patient's head. The subject continuously inhaled Oxygen-15
through a mouth piece connected to a two way Rubins valve. The
radioactive gas was piped from the Cyclotron which was some 700
feet away and fed continuously into the input of the valve.at a
flow rate of % a litre per minute. The activity levels used were
between two to four milli curies per litre. An equilibrium level
was normally reached in the brain following 6 minutes of continuous
inhalation of the constant supply of radioactivity. During the
condition of equilibriTg, a 4 minute record was made of the steady
state distribution of 70 in the head. This recording, which typi-

cally contained 250,000 counts, was stored in an on-line computer

where it could be corrected for the camera's non-uniformity of
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%ge image produced by ClSO inhalation is fairly normal whereas the

O, uptake in the lesion although somewhat improved still shows
some decrease in uptake. This indicates that there is still a
metabolic defect at the site. This patient showed a clear improve-
ment clinically as a result of the radiotherapy.

Discussion

Preliminary results of using Oxygen-15 to produce a positive image of
the active cerebral tissue have shown that tumours tend to be
exhibited as areas with low uptake of activity. In some cases such
defects have been related to poor perfusion of that region which is
affected by the lesion, This zone of low uptake has often appeared
larger than would have been predicted from the angiographic study,
and this is due presumably to local hydrostatic pressure caused by
edema formation peripheral to the tumour. Defects located at the
site of a tumour have been shown to improve with radiotherapy. In
certain cases a regrowth of the tumour has had correlated with it

a return of the defect in the Oxygen-15 brain image. This work is
still at the preliminary stage, however it does appear that we have
a method to monitor local functional changes in the brain. This
could provide an objective physiological feed-back to the therapist
who may in turn be able to adjust the therapeutic regime.
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Abstract

The continuous inhalation of Oxygen-15 which has a half life of 2.1
minute results in the radiocactivity within the tissue reaching a
state of "dynamic equilibrium". The distribution of tracer in the
brain during such a steady state procedure reflects directly the
functioning cerebral tissue unlike the conventional brain scan.
The inhalation of molecular Oxygen-15 produces a cerebral distri-
bution of radiocactivity which is related to oxygen utilisation and
blood flow. This can be compared to the distribution obtained
while inhaling Oxygen-15 labelled carbon dioxide which has a sole
dependance on blood flow. These techniques have been applied to
patients with cerebral tumours who are undergoing treatment with
radiation. Investigations have been carried out with the object
of obtaining information on blood flow and oxygen utilisation
rates to the lesions relative to the normal tissue. Serial
measurements have helped to understand how these relationships
change during and following treatment.

Extrait:

L'innalation continue d'oxygéne-15, qui a une demi-vie de
2,1 minutes, conduit 3 une radioactivité tissulaire qui
atteint un état "d'équilibre dynamique". A la différence

du scan cérébral conventionnel la distribution du traceur
dans le cerveau durant un tel steady state refléte directe-
ment le tissu cérébral fonctionnel. L'inhalation d'oxygéne-
15 moléculaire produit une distribution cérébrale de la
radioactivité qui est reliée & 1l'utilisation.de 1'oxygene
et au débit sanguin. Ces techniques ont été employees chez
des malades porteurs de tumeurs cérébrales soumis a un
traitement par irradiation. Des études ont éte conduites
visant a obtenir des informations sur le débit sanguin et
l'utilisation d'oxygéne des lésions par rapport au tissu
normal. Des mesures en séries ont vermis de comprendre
comment ces relations se modifient durant et anrés le
traitement. -

Auszug

Die kontinuierliche Inhalation wvon 1SO mit einer Halbwerts-
zeit von 2,1 min fihrt im Gewebe zu einer Aktivitatsan-
reicherung mit dynamischem Gleichgewicht. Die Verteilung
des Tracers im Gehirn unter solchen Study State Verhaltnis-
sen entspricht, anders als bei der konventionellen Gehirn-
szintigraphie, direkt der funktionierenden Gehirnsubstenz.
Die Inhalation molekularen 1°0 fithrt zu einer Radioaktivi-
tatsverteilung im Gehirn, die zum Sauerstoffverbrauch und
zur Durchblutung des Gehirns in Beziehung steht. Solche
Ergebnisse k&nnen zu Verteilungsstudien in Beziehung ge-
setzt werden, die durch Inhalation von 0 markierten
Kohlendioxyd gewonnen werden und die ausschlieBlich von
der Durchblutung abhdngen. Diebeschriebenen Techniken
wurden bei Patienten angewendet, die wegen eines Hirntumors
einer Strahlentherapie unterzogen wurden. Ziel der Unter-
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suchungen war Informationen (ber Durchblutung und Sauer-
stoffutilisation in den L&sionen im Vergleich zum Normal-
gewebe zu erhalten. Serienmessungen wurden zum besseren
Verstandnis von Durchblutung und Sauerstoffverbrauch
wdhrend und nach der Strahlenbehandlung durchgefihrt.
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III. Clinical Applications of Cyclotron Produced Products

Prog. nucl. Med., vol. 4, Pp. 140~145 (Karger, Basel 1978)

The Medical Research Council Cyclotron at
Hammersmith Hospital
A Status Report, March 1976

JOHN C. CLARK

Medical Research Council, Cyclotron Unit, Hammersmith Hospital, London

Introductory Overview

The Facility

The Hammersmith cyclotron is of classical design and accelerates
a-particles to 32 MeV, deuterons to 16 MeV and protons (via H,*) to
8 MeV. Irradiations of targets may be carried out either internally or
externally. Four external beam lines are installed at the present time, two
of which are available for neutron therapy and radiobiology the remaining
two being dedicated to radionuclide production. Both internal and external
targets may be removed or replaced remotely without interrupting the
cyclotron’s running schedule. Additionally a remote-controlled actuator,
installed on an external beam line, is able to present any one of eight
preloaded targets to the charged particle beam thus facilitating rapid
changes between on-line products during a busy clinical program (1, 2].
One of the radionuclide production beam lines is scheduled to be with-
drawn from service (October 1976) to be replaced by three beam lines
that will be capable of effectively simultaneous operation using a beam-
sharing technique [3]. Ancillary facilities around the cyclotron include a
shielded room where neutron radiotherapy and radiobiology takes place
and a radiochemistry laboratory equipped with hot cells where radio-
nuclides are processed to radiopharmaceutical standards. The cyclotron
building also houses an animal investigation and a clinical application
facility. Other clinical areas on the hospital site are supplied with most of
the short half-lived gaseous products by pipeline.
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Table 1. Cyclotron running schedule, week commencing 15 March, 1976

Date

Scheduled Run User

Moaonday,

15 March
00000045
0045-0200
1200-0430
0430-0600
0600-0900
0900-0915
09131045
1045-1100
1100-1730
17301930
1930 -2200

Tuesday,

16 March
0700-074>
(1743-0800
0800-0815
OR13-0830
0830-1000
1000-1030
1030-1115
I115-1145
11451245
1245-1443
1445-1530
15330-1700
1700-2115
2115-2200

Wednesday,
17 March
(700-0900
0900-1030
1030-1100
1100-1730
1730-1900
1900-2045
2045-2130
2130-2200

Bcam Priority
i B
v 3
fnt. B
1 B
I D

1 IVAIV ATACA
Int. -

Y B
1t B
1Y N
Int. C
i 13
| D
1 A
| D
{ C
[ C
v B
v A
Y B
Int. B
I B
[ A
IVIIV  AIA/A
{ C
I D

remove gas targets, load #K  insert DAL Cans

o — As -~ TBr ADN
a—-A-¥K PIS

i = Sb — 12| ' PLH

« — NaBr - *1Rb MIP
remove 1K PIS/TAW
physics DEB
actuator set-up 1AW
therapy/""N/t%0 BCPICC
beam linc-up GB

= A =K AP

« ~ NaBr - #'Rb PLH

= Q - K SEW
remove K. "F, Load '""F (Nc)

o = Ni - Cu ADN

o — Nal - ™Cs SLW
physics BCP
activation TIS
physics DEB
biology KRB/WAC
biology KRB/SH
p-N-uC CGR
d-N-150 CGR

d — Tl - 299Pb 1AW

filament change

« — Sb — 13] PLH

« — NaBr - 8'Rb MLP
activation TS
therapy/BN/10 BCP/ICC
biology KRB/CND
P.A. engineering

- As - "Br SLW

remove and load targets




0000-0700
0700-1430

1430-2200

Tuesday-Friday:
0700-1430

E. Watson, M. Th
P.M. Byrne, T,F
P. Lewis, W

W Edwards. P, Lewis
E. Watson. M Th
P.M. Byrne. T.F

P. Lewis, W

FF. Lucas. MW F

I Lawter. T Th

1430-2200
J.F. Lucas, MW F
1. Lawler, T.Th

CLARK 142
Thursday,
18 March
0700-0800 HI B (0 - NuBr - “Rb PLH
0800-1000 Int. B3 o - Cr - "Fc¢ MIL.P
1000-1100 v C d ~ Ne¢ - °F RWG
1100-1300 \ C biology BCP/BC
1300-1400 [ C biology BCP/SM
1400-1430 { D activation TIS
1430-1530 11 C « - NaBr - "1Rb 1CC
1530-1730 1V A d - N =150 CGR
1730-1830 { C activation GIB
1830-2200 v C d - C- "N 1CC
Friday,
19 March
0700-0830 [1L B o — Nalir - 1Rb MLP
0830-0845 Int. D i = Ni=%Cu ADN
0845-1000 1L B o — Nalir - “Rb ML
1000-1630 IV/IV  AIAIA therapy/BN/20 BCP/ICC
1630-2200 - - maintenance WE
Operators: Monday:

A On-line clinical use, i.e. with patients undergoing lreatment Or iesls requiring
operation of the cyclotron during their attendance, e.g. therapy, clinical use of
short-lived isotopes, whole body or partial body neutron activation analysis.

B Off-line clinical use, i.e. production of clinical radiopharmaceuticals for use in
clinics on or off site.

C High priority experimenial work or engineering, e.g. radiobiological experiments
requiring precise timing or involving preparation and/or follow-up time. neutron
activation analysis of clinical samples, important physics experiments. important
engineering work.

D Low priority experimental work or engineering.




The Medical Research Council Cyclotron at Hammersmith Hospital i43
Table 1.
Radionuchde Application Relerence
" bonce blood flow 4
"F radiopharmaceutical development 5
nC pharmacological studies 6
ne radiopharmaceutical development 7
150 + CHO2 noninvasive brain metabolism studics 8
H.0 extravascular lung water estimation 9. 10
0 detection of intrapulmonary hemorrhage 11
8 Nl pulmonary ventilation and perfusion studics 12--14
MK rm myocardial blood flow studics IS 16
s myocardial imaging -
Fe hone marrow function studices -
Neutrons radiotherapy 1718
HIN respiratory physiology

rescarch and clinical diagnosis 19--21

Operating Schedules

The cyclotron operates from 07.00 1o 22.00 h 5 days per week. A
typical weekly schedule. normally planned on the previous Friday. s
<hown in table 1. It will be seen that neutron radiotherapy 1s carricd out on
three afternoons a week. Generally the medium half-life products required
for use that day are prepared in the early morning followed by fulfillment
of on-line requirements which may continue throughout the day cven
when radiotherapy is taking place, rapid beam switching being emploved
to make good use of intertherapy patient set-up time. All irradiations have
a predetermined priority as explained in the footnote to table L. Evening
sessions are usually devoted to the production ot longer-lived radio-
nuclides. machine maintenance and development or preclinical investiga-
tions using animals.

The routine nature of the cyclotron operation ensures that most
on-site requirements can be met each week and additional capacity 18
devoted to supplying other UK hospitals with a variety of cyclotron-
produced radiopharmaceuticals that arc not commercially available. Re-
ccarch and development into new production routes and radiopharma-
ceutical preparation methods continue.

~ Table II lists some of our ongoing activities involving both on-site and
off-site co-workers.
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nasal mucosa with clock-like regularity. This area may be associated with
the respiratory centre in the medulla as changes in arterial P, cause
changes in nasal resistance (Principato & Ozenberger, 1970; Dallimore &
KEccles, 1977), although there is some evidence that the hypothalamus
regulates the sympathetic outflow to the nasal mucosa of the cat (Mal-
comson, 1953).

The work was carried out at the V.P. Chest Institute, University of Delhi, and
I would like to thank Professor A. S. Paintal, Dr S. K. Jain and Mr A. Kumar for
their help and encouragement.
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Effect of posture on distribution of pulmonary ventilation and
perfusion studied with 81mKr and 85mKr

By T.C. Amys, G. Crorerra, J. C. CLark, J. M. B. HucHEs, Hazrr A.
JoNEs and T. A. PRATT. Departments of Medicine and Diagnostic Radiology,
Royal Postgraduate Medical School, and M.R.C. Cyclotron Unit, Hammer-
smith Hospital, London, W12 0HS

Using radioactive gases, West & Dollery (1960) and Kaneko, Milic-
Emili, Dolovich, Dawson & Bates (1966) have suggested that the effect
of posture on the distribution of ventilation and perfusion in the lung is
mediated by gravity.

With the introduction of the short half-life (13 sec) isotope 8Kr (By
190 keV), distributions of ventilation and perfusion can be measured in the
steady state during spontaneous breathing. Using a gamma camera, con-
tinuous inhalation of an air-$™Kr mixture, gives regional counts which
reflect regional ventilation (Fazio & Jones, 1975). Smilarly, continuous in-
travenous infusion of 8™Kr produces regional counts reflecting local pul-
monary perfusion. Division of images constructed from the accumulated
counts produces a distribution of ventilation-perfusion ratios (V4/Q).
With this technique Harf, Pratt & Hughes (1976) found that V4/Q in
seated subjects decreased from high values at the apex (mean 1-8) to
lower values at the base (0-8-0-9). «

We have extended these measurements to the supine, right and left
lateral decubitus and prone suspended (on all fours) postures and corrected
ventilation and perfusion images for local alveolar volume by rebreathing



San e K. 2L N W)

oM e e

R e e C ST TP S PR
R aed . i

82P PROCEEDINGS OF THE

a longer half-life (4-4 hr) isotope, 82Kr (Ey 150 keV). The ¥ A[Q ratio
decreased from superior to inferior in the prone suspended posture and in
the uppermost lung in the lateral decubitus position. This gradient was
reversed in the superior-inferior axis in the supine posture and in the
lowermost lung in the lateral decubitus posture. Reversal of the ¥.A4/(
gradient might be related to smaller resting lung volumes seen in the
latter postures (Kaneko ef al. 1966) and their effect on blood flow distri-
bution (Hughes, Glazier, Maloney & West, 1968).

Volume correction showed that the decreasing VA /Q gradient in larger
volume situations was due to the gradient of increasing blood flow being
greater than that for ventilation. In smaller volume situations blood flow
tended to be uniform in the vertical direction but ventilation per unit
alveolar volume continued to increase, so reversing the V 4/ gradient.

In horizontal postures VA/Q tended to increase, approaching the
diaphragm along a cranio-caudal isogravity line. This was more marked
in larger resting volume situations and appeared to be related more to
decrease in blood flow per unit alveolar volume than increase in ventilation.

We conclude that changes in posture influence local lung expansion
which in turn modifies the gravity determined distribution of blood flow
and consequently the distribution of gas exchange within the lung.
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Some properties of the non-chemical drive to breathe at the
breaking-point of breath-holding

By A.J. Guy and J. M. PaTRICKR. Department of Physiology and Pharma-
cology, University Hospital and Medical School, Nottingham, NG7 2U H

The drive to breathe at the breaking-point of breath-holding can be
described in terms of the interaction between a chemical component and a
time-dependent non-chemical component that is related inversely to lung
volume (Patrick & Reed, 1969). In five young adult subjects we have
investigated the dissipation of the non-chemical drive following the
breaking-point, and its effect on the subsequent breathing pattern.
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?PULMON/\RY VENTILATION AND PERFUSION MEASURFEMENTS USING -
«Kr-81m; BASIC METHODOLOGY. Peter J. Kenny,&eﬂ\_y_n._\ia._ts_on,
‘John €. cClark, Ronald D. Finn_and Albert J. Gilson. Mounc
Sinal Medical Center, Miami Beach, FL.

Kr~8lm from a Rh-81—> Kr-81m generator has becn used to
measure changes in regional ventilation (V/V), reglonal
perfusion (9/V) and regional ventilation perfusien ratis
(V/Q) in 20 dogs in the control state and following lobar
occlusion and/or drug {otervention. Dara from this work
were analyzed to provide a basis for the nse of Kr-81m
for similar measurements in pulwonary function studies i
humans.  Serial quantitative imapes were chtafunrd during
the equilibrium and washout phases for begh ventilation
and perfusfon studies using a scintiilatiecn comera-compe: -
er system. A method was developed for measuring Q/V ang
v/Q by constant intravenous infusion of ¥r-8lm in a dex-
trose solutien. 1n this case, the equilibrium concentre-
tion of Kr-&lm in any region depends on the valuss of G
and V/V {n that region. /v was measured frow ventilatioa
washout studies. From this, separate quaniitative deter-
minations of Q/V and V/Q, as well as ¥/V, fer the vhale
lung and seclected reglons weve made. Becaves of the shor:z
half~1ife and short equilibration times for ¥r-81m distri-
bution in rhe Lungs, 1t was possible to make vepeated
determinations of these quantities at intervals of a few
minutes to assess the effects of intervention. For
example, within winutes of lobar occlusion, perfusion re-
duction averaging 507 was shown to have occurrad in the
hypoxic region, as expected, presumably due ro re{Jex
vasoconsiriction. The techniques developed provide a
basis for the use of Kr-81lm in combined ventilation and
perfusion studies for the measurement of V/V, (/V and v/
in hunans.

%
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TECHNETIUM-99m POLYPHOSPHATE BONE IMACING IN LECC-:}
PERTHES D1SEASY,. James A. Danigelis, Robert I..

Fisher, and Macr B. Ozonoff. Newington Children's
Hospital, Newington, Conp

This investiqgation was undertaken to compare
the diagnostic usefulness of radionuclide bone
imaging techniques to standard radiographic
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In both cases, the curves are similar, and reach equilibrium in approximately
one minute.

C{t)

CounTS /REGION

Calculation:

Ten sequential quantitative images (one every 3 sec.) taken during last
30 sec. of equilibrium phase. Kr-8lm then shut off abruptly and a further
ten images taken during first 30 sec. of washout phase. Computed least
squares fits to both these curves determine C; and (v/v+d). Gives v/v.

For perfusion, multiply (U/v+X) of perfusion study by Cz to obtain
ventilation ‘corrected perfusion CpQ/v.
o

.:v\pzv p
v/Q = C /c C, V/COQ

In summary, ventilation and perfusion are determined by measuring the local
accumulation of 81Myy when the local rate of inflow through ventilation or
perfusion respectively is in equilibrium with the rate of loss through decay
and ventilation.
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Semilog plots of ventilation equilibrium and washout curves for balloon
occluded right lower lobe. Because there is very little ventilation in
this region, the Kr-8lm washout half-time is the physical half-time for
Kr-8lm decay. (Vv/v = 0.0017 vol./sec./unit vol.)
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MATHEMATICAL BASIS FOR MEASUREMENT OF

V/V, Q/V and V/Q BY Kr-8lm VENTILATION AND PERFUSION

Ventilation:

. . e Lo v .
Patient breathes Kr-8lm continuously. Input specific activity, C .+ 1is

constant. Specific activity C(t) in a volume V with ventilation °V is
given by

dc (t) v R
ar PG o

<|<
il
Q

v/v v

o _ - (v/vid)t
giving c(t) = TIvin CO {1-e }
F ilibrium, ¢¥ = —V_
or equ rium, C_ = vk o
y )
where X = 0.053 sec . for Kr-8lm
Ceo
.For washout, Cv =0 \
o ! )
vV (9/ved)t ! ! C(t)
Cc(t) = .—*A Ce ¢ 1 |
v/v+ o C(t)
1
! I
!
Perfusion: . . L
0 <~ 30 305

Infuse at constant specific activity Cg.

For equilibrium, (‘p = Qv Cp

g v/vtl o

. . N
For washout, C(t) = C%—IXCE: e (v/vid)e

where Q9 = cardiac output.

Zz




TYPICAL RESULTS OF EFFECT OF BALLOON

OCCLUSION OF RIGHT LOWER LOBE

(Data normalized to equal numbers of image cells)

DOG PHYDO (#7)

Control v Q V/Q Q/v
RL : 0.94 .11 ¥ 0.85 2.6
LL 1.06 0.89 1.19 2.2
RLL 0.88 0.93 0.99 1.9
LLL 0.69 0.73 0.95 2.2

BALLOON OCCLUSION

RL 0.42 0.66 0.64 1.3
LL 2.01 0.93 2.16 2.2
RLL 0.10 0.54 0.19 0.1
LLL 1.95 0.98 1.99 2.5
RL = Total right lung
LL = Total left lung

RLL = Right lower lobe (balloon occluded)

LLL = Left lower lobe (control area)
¥ = wventilation (relative value)
Q = perfusion (relative value)

v/Q = ventilation perfusion ratio (relative value)

Vv/v = absolute ventilation expressed as volumes/min/unit volume

* and é are normalized so that the average of

and Q for both lungs taken together = 1.00

L-La- X
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The Preparation of Fluorine-18

Labelled Radiopharmaceuticals

A. J. PALMER, J. C. CLARK and R. W. GOULDING
MRC Cyclotron Unit, Hammersmith Hospitai, Ducane Road, London W12 0HS, UK.

(Received 3 April 1976)

Progress in the preparation of fluorine-18 labelled radiopharmaceuticals is reviewed. The pharma-
cology and design of !®F-labelled organic compounds of biomedical interest, production of the
radionuclide and methods of labelling which have been used to date are discussed. Emphasis has
been placed on the-practical chemical problems encountered, together with the important fields

of product purification and quality control.

INTRODUCTION

IN THE past three decades the study of fluorine
compounds has become a major branch of
organic chemistry, concerning both highly
fluorinated systems and those in which fluorine
may replace only one or two hydrogen atoms in
an organic molecule. Many fluorine-containing
compounds have found use in medicine and in
recent years some research has been directed
towardsthepreparation of radiopharmaceuticals
incorporating the only radionuclide of fluorine
with a useful half life, '*F (T,,, 110 min B8%).
This article is concerned with the preparative
aspects of incorporating '°F into organic
molecules of potential biomedical interest, to-
gether with the design of such compounds.
RoBinsoN has recently reviewed their poten-
tial applications'” while the use of '°F as
fluoride ion for bone scanning and dental
studies is well known.

For labelling organic molecules '8F is usually
considered in conjunction with three other
common cyclotron produced * emitfers, 'C,
*N and '5O. The in vivo detection of these
nuclidés requires specialized detectors and elec-
tronics if their full potential is to be realized,
but using modern positron imaging devices®™*!
it is possible to obtain more detailed positional
information than is obtainable from a y-emitter.
From the biochemical point of view !'C, 13N
and 'O are ideal for labelling an organic radio-
pharmaceutical since no ‘“‘foreign” atom is
introduced. However, they all have very short
half-lives, and if this factor proves unacceptable
then '®F may offer an alternative. Since, with
minor exceptions fluorocarbon compounds do
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not occur in nature, they are wholly artificial and
consequently the electronic properties and size
of fluorine relative to hydrogen (which it usually
replaces in an organic molecule) must be con-
sidered together with the related pharmaco-
logical effects.

Superficially '8F would appear to be an ideal
label from the radiochemical point of view. It
may be produced in a reactor or on a cyclotron
using a variety of nuclear reactions. Times of
up to 4hr (2xT,;,) have been considered
acceptable for chemical syntheses. As stated
previously fluorine usually replaces hydrogen,
consequently a large number of possible posi-
tions of labelling are frequently available, and
the very high dissociation energy of the C-F
bond means that these compounds may be
expected to have improved in vivo stability
when compared for example with similar
iodine compounds.

Many fluorination reactions give a low yield
based on fluorine, and classical methods of
introducing fluorine use extreme reaction con-
ditions and very reactive or corrosive reagents.
Often simple compounds have been fluorinated
and then transformed into more biologically
interesting compounds by a series of time con-
suming reactions. The aim in '®F chemistry is to
avoid such reactions and procedures and where
possible adopt the most direct and rapid high
yield method. It is always desirable to optimize
the yield with respect to the '®F in the starting
material. Biosynthetic techniques,®*% which are
frequently used for preparing other radio-
pharmaceuticals and have the advantage that
they yield high specific activity products, cannot

()
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be used for the direct introduction of inorganic
'8F although they may of course be used for
subsequent transformations.

Up to the present time one of the principal
problems in the preparation of '8F labelled
compounds has been that it has proved difficult
to prepare them in specific activities comparable
with those of other radiopharmaceuticals. This
may lead to toxicity problems and a general
lack of pharmacological data may be an
additional handicap in this respect.

Pharmacology of fluoro-compounds

1. C-F in place of C-H. Fluorine is of com-
parable size to hydrogen and both form strong
bonds to carbon, but the chemical reactivities
are very different. The enzymic effect of this is
that the analogue with fluorine at the reaction
centre will very often act as inhibitor rather than
substrate. With a fluorine adjacent to the
reaction centre the “normal” reaction may still
occur but at a greatly changed rate. A remote
fluorine atom usually has no effect on the pro-
cess. Thus the introduction of a halogen atom
into an aromatic ring system often prevents
biochemical reaction at that position, an effect
described as “‘obstructive halogenation”.” The
effect is very pronounced for fluorine especially
at the para position of simple phenyl groups
when the metabolically important enzymatic
hydroxylation can be severely inhibited.® 1If
hydroxylation cannot occur then neither can
subsequent conjugation, and the tissue distribu-
tion is affected. As an example, Fig. 1 outlines
the possible in vivo fates of three selected
fluoroamino acids. The tissue distribution of
'8F at any time may be seen to be due to a range
of metabolites in addition to the administered
compound (I, II, III).

These considerations are important when it is
desired to produce y-emitting labelled molecules
which have known biochemical properties and
may tend to localize in specific tissues. For this
purpose a single fluorine atom should be placed
in a site remote from functional groups. It is
useful to synthesize as many isomers of the !8F-
labelled compound as possible so that the
differences can be evaluated. ’

2. CF; in place of CH,, Br or NO,. When a
CF; group replaces a CH; group in a molecule
the change in properties is usually fairly pro-

Protein building block

, CooH / ;
F CHyCH s F CH,COCO0H
N NHZ 2

in \l’
\ Further F-containing metabolites
,COH
HO. CHZCH\
NH2

Fluorine tost as F)

Protein building block
COOH M
‘@CHZCH, /
N
f ) ™~ @—CH2COC00H
o

further F-containing metabolites

Protein building block
COOH /

7/
HO@ CHZCH e HO@CHZCO COOH
N
F NH2 13
i l

Further F-containing metabolites
FiG. 1. In vivo transformations of p-flucro-
phenylalanine (I} m-fluorophenylalanine (I1) and
3-fluorotyrosine (I11).%

nounced. The former has significant steric
crowding effects and is very strongly electron
withdrawing. In aliphatic systems a remote
CF; group can be reasonably inert (mimicking
CH,) for example in the leucine analogue
1A%

In aromatic systems the CF, group normally
resembles the NO,, CN and SO,-R groups in
electronic effects, and in particular activities
ortho and para positions to nucleophilic attack.
In more complex aromatic systems the effect
of the CF; group is usually not so pronounced,
when it may resemble Br, Cl or even CHj in
biological behaviour.®'1)

Therefore a labelled CF; group could be
introduced to make a '8F-labelled analogue of
a CH;, Cl, Br or NO, parent compound under
favourable circumstances.

3. C-Finpluce of C-OH. A fluorine atom can

cu}\ /coon Y NH
CHCH,CH |
/ N

~N
C)(3 NH2 \N 0

X =H leucine ;

Y = CH, thymine or thymidine
3

Y-+ Br

Y= CF

R+H 3{ sugar residue

X =F,  analogue } analogues

Fig. 2. Trifluoromethyl analogues of leucine
(IV)'" and thymine (V)."'*
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also be introduced as the analogue of a hydroxyl
group. Pharmacological application has been
concentrated on polyhydroxy compounds such
as carbohydrates. The fluorine atom can only
act as a hydrogen bond acceptor, whereas the
hydroxyl group can act as donor and acceptor.
It is best to introduce a single fluorine atom

because polyfluoro compounds have a different -
pharmacology. Ithas been shown that onemono- -

fluoro analogue of glucose out of all the possible
isomers is transported in the same manner as

- glucose itself."*’ This is because only in this

isomer can the same H-bonding occur in the
receptor site of the transport molecule.

4. —C4H,'®F as a protein label. Various
hapten groups have been used for tagging pro-
teins and enzymes for non-radioactive tracer
work. Proteins have been labelled directly with
radioiodine, or with '''In via covalently bound
EDTA groups’* (these are often not very
stable in vivo). It would appear that a perfect
radio-label would have a half-life of 2-24 hr
and would be covalently bound to the protein
via a spacer group. Proteins have been usefully
labelled with ''C-methyl groups despite the
short half life.!3:1% 8F labelled fluorophenol,
fluoroaniline and fluorobenzoic acid are readily
prepared (see under reaction scheme 1) and
could be used to label proteins by established
procedures. ¥

Up to the present time only '8F-labelled com-
pounds of the type described in section (1) have
been reported.

Stereochemical effects

Biological activity is closely related to the
stereochemistry of the substrate molecule, and
when such a molecule exists in two or more
isomeric forms (geometrical or optical) the
biological activity of each of these forms can be
very different. This 1somerism may already be
present in the molecule or it may be generated
when a-foreign atom (the label) is introduced.

In those cases where a single stereo-isomer of
a labelled compound is required it may be
possible to use a synthetic sequence in which the
precursor to be labelled is available as a single
stereo-isomeric form and can be-converted to
the final product via stages which proceed with
effectively 1007 stereospecificity. Alternatively
an epimeric or racemic mixture may be generated

during or after the labelling stage (cf. the amino
acids below) and this may be followed by a pro-
cedure for resolution. The consequent loss of
time and material must be offset against the
fact that this may be an easier technique than a
stereospecific synthesis.

Strategy of *8F labelled synthesis

Because of the short half life it is essential to
introduce the !8F label at the latest stage
possible. Usually a suitable precursor is pre-
pared in bulk and stored for future use. Most
reactions used for !8F labelling have to be com-
pleted in less than the optimum times and using
other than the optimum relative amounts of
reactants. Consequently mixtures of labelled
and/or unlabelled products are often obtained.
Preparative gas (gc) or liquid chromatography
(Ic) are especially useful separation techniques
since they can be carried out rapidly. Solvent
extraction and sublimation may also be useful.
Conversely, preparative thin layer chromato-
graphy is not so useful because spotting, zone
identification and elution are relatively lengthy
processes.

I18F Jabelled compounds for in vivo use are
preferably administered in approximately iso-
tonic solutions. Because of the short half-life,
lengthy de-salting or solvent removal stages are
not practicable. The best approach is to either
be able to isolate a non-polar compound from a
volatile organic solvent such as ether. or to
carry out reactions in aqueous solutions ol low
ionic strength. Immobilized reagents are especi-
ally useful (e.g. H*-form ion exchange resin
in place of acids, or F~ -form resin for fluorin-
ation'™). If any final liquid chromatographic
purification is required the preferred eluant is
water or an approximately isotonic, non-toxic
buffer.

Analytical considerations

It is necessary to establish the idenuty and
homogeneity of any starting materials one may
synthesize for subsequent '8F-labelling. Infra-
red and nuclear magnetic resonance (nmr) are
useful for the former, and thin layer (tic) or gas
(gc) chromatography for the latter.

Since the range of compounds that have been
labelled with '8F is not very extensive new
reactions attempted in future will present new
problems to be solved. Development work
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normally requires a lengthy series of trial
reactions which are followed by various standard
radio-chromatographic techniquese. g. tic/ auto-
radiography. The technique of coupled glc-mass
spectrometry is valuable for the analysis and
identification of mixtures that are volatile or can
be made volatile by derivatization.

When a complete synthesis of the required
'®*F-compound has been achieved it is often not
possible to perform an extensive chromato-
graphic analysis before the in vivo use because of
the short half-life of the label. Therefore, in
a series of preliminary experiments employing
stable or active fluorine and using the pro-
jected procedure, the identity and homogeneity
of the product should be ascertained. Then a
standardized experimental procedure is estab-
lished and the final product may be analysed by
a shortened procedure concurrently with its
utilization. In order to determine the specific
activity of the solution to be administered,
measurement of the u.v. absorbance at a
selected wavelength is often a valuable and rapid
method. o

The points mentioned in this section may
appear to be self evident, but failure to appreciate
them will invariably give misleading results.
Much information in the literature concerning
short-lived labelled compounds is unsatisfactory
because adequate product analysis is not
described. Certaingclaimed preparations do not
quote any method of analysis and the phrase
“analysed by tlc” has appeared without a
description of the stationary or mobile phase
used. Even when exchange processes are used
compound degradation may occur and so the
identity of the labelled “product” can never be
assumed without proof.

PRODUCTION OF THE RADIONUCLIDE

Some nuclear reactions which lead to the pro-
duction of fluorine-18 are listed in Table 1. The

TABLE 1. Some nuclear reactions for the production of

Fluorine-18
No. Target Projectile Reaction
I 0 3H '60(3H, n)'sF
2 0 dHe I60(4He. pn)IBF
3 0 3He '60(3Hg, plmr
4 Ne d 20Ne(d, o lmF
5 Ne 3He zoNeIBHe.n( p)mF

excitation curves for these nuclear reactions
together with the thick target saturation activities
for deuterons and tritons of up to 24 MeV, and
*He and “He up to 42 MeV have been measured
by Nozaki®,

Reaction 1 has been in use for many years
using the 2.73 MeV (max) tritons generated in
a nuclear reactor by the 5Li(n, «)>H reaction.!!?
The target material is usually Li,CO, with a SLi
enrichment of at least 907. Fluorine-18 is
recovered as '8F” without the addition of
carrier by HF distillation into aqueous
alkali,?®"?2) or by ion exchange.?32%) Partial
removal of the undesirable impurity tritium
(typically 750 mCi*H to 2.5 mCi' F?3)) as water
and *H, is achieved by repeated evaporations to
dryness. The traces of tritium that remain after
this treatment have been identified as 3H-acetate
and *H-formate.?%

The recovery of anhydrous H'®F from reactor
irradiated Li,CO; by distillation of HF onto
ion exchange resin which is subsequently dried
and eluted with HF has been described.2¢
However, as up to 1.5 g of HF was used to
achieve a 90% recovery from the resin, the
resulting H'®F was of low specific activity.

Improvements relating to the L1,CO, target
design have been described which enable high
neutron fluxes to be used more effectively and
batches of 65-75 mCi of fluorine-18 to be
prepared.2?)

Reactions 2 and 3 employing oxvgen?® or
water'?”7*% as target materials have been
extensively used for '®8F production. Aqueous
solutions of '®F from water targets have been
used to label aromatic diazonium fluoroborates
by exchange.®"3? Fluoride has been recovered
from aqueous solutions using a fluoride form
anion exchange resin column which after careful,
drying has been used in anhydrous interhalogen
exchange reactions to label a variety of aliphatic
compounds with fluorine-18.%*" The use of an
OXygen gas target to produce anhydrous HF has
been demonstrated.®®’ Here the '®F trapped
heterogenously by the silver plated target walls
during irradiation is subsequently recovered by
exchange with ~1 g of anhydrous HF carrier.

Reactions 4 and 5 have received a great deal
of attention in recent years, particularly under
anhydrous conditions. Here the aim has been to
produce a variety of high specific activity

&
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fluorinating agents. The investigations have
followed three main approaches.

1. Homogeneous scavenging of '°F with recovery

during irradiation

The mixing of nitric oxide, hydrogen or
chlorine with neon before irradiation has
yielded NO'"F®® H'™F® and CI'|f®? re-
portedly carrier-free from nickel targets pre-
conditioned with F,. A recovery of 60% is
reported for NO'®F but the data for H'*F and
CI'®F suggest large losses of .'*F to the target
walls. The addition of F, to the neon resulted
in the recovery of '°F, with 30% efficiency.®?
However, these preliminary results provide
encouragement for further development of the
technique.

2. Heterogeneous scavenging with post irradiation
recovery

The losses of '8F in the homogeneous
scavenging approach are largely to the walls of
the target vessel. There are several reports of the
recovery of carrier-free '®F by the washing of
glass-lined target vessels with normal saline®®®
or water®®3” with recovery efficiencies of
around 60-907 . The washing of a glass-lined
target with dilute solutions of AgF, BF; and
aromatic fluoroborates in anhydrous organic
solvents with 50-80% recoveries described by
Ipo (1974) appgars to have some attractive
features although the specific activity of the
fluorinating agent is reduced by the introduction
of carrier.®®

A further heterogeneous approach to !8F
recovery has been to coat the target walls with a
thin layer of the organic compound to be
labelled. After irradiation the organic material
is recovered in solution by washing the target

walls. Inorganic '®F is removed by ion exchange
and the labelled product separated from the
starting material by ion exchange chromato-
graphy.39

The fluorinating agents AgF, KF and SbF,
(100 mg-1 g) have been labelled by a similar
technique."® A variation of the technique has
been described where a target lined with AgF or
AgF, was used. After irradiation the neon was
removed and the vessel used as a reactor for the
synthesis of CCI3F and CCLF,.“% This tech-
nique is in principle applicable to many fluorina-
tions involving volatile organic substrates.

3. Heterogeneous scavenging during irradiation
remote from the target

The recovery of '°F by exchange labelling
of a small quantity of a simple or complex
fluoride placed remote from the target has
been demonstrated.“” The neon is circulated
during irradiation through a glass-lined target
vessel, and the effluent gas is led through
PTFE tubing to a filter holder where a glass
fibre element, previously coated with a 5-
50 mg of an ionic fluoro-compound, e.g. KF,
NaBF,, SbF;, or an aromatic diazonium
fluoroborate is supported. A reactor contain-
ing dry fluoride-form ion exchange resin
(Dowex 1, ~2 gm) may also be used.

The volatile '*F-labelled intermediate which
is continuously swept from the target during
irradiation is removed almost quantitatively by
the coated filter. The filter element or ion
exchange resin can often be used directly in the
chemical syntheses that follow. This technique
is useful for fluorinations involving non-volatile
organic substrates.

Methods of '®F Labelling

The Balz-Schiemann reaction has been used
extensively for making aryl fluoro-substituted
compounds. Nucleophilic displacement
reactions have been used for the preparation of
aliphatic ~ fluoro-compounds.  Additionally
various other methods have been employed in
special cases.

PREPARATION OF AROMATIC
FLUORO-CARBONS VIA THE
BALZ-SCHIEMANN REACTION
Compounds which are monofluorinated in an
aromatic ring system often show biological
activity related to the corresponding unfluorin-
ated or phenolic compound. Hence methods of
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preparing such compounds in labelled form are
of immediate interest. Direct mono-fluorination
of aromatic rings is only possible in very special
circumstances, but the Balz—Schiemann re-
action**? allows the ready conversion of an
aryl nitro compound, via the amine and
diazonium salt, to the corresponding fluoro-
compound (Fig. 3, general reaction scheme).

The tretrafluoroborate anion of the diazonium
salt may be labelled by exchange and the C-18F
bond is formed when the diazonium fluoro-
borate is decomposed thermally. Many simple
'8F-aryl fluoro-compounds have been prepared
by this method*® and of these, amines, phenols
and carboxylic acids could be used as starting
materials for the preparation of other labelled
compounds. The chemical yield in the Balz-
Schiemann reaction is often low, and a large
amount of side-products may be produced.
Also, since the fluorine is introduced as the
labelled fluoroborate anion, the maximum
possible radiochemical yield is 25% and in
practical examples it is ~2-157%. '

A further complication is introduced because
other reactive groups present in the molecule
can prevent any of stages I, I or III from pro-
ceding. In such cases (in fact with almost all the
compounds of biological interest) it is necessary
to use “protected” derivatives of such groups,
prepared eitheiyby a direct protection reaction or
by synthesis f{om simpler compounds. After
stage IIT the protecting group(s) are removed by
suitable deprotection reactions. The reported
chemistry of protecting groups is very extensive
especially in the peptide, steroid and carbohy-
drate fields,**’ but so far only the simplest
protecting groups have been employed during
'8F_syntheses. E

The diazonium fluoroborates may be labelled
by exchange with carrier-free '8F in water®? or
water/acetone®") or by heterogenous exchange
between the solid supported in an inert matrix
and carrier-free fluorine-18 extracted from a
recirculatory neon gas target.“” The last
method is far superior since exchange is
instantaneous and much higher specific activities
may be  achieved. The labelled diazonium
fluoroborate may be decomposed dry or in an
inert solvent. A mixture of products is always
obtained as shown by tlc (silica gel, 107 ethyl
acetate in chloroform) and the ratio of various

components varies with the decomposition
solvent used. Biphenyl, tetrahydronaphthalene
and phenanthrene give good yields, whereas
dichlorobenzene and malononitrile give poor.
yields of the desired protected fluoro-
compound.“!** Purification of the mixture may

be effected by preparative tic or Ic when the - °

diazonium salt is decomposed dry, but Ic is the
best method when a solvent is used.

1. Aromatic amino acids and catecholamines

Fluorine-18 labelled analogues of four natur-
ally occurring aromatic amino acids have been
prepared. These are phenylalanine, tyrosine,
tryptophan and 3,4-dihydroxyphenylalanine
(DOPA). The first three are utilized in the pro-
duction of enzymes and proteins and the !'8F-
labelled analogues are being investigated as
potential pancreas scanning agents“® since this
organ is a site of rapid utilization of amino acids
for protein production. DOPA is associated
with melanin-formation and Parkinsonism. All
of the "*F-amino acids have been evaluated as
potential melanoma localising agents“” and
fluoro-DOPA.

Abnormalities in the quantities and
metabolism of catecholamines are associated
with hypertension, Parkinsonism, chromaffin
tissue tumours and other pathological condi-
tions.“? 18F-6-Fluoro-dopamine iIs  being
evaluated as an adrenal ‘'scanning agent.5®
Fluorine-18 labelled derivatives of amino
acids and catecholamines which have been
prepared are listed in Tables 2-4.

Labelled p- and m-fluorophenylalanine may
be prepared by a published method®" used
for the inactive compounds essentially without
modification. A diethyl acetomidomalonate
derivative of the corresponding diazonium
tetrafluoroborate (Table 2) is first prepared
and labelled. After the decomposition the
protecting groups (ester and amide) may be
removed by vigorous acid h;'drolysis when the
dl-amino acid is obtained.®"** Alternatively
it is possible to prepare the dl-acylamino acid
which may be stereoselectively deacetylated
using the fungal enzyme amino acylase to give
the l-amino acid.®*~%

A mixture of the enzyme, d-acylamino acid
and [-amino acid is obtained and the required
l-amino acid can be recovered efficiently by 1c
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TABLE 2. O/m/p-Fluorophenylalanines

Compound Starting Material Protected NO2 - Compound Ret
F COOH 5
H.CH
@c S CH,O anz ¢l 52
(8] 2 NH N_BF
2 raal
NO,
NO. 2
f - COOH 2 COOCHs 13, 41, 2
@ CH,CH @CHZHaI cnzév HCOCH, (53
N NH COOC_H
2 , s
mp (LDL

TaBLE 3. 3-Fluorotyrosine, 5-Fluoro-DOPA and 6-Fluorodopamine

Compound Starting Material Pratected NO2 - Compound Ref
oo cooc A, __ Co0C,Hg
HO@CHZCH\ " cn3o© CH2<NHCOCH3 cr«30<\ /> CH2\<NHCOCH3 36, 41
3 ou 2 COOCH|  NO, €00C,Hg
3 _coon No, €o0C,H,
H@c”zc”\ HO CHO cH HA-NHCOCH &5
HO ou eH ’ cooc
3 CH,0 275
F N02 0
HO—QCHZCHZNHZ cn3©cuzcnzunz CH30©CH2CH2'{:(; 50
H
CHy0 CH,0 0 J
TABLE 4. 5/6-Fluorotryptophan
Compound Starting Material Protected NOZ - Compound fef ,
g |
N
. COOH K i £00C,Hg l
CH_CH N =4 CH ‘<NHR
27" ~NH N 2
3 2 NOJ‘
1 ; CT o
N N
H 1
wlo ) LM cocH,
) AN
Lo 2 N L R« COCH, 1
iDL R = CH

using Biogel-P2.*® Fluorine-18 labelled: di-
o-fluorophenylalanine cannot be prepared by
the above route but has been synthesized by a
longer method.%

IBF COOH . mr /COOH
®CHZCH amino @cnzcu
N N
NH(:()CH3 acylase NHZ
(DL -form) {L-form)

FIG. 4. Preparation of '®F-labelled L-p- and m-
fluorophenylalanine.

In the case of dl-3-fluorotyrosine®® and
dl-5-fluoro-DOPA® the amino acid function
is generated from the diethyl acetamidomalon-
ate group, and the phenolic OH function from
methyl ether groups. The nitro-compounds
shown (Table 3)can be converted into diazonium
fluoroborates, labelled and decomposed to give
the corresponding fluoro-compounds. These in
turn (after purification) may be completely de-
protected to give the dl-amino acid by treat-
ment with constant boiling HBr or HI. In the
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case of fluoro-DOPA care is required to avoid
loss of the product through oxidation and
polymerization. So far it has not been possible
to prepare these amino acids in the I-form
because of chemical problems encountered (45

The preparation of '*F-labelled dI-5- and
6-fluorotryptophan has been reported.®2 The
4- and 7-isomers could be prepared by similar
procedures if they aroused any interest in the
future. Indoles in which a free ring (1 —) NH
group is present cannot be diazotized without
self-reaction occurring. However success{ul
diazotizations and subsequent decompositions
have been effected through the use of ring (1 —)
N-acetylindoles,*%37 and the nitro-compounds
shown (Table 4) may thus be employed. After
the thermal decomposition reaction, purification
is again carried out by preparative tic or Ic.

Indoles with a free ring (1—) NH group
present such as tryptophan are also unstable to
to mineral acids and air oxidation. To avoid all
of these problems the diethyl formamido-
malonate (R=CHO, Table 4) is used in the
preparation of labelled dl-fluorotryptophans,
when the two stage (dilute alkali followed by
very dilute acid) hydrolysis gives the free di
amino acid directly®*?-3® (compare with fluoro-
phenylalanine above). If the diethyl acetamido-
malonate (R=COCH;, Table 4) is used the
product is the "q-N-acetyltryptophan deriva-
tive*® which cah be treated with the enzyme
to give the labelled I-amino acid.“® It should be
noted the acetyl group is a very good protecting
group for the ring (1 —)NH group because it is
readily lost in the hydrolyses.

'8F-labelled 6-fluorodopamine has been pre-
pared from the corresponding protected nitro-
compound®® by the standard stages. The cate-
chol group was protected as the bis-methy! ether,
and the .amino group by phthaloylation. De-
protection was effected by hydrazinolysis fol-
lowed by treatment with hydrobromic acid or
boron tribromide (Table 3).

2. Other compounds of biomedical interest

The syntheses of '8F-labelled 4-[4-(p-chloro-
phenyl)-4-hydroxypiperidino]-4' - fluorobuty-
rophenone (VI)®® (the neuroleptic drug
“Haloperidol”) and 18F-p-ﬂuorohippuric acid
(VII)©® have been reported. The former was
for use in investigations of its tissue distribu-

OH 0
1}

0
18 p
d O € CH,CH,CH, N "%@c NHCH, COOH

VI u VII

FIG. 5. '"®F-labelled “‘haloperidol” (VI)*® and p-
fluorohippuric acid (VII).®®

tion and pharmacokinetics. Both these com-
pounds were prepared directly from the cor-
responding diazonium tetrafluoroborates, pro-
tecting groups being unnecessary.

METHODS EMPLOYING
NUCLEOPHILIC DISPLACEMENT

L. Alkali metal and related fluorides

A wide range of aliphatic fluoro-compounds
have been prepared by nucleophilic displace-
ment of a good leaving group, i.e. bromide,
iodide, tosylate (—OTs) or an ammonium salt
(—NMe; "X 7). Often a very large molar excess
of the fluoride is necessary to achieve reasonable
yields of organic fluoride.

The nature of the solvent used is of critical
importance. It should be highly polar and ion-
izing, and have very low nucleophilicity®® (in
order not to compete with fluoride). It is
desirable to have good solvation of the inorganic
cation but poor or (preferably) no solvation of
the anion. In the aprotic solvents DMA.
DMSO or HMPA* the large cations K™, Rb™,
Cs*, TI* and Bu,N* are highly solvated but
the fluoride ion is essentially “naked’. Thus
compared with other solvents, e.g. glycol, the
rate of reaction is greatly increased (up to 10°
times). A further improvement is to use catalytic
amounts of a crown ether®"” (very effective
solvation of cations) or a phase transfer catalyst
e.g. cetyl tributyl phosphonium bromide. 62

In order to obtain useful amounts of '8F-
labelled compounds (say >500 uCi at > |
mCi/mg) it is essential to take full account of
the above considerations. The salts KF, Bu,NF
etc. are extremely difficult to render completely
anhydrous especially on the small scale. The
presence of traces of water will cause failure of
the reaction. In view of the problems involved it

* Dimethyl acetamide, dimethyl sulphoxide and
hexamethyl phosphoramide, (PO(NMe.),).
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is not surprising that relatively little use has
been made of these reagents for '8F- labelling.

RoBiNsoN'7) has developed a novel alterna-
tive technique in which fluoride-form ion
exchange resin (Dowex-1) is used as the
fluorinating agent

Resin [CH,NMe; +F ],

which is labelled by exchange with carrier-free
fluorine-18 in neon™> or water.!” The success
of this particular reagent may be due to the
ease with which it can be rendered anhydrous
(1 hr/150°C in vacuo). It has a certain formal
similarity to the phase transfer catalysts, and, as
an immobilized reagent, facilitates very rapid
work up after the reaction.® The mixture of
alkyl bromide and fluoride obtained can be
separated by preparative gas chromatography.
Various !®F-2-fluorocarboxylic acids (pro-
tected as ethyl esters) have been prepared by the
method, and from these, by reduction, the
corresponding 2-fluoroalkanols. These com-
pounds have been used for brain and heart
studies and also investigation of ethanol meta-
bolism.®#

2. Silver fluorides

Silver (1) fluoride is much more versatile than
the alkali metal fluorides in that it can be used
to prepare pri-, sec- and fert-alkyl fluorides(®®
and heteroargmatic compounds. The reactions
are relatively rapid and the reagent is often
used without solvent with both liquid and
gaseous substrates (at 25-200°C). High yields of
the organic fluoro-compound are obtained even
with '®F-labelled material (up to 50% radio-
chemical yield, X = Br or I): ’

RX+2AgF— RF+AgF - AgX
However silver fluoride is awkward to handle
because it is extremely hygroscopic and corro-
sive (it normally cannot be used in glass). It has
been employed to prepare labelled freon-11
(CC13F),“" 6-fluoro-9-benzyl purine®® and 3-
fluoro-cholestene®® (Table 5).

Silver difluoride, AgF,, can occasionally act
as nucleophilic fluorinating agent and is more
reactive than the monofluoride. It is instantly
hydrolysed by water. See also .electrophilic
fluorinations below. Mercury (I) and (II) fluor-
ides have been used in similar way.©%°") One
fluorine-18 reaction has been reported (Table 5)

TaBLE 5. Preparation of '8F-labelled compounds by
halogen displacement

Reagent Substrate Product Ref
- [ ;
IBF |oq exchange BrCHZCHZOH FCHZCHZOH 4
resin
F~ lon exchange Ethyt halocarboxylates Ethyl 18F-IIuorocjrf:'mryiates, 17,74, 75
tesin acids and 2loohols Gy
subsequent transformation)
Ao ccl, crer, @
18
A F, crcly cra, @
AglaF . 3-lodocholestene '8F~3-Fluorodwlestene 3
AglaF 6-Chloro-9-benzyl lgF-é-FIuoro@-benzyi purine 38
18 purine \
K°F ICOOH 2,4 Di-iodoestrone gF»Z,A-Dilluoroeslmne 6
K% icoom 3,5-Di-iodotyrosine  "°F-3, 5-Difluocatyrosine N
K|8F 21 - todopregnolone - 3 - IBF-?I»FIuompregnolone-}- n
acetate acetate

with Ag!'®F,. Pratical details concerned with
the small scale handling of fluorine gas and
silver fluorides have been published.*?

3. Antimony and bismuth fluorides

SbF,, BiF;, SbF;Cl,, SbF; and BiF;, have
been used to affect the transformation RCCl; —
RCF;. The group R may be an alkyl, aryl or
heteroaromatic group, but very few compounds
of type RCCIl; have been prepared and hence
are available to be used as substrates. This is
unfortunate since good yields of product are
obtained even with 10-100 mg amounts
of '"F-labelled SbF; (R=CH,, C4Hj).“”
Antimony trifluoride may be labelled by
exposuretocarrier-free fluorine-18in neon 1841
It undergoes partial hydrolysis by exposure to
moisture during handling but may afterwards be
completely reactivated (as SbF,Cl,) by treat-
ment with SbCl; .

Some compounds which have been reported
to have been prepared by methods employing
nucleophilic displacement are listed in Table 5.

PREPARATION BY DIRECT
FLUORINATION AND OTHER
ELECTROPHILIC FLUORINATING
AGENTS

The past few years has seen the introduction
of some novel methods of fluorination which
seem likely to lend themselves to the prepara-
tion of !8F labelled radiopharmaceuticals.
Perchloryl fluoride (FCIO;) and fluoroxytri-
fluoromethane (CF,OF) have been used ex-
tensively as a source of electrophilic fluorine
to fluorinate activated alkenes. CF,OF and
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. ton exchange

1
HN 1. IBF ~Fy HN ' F
—_—
I 2. Sublimation J\
3 0 N
H
FIG. 6. Preparation of '®F-5-fluorouracil .7®

molecular fluorine have also been used for the
direct electrophilic fluorination of 2,4-dioxo-
pyrimidines to produce the 5-fluoro-
derivatives.®€% This reaction has been em-
ployed in '"F-labelling—when 5-fluorouracil
was prepared from uracil and *F-F, 5-
fluorouracil is a cytoxic analogue of uracil
which finds some application in cancer chemo-
therapy,”" while the active material is a
potential tumour localizing agent and may also
be used to investigate the pharmacokinetics of
the stable compound.””?

This is a rapid procedure which is well suited
to labelling, being capable of yielding high
specific activity material. Although specialized
targetry is required, elemental fluorine is pre-
pared quite easily in the laboratory.**® Syn-
theses using labelled CF,OF have not so far
been reported.j Other reactions of this type
which have been reported in the chemical
literature include the preparation of 5-fluoro-
cytosine, S5-fluoro-orotic acid and 5-fluoro-
barbituric acid.(®®

MISCELLANEOUS REACTIONS

Several labelled fluorinating agents are
currently available but there have been no
reports of their applications. These include
nitrosyl fluoride, fluoroxytrifluoromethane and
chlorine monofluoride. Labelled hydrogen fluor-
ide, which may be prepared by several different
methods, has been available for some time but
appears so far to have found only very limited
use. Cleavage of an epoxide by this reagent or
boron trifluoride is a promising method in view
of its rapidity and possible use on unprotected
substrates, particularly in the preparation of
labelled fluoro-steroids.®® "  STRAATMANN

and WeLcH”® have recently prepared '°F-
labelled diethylamino sulphur trifluoride
(DAST) a reagent which can be used to effect

the following transformations:”®-*”

RR'CO— RR'CF,.
RCOOH— RCF;
ROH—- RF.

CONCLUSION

Several '8F-labelled organic compounds have
been prepared and are being evaluated in
animals with the ultimate aim of clinical applica-
tion. However, as this article has attempted to
show, the difficulties encountered in designing
and preparing ®F-labelled compounds of radio-
pharmaceuticai quality are considerable.

The Balz-Schiemann reaction is relatively
easy to apply but is only applicable to aromatic
compounds and gives low yields. Fluorinations
using silver or antimony fluorides give high
yields but there are special problems to be over-
come, while the F~ form ion exchange method
appears to offer promise for certain aliphatic
compounds. The use of elemental fluorine is at
present limited to one class of compound, and
other methods are a long way from regular
utilization. However, radiopharmaceuticals
labelled with '®F may offer many potential
advantages of in viro stability and improved
detection, both in those cases where the pharma-
cology is already known, for example fluoro-
steroids and fluorocarbohydrates, and also other
classes of compounds in which development is
at a very early stage.

Acknowledgement—The authors wish to express their
thanks for Dr. D. A. Wippowson, Dept. of Chemistry,
Imperial College, London SW7 for many helpful
discussions.
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Study of regional cerebral metabolism and blood flow
relationships in man using the method of
continuously inhaling oxygen-15 and oxygen-15
labelled carbon dioxide *

G.L.LENZI' T.JONES2,C.G. McKENZIE, P. D. BUCKINGHAM J.C.CLARK,AND
S. MOSS

Fron the Medical Research Council Cyclotron Unit, Departments of Radiotherapy und Medical Physics,
Hammersmith Hospital, London

SUMMARY A new technique for assessing regional oxygen use and blood flow has been applied to a
wide range of neurological patients. The method couples the brain’s high metabotic demand for oxygen
with a shortlived radioactive form of this metabolite, namely oxygen-15 (half life: 2.1 min). This
combination produces, during the continuous inhalation of either molecular oxygen-15 or labelled
carbon dioxide, steady state functional images of the brain which are relatively free of contribution
from extracerebral tissues. These are complementary images in that they relate to regional oxygen
uptake and blood flow and hence offer a direct insight to the regional demand-to-supply relationships
within the brain in physiological and pathological conditions. In the clinical groups studied, metabolic
and circulatory defects were observed and instances of cerebrovascular insufficiency and relative
luxury perfusion were defined which hitherto have been deduced from indirect methods. The clinjcal
acceptability of this non-invasive approach allowed us to study those categories of patients which

normally do not warrant invasive examination.

The function of tge cerebral tissue depends critically
on the use of oxygen, its energy turnover being mainly
based on glycolytic aerobic metabolism. An impair-
ment in the rate of consumption, because of a failure
of either supply or use, often constitutes a pathologi-
cal condition. It follows that a study of the cerebral
blood flow (CBF) and the cerebral oxygen consump-
tion (CMROs) at a regional level is a direct and
rational method of investigating cerebral physiology
and pathology. The first clinical study of CMRO:
and CBF was presented by Kety and Schmidt (1948).
Their technique required continuous sampling of
arterial and jugular bulb blood, and provided an
average measurement of CMRO: and CBF for the
hemisphere investigated. This method has been used
extensively in clinical research but has a limited
resolution for investigating focal disease.

While a large number of regional CBF studies have

' Present address: Department of Neuropsychiatry, Institute of
Neurology, University of Siena, Italy.

* Address for reprint requests: Dr T. Jones, MRC Cyclotron Unit,
Hammersmith Hospital, Ducane Road, London W12 OHS, England.

Accepted 14 July 1977

been presented over the last 20 yeurs, the first regional
assessment of CMRO: in mun wus published by
Ter-Pogossian es al. in 1970. This method involves a
carotid artery injection of oxygen-15 .1 min TY)
labelled red cells to provide the single passage
extraction of oxygen, followed by a similar injection
of labelled water for the regional CBF determination.
This technique requires the use of heavily shiclded
single probes for external recording and so limits the
spatial resolution that can be achieved. These
methods, although they provide absolute values of
CMRO:s, have limited application because of their
invasiveness.

A non-invasive approach to studying regional
metabolism and flow has recently been published by
Jones et al. (1976a). The steady state distribution of
radioactivity within the brain achicved during the
continuous inhalation of oxygen-15 is recorded with
a gamma ray imaging device. This distribution is
related to the regional oxygen uptake, while a
repeat procedure using oxygen-15 labelled carbon
dioxide produces a distribution related to regional
cerebral circulation. The ratio between the oxygen
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use and circulation images theoretically provides
the distribution of the oxygen extraction ratios. The
non-invasiveness of this approach, and the indication

_ that relationships between regional oxygen use and

flow may be obtained, stimulated us to apply the
technique to a series of normal subjects and neuro-
logical patients.

This paper summarises the main observations
obtained in a group of 25 normal subjects and over
100 neurological patients who were investigated
over a six month period, and serves to provide a
general insight into the value of this approach.

Theory

The theory underlying the 130;—C15Q- inhalation
method was described by Jones et al. (1976a).
Inhalation of 130 results in the formation of labelled
oxyhaemoglobin. In the tissues, the oxyhaemoglobin
dissociates, and the oxygen-15 is presented to the cyto-
chrome systems and becomes coupled with H* to
form water of the metabolism labelled with oxygen-15
(H21%0 met.):

2 Cyt. oxidase Fe+++1150, 4-2H+—
2 Cyt. oxidase Fet+++H,150

It has been confirmed experimentally that this is
the principal fate of the extracted oxygen-15 (Ter-
Pogossian et al., 1970), and that contributions to the
head signal arising from the presence of oxygen-15
labelled red cells and recirculating H2'30 metabolism
amount to less than 309 of the total (Jones et al.,
1976a). The ,continuous inhalation of oxygen-15
results in th€ radioactivity in the tissue reaching a
point of equilibrium. This steady state represents the
balance between the continuous formation of
H21%0 metabolism, due to the aerobic glycolytic
activity of the brain, and the removal of H,'30
metabolism through radioactive decay and perfusion
washout (Jones er al., 1976a). When equating these
dynamic processes, the regional H2'30 metabolism
signal is given as:

3

] Ca—Cv (F)
. 15, — *

H2150 met. = v .Ca OFEV )
where Ais the radioactive decay constant of oxygen-15
(0.335 min-!) and F the blood flow per minute to a
region of volume V. The stable oxygen content of
the venous blood draining the tissue is denoted as
Cv, while Ca and Ca* are the respective stable and
radioactive oxygen contents of the arterial blood.

It can be seen that the H2!50 metabolism hasa linear

Cv . .
A which is the tissue’s oxygen

extraction ratio (OER). The signal’s dependence on
blood flow is non-linear and introduces the need to

Ca—
dependence on

(F)
(A-+F/V)
independently. This is achieved by repeating the
continuous inhalation study using oxygen-15 labelled
C150.. This procedure results in H2150 being con-
tinuously produced in the lung capillary biood (West
and Dollery, 1962). Thus the steady state head signal .
due to the circulating H2'30 (H2'%0 circ.) will contain
no metabolic component but only the combined
blood flow and radioactive decay terms that are
present in the H»'*Q metabolism signal:

(F) c
(FIV+24)
where ¢ is the arterial concentration of circulating
H.0. Although non-linear with flow the H2'O
circulation signal does exhibit a certain sensitivity (0
flow as shown in Fig. 1.

examine the flow term of this refationship

H.10 circ. == (2}
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Fig. I Theoretical relationship between blood flow and
the equilibrium brain tissue concentration of Ha»O(H2V50
circulation) which results during the continwous inhalation
of CYQa, the arterial blood concentration being 1aken ax
unity.

This shows the theoretical change in the brain
H230 circulation concentration plotted against
CBF (F/V) as compared to the ideal linear flow
response. For this comparison the two responses
have been normalised to the normal average CBF
value of 0.53 ml/min/g. Between zero and normal
CBF values the H2'30 circulation concentration is
fairly sensitive to change, while at higher values there
is a general tendency to underestimate CBF. Thus
the regional H»2'*0O circulation cerebral signal does
have a place in estimating the distribution of CBF;
however, its most important role lies in obtaining
from the H2'O metabolism signal the distribution of
the tissue oxygen extraction ratio. This can be realised
simply by dividing the H2130 metabolism distribution
by that due to H21%0 circulation:

H2'0 met. (Ca—Cv) Ca*
H:%3Ocirc. (Cv) ¢

(3)
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Ca*/c will be a constant for all cerebral regions and
hence this normalisation procedure will produce a
distribution which represents the regional oxygen
extraction ratio. It should be stated that OER is an
expression of the balance between the metabolic
demand of the cerebral tissue (CMRO:) and nutri-
tional supply (CBF). In physiological and pathologi-
cal terms this balance may be of more interest than
regional CMRO: or CBF.

Methods

The Medical Research Council's cyclotron was used
as a source of oxygen-15. A constant 25 pA
deuteron beam was used to produce 150 (target
gas: N2+ 19%02)and C150: (target gas Na + 1 %CO32)
(Clark and Buckingham, 1975). The radioactive
gases were piped some 210 m from the cyclotron

to the clinical investigation area where the gamma

camera was situated. At this location an operator
monitored the specific activity of the gas and made
dilution adjustments to ensure a constant administra-
tion rate to the patient of 1.5 millicuries per minute
of oxygen-15 and 0.75 millicuries per minute of
oxygen-15 labelled carbon dioxide. In both cases
the total flow rate approximated to 0.51/min.
The radioactive gases were in turn administered
into a standard oxygen mask worn by the patient
who breathed mainly room air through the side
holes in the mask. Radioactivity exhaled through
the side holes was disposed to waste using an exhaust
fan withdrawing air over and around the face
mask. Cotton wgol was inserted into the patient’s
nostrils to encourage inhalation through the mouth
and minimise the contribution to the radioactivity in
the antero-inferior parts of the brain from radioactive
gas in the upper airways. During the study the patient
lay supine with eyes closed and in a quiet room. The
distributions of radioactivity contained within the
head were recorded using an Anger camera collima-
ted with a 99 mm (44 inch) thick lead.multihole
collimator. The performance of this collimator for
detecting 511 keV annihilation radiation has been
reported previously by Westerman and Glass (1968).
The radioactivity within the brain usually attained
equilibrium after six minutes of constant inhalation,
(Jones et al., 1974) whereupon a four minute steady
state image containing between 250.103 and 350.103
counts was recorded on-line with a computer
(HP2100A). The typical time delay between recording
the H2'*0O metabolism image and the H2!*3O circula-
tion image was 15 minutes. A total of 15 millicuries
of 130z and 7.5 millicuries of C1502 were administered
for each paired study. This represents a radiation
absorbed dose of 190 millirads and 120 millirads
respectively to the lung tissue (critical organ).

The corresponding absorbed doses to the blood
are 70 millirads and 110 millirads, and to the gonads
15 and 25 millirads. The computer-stored images
were then corrected for the non-uniformity of
the Anger camera, smoothed, and displayed for
photography. In addition the regional counts
were normalised to the counts contained within
the area of maximal uptake and printed out in
matrix form for subsequent digital analysis.

Results
The study was performed on 127 subjects, 25 normal

volunteers and 102 patients. The Table summarises
the two groups, with respect to mean age and sex

Table Summary of mean age and sex ratio of subjects
studied

Number Mean age Male:female
(yr) ratio
Normal volunteers 25 399 2:1
Patients
Cerebrovascular disease 33 57.1 1.6:1
Brain tumours 38 48.7 1.6:1
Extrapyramidal disorders 18 58.0 1.8:1
Other i4 47.4 0.6:1

ratio. Neurological patients were further divided into
three main subgroups: tumours, cerebrovascular
diseases, and extrapyramidal diseases. A few other
miscellaneous conditions, including some psychiatric
disorders, were investigated.

NORMAL VOLUNTEERS

The distributions of radioactivity recorded in two
normal subjects during continuous inhalation of
150, and C!30; are shown in Fig. 2. In both subjects
the left dominant hemisphere was nearest to the
gamma-camera. The pictures clearly show positive
images of the brain, due to H,'30 metabolism when
the subjects inhale 1302, and to H2'30 circulation
when C150: is inhaled. 1t can be seen that the extra-
cerebral structures contribute little to the head image.
This could be predicted from the theory (see Fig. 1),
when considering the relatively low blood flow and
volumes of these tissues. Some degree of contamina-
tion was observed in the antero-inferior regions of the
brain, because of the gaseous 30, and C'30s con-
tained in the upper airways. This interference was
greatest with 12032, because of its lower extraction in
the lungs. The distributions of H2'30 metabolism and
H2!*O circulation are not uniform throughout the
brain. The geometrical shape of the brain has to be
taken into account, the maximal activity being
recorded in the inferior parts, where in transverse
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Discussion

The rationale of the present approach rests in
coupling the high aerobic metabolic demand of the
cerebral tissues with a short half life radionuclide
of oxygen. This in effect produces a high differential
between the concentration of radioactivity in the
brain and extracerebral tissues. Thus it is possible to
produce a direct functional image of the brain with a
negligible extracerebral contribution, and still
administer the labelled oxygen through a general and
physiological pathway—namely, inhalation. In ad-
dition, repeated investigations showed that these
images were reproducible. The study was performed
by recording the lateral projection and hence a
superimposition of activity from both hemispheres
would be expected. However, in detection of focal
pathology in the ipsilateral hemisphere, we observed
a close agreement with other neuroradiological
investigations. This can be explained by the inter-
ference from the contralateral hemisphere behaving
as a diffuse background, a consequence of the sharp
decrease in spatial resolution with distance from the
camera and some attenuation of photons (57%) in
the interposing tissue. For display purposes the
intensity and contrast is adjusted to illustrate any
focal mismatching between flow and metabolism.
This is legitimate provided both images have been
normalised to the counts in the region of maximal
uptake, an adjustment which helps to supress the
effect of the background due to activity in the
contralateral hemisphere. Hence mismatching is
more dramaticallyfillustrated in the analogue images
than from quantitative ratios which are directly
subjected to the background effect.

The interference with the H21%0 metabolic cerebral
signal due to recirculating H2!%0 was demonstrated
in animals to be less than 309, (Jones et al., 1976a).
This low interference was substantiated in those
cases in our series which presented a metabolic
lesion with preserved blood flow (Fig..7). The
analogue and digital distributions of H2*Q meta-
bolism and H2'°0 circulation obtained are in addition
to regional and structural physiological differences
dependent on the brain’s geometry. In our normal
series the regional variations were found to be
sufficiently consistent to enable the identification of
pathological features. The ratio between the H»!30
metabolism distribution and H»'*O circulation
produces the distribution of the OER which is
largely independent of the brain’s geometry (equation
3). This ratio represents the balance between the
metabolic demand (CMRO:) and the blood supply
(CBF), and is, therefore, a direct expression of the
physiological condition of the nervous tissue. A
striking outcome of the application of this approach

to a neurological population has been the positive
demonstration of instances of true cerebrovascular
insufficiency—that is, a situation of low flow with
preserved metabolic activity, and of relative
luxury perfusion where there is normal flow but
reduced regional metabolism. These situations until
now have been only indirectly inferred. In addition,
unsuspected impairments have been observed in
neurological patients such as those with extrapyra-
midal disorders which, to date, not being ethically
suitable for invasive investigation, were only evalua-
ted with clinical examination. No evident increase in
regional metabolism was observed, in contrast to
recent experimental observations (Reivich, 1976
unpublished), but it should be emphasised that the
present technique detects only aerobic glycolytic
metabolism.

The main limitation of this work has been the lack
of absolute quantitative measurement of regional
CMRO: or CBF. The theory indicates that such
parameters may be extracted from the steady state
uptake of H2'*0 metabolism and H:'20 circulation
provided quantitative regional uptake measurements
are performed and related 10 the corresponding
arterial blood concentrations (Jones er al., 1976a).
This is technically difficult when using a conventional
Anger camera, and is best performed with imaging
devices which employ positron-coincidence detection.
Tomographic emission studies of cerebral uptake
would eliminate the superimposed position of tissue
signals, and hence greatly advance the method by
virtue of improved detection contrast. The most
practical technical approaches to both quantitation
and tomography would appear 1o be either the PETT
system developed by Ter-Pogossian er al. (1975) or
the Positron camera of Brownell (Brownell and
Burnham, 1972; Hoop e¢r al.. 1976). It should be
emphasised, however, that, even when these sophisti-
cated devices are used, arterial sampling will be
necessary to obtain absolute regional CMRO: or
CBF values.

The acceptability of this non-invasive method is
underlined by the fact that out of more than 100
patients studied, only onc refused to cooperate.
Therefore, it seems logical 1o speculate upon a larger
application to the complete spectrum of neurological
and psychiatric disorders. The modifications of the
distributions observed in old normal subjects indicate
that this approach could be relevant in the investiga-
tions of aging processes. A logical progression of our
approach would be the evaluation of therapeutic
agents in neurological disorders (Jones er al., 1976b).
In particular, our demonstration of ischaemia is a
positive example where an objective assessment of
therapy could be obtained.
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Radiochemistry in Medicine

The following are summaries of the seven papers presented at a Meeting of the Radiochemical
Methods Group held on May 17th, 1978, in Sutton, Surrey.

Value of /n Vivo Radionuclide WNMethods in Clinical Diagnosis
D. O. Cosgrove

Department of Nuclear Medicine, Royal Marsden Hospital, Sutton, Surrcy, SM2 5PT

Central to the use of radionuclides in diagnostics is the well tried tracer concept with its
nnplication that the nuclide used is not discriminated by the body mechanisms. The choice
of radionuclides for 7 vivo use is greatly influenced by dosimetric considerations, especially the
biological T and, for external counting, the degree to which the disintegration pattern
approximates to the ideal of a pure y emitter of medium energy (too low and the tissue dose
rises, too high and capture by the sodium iodide crystal falls off).  For imaging, the metastabie
nuchides, especially $¥T¢m, have proved physically ideal {although not without difficulty for the
radiochemist) and have allowed the use of larger doses than werc acceptable with, for example.
1, with great improvements in image clarity and with the potential for dynamic imaging.

Dynamic imaging, well established and invaluable in renal work, has become increasingly
more important in cardiology. It-is much simpler than X-ray angiocardiography and there-
fore more readily repeatable. Information on the passage of a blood pool agent is collecied
through several cardiac cycles and displayed in slow motion in order to give a good visual
impression of the heart's contractions. Numerical information can be extracted and promises
to be useful in providing cardiac output measurements, etc.

Static imaging has improved considerably over the past decade, owing to a combination of
bettery-ray cameras and more suitable radiopharmaceuticals.  Theimages are two-dimensionai
representations of the distribution of the nuclide in the body, but it must be emphasised thzt
they are not simple anatomical images, but show anatomy as revealed by selective orgzn
function. Some specific clinically valuable applications are mentioned and a classification by
tracer type is informative.

Chemical Identity

The classic imaging nuclide is 13! for the thyroid, and it is still one of the most valuable. Tis
action depends upon selective concentration of iodide by functioning thyroid tissue and meay
be thought of as giving a positive image. In the brain an intact bloed - brain barrier exclud=
most solutes but becomes permeable when damaged.  Many tracers are available but the most
useful are anionic forms of ¥Tcm pertechnetate.  The normal brain scan thus shows no brain
at all; regions of increased activity are abnormalities. Many other examples of this group a-e
less commonly used, e.g., 3Fe for the bone marrow and tagged damaged red cells for the spleen.

Chemical Similarity

In this application the tracer is sufficiently similar to a chemical present in the tissue under
examination, although the lack of identity can lead to difficulties in interpretation. The use
of F as a substitute for chloride as a bone scanning agent is a now superseded example, ard
one of current interest is the substitution of 21T! for potassiuin as a cardiac muscle imagirg
agent. Selenium-75 can be substituted for sulphur in amino acids used to reveal sites of pro-
tein synthesis. Selenomethionine is a useful agent for imaging the pancreas.

Tracers Linked to Metabolites

In this application the nuclide is bonded to a metabolite with a minimum of disturbance »{
behaviour. Iodoalbumin is the ciassic example, used for blood pool imaging or volume
estimation and iodo- or selenocholesterol are similar substances that are useful in imaging the
adrenals. The most valuable example is the use of phosphate-like substances, tagged wizh
#Tcm, for bone scanning. A number of similar compounds are available, and these rely <a
the fact that increased laying down of calcium phosphate occurs whenever bone is diseased
so that a hot spot is produced. Thus the scans are non-specific for pathology but they are
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TapLe I
SOME TECHNETIUM-99m Rz\DXOPHARMACEUT]C.*\]'.S
Preparation Organ visualised
Pertechnetate Brain, thyroid
89 em - sulphur colloid .,
227 c¢m - hydrolysed tin colloid Liver
9Tcm - bromomercurihydroxypropanc
997 c¢m - dimercaplosuccinate Kidney
89Tcm - DTPA
9Tcm - glucoheptonate Kidney, brain
9Tcm - methylenediphosphonate Bone
9Tcem - imidodiphosphonate Heart
N 99T em - diethylacetanilidoiminodiacetate
80 cm - dimethylacetanilidoiminodiacetate Gall bladder
9Tcm - pyridoxylidineglutamate
9T ¢m - human serum albumin—native Blood pool
microspheres Blood pool

macroaggregates Lungs

#“Tcm - fibrinogen
9 Tcm - plasmin Blood clot
9 ¢ - streptokinase detection
89 'cm - urokinase
99Tcm - labelled cells— )

red blood cells (heat damaged) Spleen

lcucocytes

platelets

The oxidation states of #Tcm in some of the commonly used radiopharmaceuticals have been
studied and the evidence suggests® that the diethylenetriamine-NNN’N"N"-pentaacetic acid
(DTPA) complex contains Tc(I1I) and the human serum albumin complex Te(V).

In the development of new %Tcm radiopharmaceuticals not only is the chemistry of technetium
important but so is the choice of the complexing ligand, which must be based on known or
predicted biological behaviour. In relation to radiopharmaceuticals based on complex and
chelate formation a point that is often unrecognised, or forgotten, is that the formation of the
complex can itself change the biological properties of the ligand. This change can result frem
complexing with groups essential for biological activity, or from changes in lipophilicity or
molecular charge. These changes usually lead to radiopharmaceuticals which do not fulfil the
intended aim. . Occasionally however, alteration in properties may be advantageous. For
example, dimethylaccetanilidoiminodiacetic acid is a derivative of the drug lidocaine. The
parent compound is excreted mainly in the urine whereas the *Tcm complex is excreted
almost exclusively in the bile, making it a uscful agent for imaging the gall bladder.?

To conclude, %¥Tcm is not only the most widely used radionuclide in contemporary nuclear
medicine, but it retains great potential for further exploitation. To the chemist the develop-
ment of new %Tcm radiopharmaceuticals provides many fascinating challenges, from the basic
chemistry of technetium at picomolar concentrations, through the chemistry, biochemistry
and pharmacology of #Tcm complexes, to the problems of developing rapid and reliable
methods of preparation and of quality control.

References
1. “Guidelines for the Preparation of Radiopharmaceuticals in Hospitals,” British Institute of Radiology
Special Report No. 11, British Institute of Radiology, London, 1975.
2. Owunwanne, A., Marinsky, J., and Blau, M., J. Nucl. Med., 1977, 18, 1099.
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Editors, “‘Radiopharmaceuticals,” Society of Nuclear Medicine, New York, 1975, p. 23.
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Radioactive Gases of Short Half-life for Brain, Heart and Lung
Studies

John C. Clark

Medical Research Council, Cyclotron Unit, Hammersmith Hospital, Ducane Road, London, W12 0HS

The application of radioisotopes as in vivo probes in order to study organ morphology and
function and the measurement of body spaces by radioisotope dilution analysis has been sum-
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marised in the precceding papers.  This paper discusses the clinical applications of gaseous
species containing radionuclides with short half-lives.

Of the radioisotopes in current practice $tKrm at 13 s has the shortest half-life. 1t is ob-
tained fromn a radionuclide generator, the parent radionuclide 81Rb having a half-lifc of 4.58 h.
The chemical separation is simple, the daughter being an inert gas. #<rm decavs to 81K(rs,
which has a half-life of 2.1 X 10% year and thus poses no further hazard. The krypton
generator can be coupled on-line to the patient and after the study a very rapid decay occurs
when' the generator is switched off. In this respect the almost instant disappearance of
radiation resembles the conventional X-ray technique. The use of a short hali-life radio
isotope provides a new approach to dynamic studies in nuclear medicine. The krypton
generators can be shipped readily by air and by using Concorde can reach America, where
until recently they were unobtainable, in a.usable state. An ultra-safc generator design is
essential as the direct coupling to patients precludes intermediate testing.

#1Rb is prepared by either the (p,2n) or (d.3n) reactions an 82Kr or, as at Hammersmith, the
alternative reaction “Br(«,2n)®'Rb using sodium or copper bromides as targets. The gas-
phase reaction with a krypton target is the preferred production method. The bombardment
of natural krypton with 30 MeV protons yields approximately 10 mCi of 51Rb pA~1 h-1 The
81Rb collects on the walls of the gas target pressure vessel. The best 81Rb recovery mcthod
reported is the use of a target vessel whose cylindrical stainless-steel walls can be rotated.
When water is introduced into the rotating liner an epicyclic rod acts as a squeegcee, ensuring
good contact with the walls and an 80-90%, recovery of $'Rb, which can be absorbed on to
a very small cation-exchange column. With sodium bromide targets it is found that a zir-
conium phosphate inorganic ion exchanger has a high affinity for rubidium even in the presence
of a gross excess of sodium ions. At Hammersmith Hospital there is a hot cell where six
generators can be made and tested in parallel from one irradiation, all chemistry and target
handling being carried out by remote control. Irradiations are carried out between 05.00
and 07.00 hrs, shipment throughout the UK and continental Europe being by road, rail or
air.

In operation the column is eluted with humidified air for use in pulmonary ventilation
studies. When 8'Kr™ is required in solution a specially prepared column is eluted with 5%,
dextrose in water. The eluate is passed through a small column of AG50 resin to ensure low
*IRb contamination. Terminal sterilisation is carried out on-line using a Millipore 0.22 Am
Swinnex disposable filter unit.

%Tcm microspheres (Ey 140 keV) can be monitored atong with 81Krm (Ey 190 keV) as a
differential test of lung function. The #Tc™ microspheres test the blood supply and 81Krm
tests the ventilation as this isotope decays so rapidly that a significant decay occurs before a
volume distribution can be achieved. Gross mismatching of the two isotopes (monitored at
140 and 190 keV, respectively) indicates abnormal lung function.

Continuous infusion of #Kr™ solution by a specially designed aortic root catheter whose tip
is placed just above the aortic valve (the region from where the coronary arteries draw their
blood supply) allows studies of the blood flow to the myocardium. This technique can give a
semi-quantitative estimate of flow on a minute to minute basis. In contrast only one flow
estimation can be carried out using *Tc™ microspheres. Similarly, arterial infusion of 81K rm
enables studies of brain blood flow during drug stimulation.

Radioactive oxygen, 10, has been available for many years. It hasa 2 min half-life and is
available as C**0, C150,, 150, and H,0. Nitrogen is irradiated with deuterons at about
7MeV. Oxygen-15 atoms are produced by the N(d,n}*50 reaction and react with selected
substrates in radiolytic reactions in the target to form, for example, 10, and C150, at radio-
chemical purities of around 99%,. One recent application of 130, and C1%0, is in the study of
regional brain oxygen consumption and blood flow.

If a subject breathes 1°0, until a steady-state equilibrium is obtained the body tissues become
labelled with H,%0 generated by metabolism of 150,. Some background is inevitably present
due to the 150, bound to haemoglobin in the blood but in practice this effect is small. If on
the other hand C!%0, is administered under similar conditions the body tissues become labelled

with H,150 by the exchange process
- (80, 4 H,0=CO0, 4 H,50

(catalysed by carbonic anhydrase) and in this instance the labelled water content of the
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tissuc can be related to blood flow. Thus, by use of a suitable imaging device distributions
of water of metabolism and flow can be studied and compared.

Initial studies are being carried out in the brain where mismatching between metabolism and
flow can be seen clearly in a variety of disorders. During radiotherapy of brain tumours, for

-example, brain metabolism and blood flow can be monitored non-invasively, the only co-

operation required from the patient is to breath the labelled gas whilst being located in front
of the imaging device (y-ray camera). Small cyclotrons (7-8 MeV deutcrons) suitable for
dedicated '*0O production may at £250000 become a uscful addition to the technological
arsenal of the clinical scientist. L

Radioactive nitrogen 3N with its 10 min half-life can be produced by the *C(d,n)1*N or
160(p,er) 1N reactions. If carbon dioxide or methane are irradiated with deuterons 3N, and
1BNHj are the major products, respectively. If water is irradiated with protons of 10 MeV or
more ]3’\1 labelled nitrate and nitrite arc formed which can be reduced readily to B¥NH,.

18N, is used in the solution and gas phase for pulmonary function studics whercas ’3,\11 has
found application as a cerebral blood flow marker and in myocardial metabolism stud1C>

Radioactive carbon-11 is commonly produced by the ¥N(p,x)"'C reaction to yicld 'CO,,
which can be reduced to 11CO by zinc at 400 °C. 11CO can be used to Jabel red blood celis as
1C carboxyhaemoglobin and used to define blood pools, e.¢. the heart chamber volumes 11 vizo.
If approximately 5%, H, is present during the proton irradiation of nitrogen M'CH, is produced;
this can be chemically converted into the useful synthetic precursor H'CN with ammonia
by passing over platinum catalyst at 1000 °C. Several natural and synthetic amino acids
have been prepared using HUCN and a modified Strecker synthesis for use in 41 vivo protein

metabolism studies, e.g., in the pancreas and tumours.

The radionuclides 15O, 13N and 'C all decay by the emission of positrons. These positrons,
on annihilation, give rise to a 180° correlated coincidence pair of 511 keV photons. These
photons can, with the aid of recently developed multi-crystal ring detectors using 66 or more
sodium iodide (thallium) crystals, be used to generate a quantitative image similar to an i viwo
autoradiograph using computer assisted reconstructed emission tomography, a technique akin
to that used by the now familiar EMI scanner. The positron and EMI studies can be considered
as complementary. With suitable labelled radiopharmacecuticals the former provides func-

- tional information whereas the latter provides morphological information.

In conclusion, the application of radioactive gases of short half-life is now providing the
clinician with useful information previously unobtainable both in the routine and research
areas. The transition to the preparation and use of more complex molecules, based on simple
gases as precursors has begun, and a challenging but interesting future seems to lie ahead.

Radiopharmaceuticals Containing Fluorine-18
A. J. Palmer

Medical Research Council, Cyclotron Unit, Hammersmith Hospital, Ducane Road, London, W12 0HS

Fluorine-18 (half-life 110 min B*) found a place in nuclear medicine in the late sixties and early
seventies when it was extensively used (in the form of a simple aqueous solution of fluoride) for
bone scanning.! Since that time it has been largely superseded for this purpose by %Tcm
labelled polyphosphate complexes but its use on a smaller scale for dental studies continues.?
Interest has also continued in the preparation and applications of organic radiopharmaceuticals
labelled with this radionuclide.

- Fluorine-18 labelled organic radiopharmaceuticals would appear to have several potential
advantages. In fluorinated analogues the fluorine can replace either a hydrogen atom or a
hydroxyl group in a normal organic compound, while a third pessibility is the introduction of a
trifluoromethyl group. In analogues of the first type the Vam der Waals radii of the two ele-
ments are very similar (r; = approximately 0.135 nm, ry = approximately 0.110 nm) and
fluorine is the only element that can replace hydrogen without notable steric consequences.?
The carbon - fluorine bond has a very high dissociation energy and consequently improved
in vivo stability would be expected for these compounds when compared with, for example,
the equivalent iodine-labelled material. Fluorine and hydregen are however very different
in their reactivities. Owing to the very strong electron withdrawing inductive effect of
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IN1968. Yano and Anger first suggested that ultrashort-
{ ived radionuclides such as krypton-81m ‘could be used to
2327 visualize blood vessels and organs.' Krypton-81m genera-
5 lors were designed 10 allow the intermittent elution of this
& indicator from its parent compound. rubidium-81
7.4 ('Rb).> 3 This was used initially for ventilation and per-
g fusion studies of the lungs and later for studies of cerebral
blood flow +- =

Krypton-81m (half-life 13 seconds) allowed the intro-
luction of 2 technique for continuous observation and

“sessment of the distribution of regional myocardial
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Continuous Assessment of Regional Myocardial
Perfusion in Dogs Using Krypton-81m

ANDREW P. SELwyN. TERRY JONES. J. HaRVEY Turxer., Tim Praty,

JoHN CLARK. AND PETER LAVENDER

SUMMARY  Krypton-81m has been continvously eluted in 5% dextrose from a cyclatron-made rubidium-§1
generator. The unique physical properties of this inert freely diffusible gas (half-life 13 seconds) have allowed the
development of g technique for the constant infusion of this tracer into the aortic sinuses of 25 dogs. Theoretical
considerations suggest that an equilibrium of *'™Kr activity in the myocardium is principally dependent on blood
flow. Experiments have tested the delivery of this indicator and have recorded quaniitative high spatial resolution
images of the heart with a gamma camera and digital computer. The systematic error was determined by comparing
changes in regional blood flow (in ml/g per min, using an electromagnetic flow probe) and changes in calculated flow
‘ (ml/g per min) using the regional activity of *"Kr (P = < 0.001:r = 0.97:y = 908 X + 0.105:n = 60). The random
error and uncertainties concerning mixing and streaming of the indicator were fested by repeating measurements
with alterations in heart rate, blood pressure, coronary flow. and total myocardial “'Kr activity using different
. interventions (reproducibility. P = 0.001, r = 0.982; ¥
quaatification of changes in the myocardial activity of *'"Kr must consider the stability of the arterial concentration
of this indicator and washout of *™Kr at high values of myocardial blood flow. This ultra-short-lived radionuclide
will, however, provide an assessment of changes in the distribution of regional myocardial perfusion.

= 0.982x + —0.257. n = 100 observations). Any

perfusion in dogs.® Although the theoretical considera-
tions and initial experiments are of interest. a pracucal
validation of the results by an independent method has
not been provided.

Itis the purpose of this paper 1o present an investigation
of and validation for the use of ®™Kr for continuous
assessment of changes in regional mvocardial perfusion
(RMP) in 25 dogs.

Methods

Theoretical Considerations

If #'™Kr is infused constantly into the aortic sinuses. the
arterial concentration of this indicator will fluctuate with
pulsatile blood flow. If the patiern of mixing and stream-
ing of this freely diffusible gas is stable. then the effect.
over minutes, will be that a constant quantity of ¥™Kr will
reach the coronary circulation per unit of blood flow.
Accumulation of #™Kr in the myocardial water space will
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resultin an cquilibrium of activity within the heart. During
d constant infusion the amount of ~oKr FRr] g volume
of myocardium (V) will depend on: (1) blood flow into
the mvocardium (F): (2) arterial concentration of (he
mdicator (Ca): (3) bload flow out of the myocardium (F):

(4) venous concentration of the indicator IKr] and (5

disappesirance of the indicator by decay {A)
i \ A

NTNIRL
\

Fea)—  Mvocardium
— AlKr]

This model assumes that the Venous coneentration s in
cquilibrium with the tissue concentration.” P orepresents
the partition cocfficient of Ky (aken tobe .00

Itis probable that the partition cocfficicnt of ™K will
change with differem pathophysiologic) circumstances. 1
one uses this ultrashori-lived tracer. as shown in Equations
Pand 3. the partition coefficient is related o the washout

. F .
of the isotope (i) and therefore takes o sceondary role

in the myvocardial signal of "Ry activity . The mvocardial
cquilibrium of “™Kr in the heart will be influcnced by
arrival of 1Ky by blood flow . and by rapid decay. Small
changes in the partition coefficient will not be important.
This is yuite unlike the cireumsiances that exist when
considering the washout of a long-lived indicator such as
Nenon-133.7 this state of dynamic eyuilibrium can be
expressed as:

Krjp
FiCa) = FL{;]— + [Kr}a

therefore

- (H

The decay constant for ™Ky g 3.2/min. and this means
that the time constant for observing a change in the
cquilibrium of MKy activity in the mvocardium must be
more than 13 seconds and preferably 30 seconds. The
magnitude of fluctuation of *™Kr in the arterial blood
with each heart beat will be smali in comparison to the
quantity of the active indicator in the myocardial water
space. The denominator in Equation 1 is influenced bv
the high value for the decay constant. Hence. the steady
state myocardial ¥'™Kr activity is principally dependent on
the arrival of the tracer. ie.. myocardial blood flow (F)
rather than its removal ¢

If the delivery of “™Kr is such that the mean concentra-
tion of the tracer in the arterial blood is constant (when
measured at 30-second intervals). it is possible to examine
theoretically the change in the myocardial signal. [Kr]
which results from changes in myocardial blood flow (F).
For any change in myocardial blood flow from F, to F, we
have the following expressions for the corresponding
myocardial counts/min of $mK, [Kr].

F, (Ca) = g[Kr, ](% P+ 3.2) 2)

o o F
l-:.(<u;=g!kr1.](\f”' 3.2 .o

where gois the relative detection ¢fficiencies b""“k‘vq
counting the mvocardial “mg; cantent. fR1j. ang the
concentranon of “'™Kr in the artenal blood (Cay o5,
assumed that in any single CXPCrIMCin Ca does nog “h““t‘:
significantiv and £ ICMAins consiant . iy i« passble o \1.1\:

for . by dividing Egquation 2 by 3

RIULN O
F,= .
[Kn ] (}’h s
[Kra Vv T \’
This can be written-
. }-I
I, TV

RIS (w,

3

(K] LV 0 :,)h v

. I
Tt follows that eiven @ Known value of \_'4 S MCastireg

by reference technique. and the corresponding myvogy;
dial F'mKr signal . [Kr]. it should be possible 1o copep

. . . k
subsequent tissue counts e IR mtovatoes of \- Mmph

by insertion into Equation 4 1n effect i should be posible
1o calibrate cach preparation in order o comvert chaagey

e

myocardial ™K activity mio absoluie changesn -

By calibrating the ™Ky counts in this way it i posaibie
totest: (1) the theoretical considerations. (2) the stabiliny
of the arterial concentration. mixing und streaming of the
indicator. and (3) whether this wehnique can detea
changes in regional myocardial perfusion

Experimental Protocol

Mongrel dogs weighing 30-535 ke were anestheized
with intravenous sodium thiopental (12 mg/kyj. Vensils-
tion was provided via a cuffed endotracheal tube and a
mechanical ventilator. Anesthesia wis maintained by the
intermittent intravenous mjection of pentobarbital (1.3
mg/kg). Care was taken that with cach administration the
cyelash reflex was not abolished and the heart rate xnd
blood pressure did nat change by more than 3% . A efi
thoracotomy was performed and the heart supported @ a
pericardial cradle. A reversible snare was placed aroend
the left anterior descending coronary artery (LAD)ora
major branch of this vessel (Fig. 1). This allowed acclugon
and release 10 be effected without interfering with imag-
ing.

A modified Paulin ring cardiac catheter (Cooks Caile-
ter Co.). introduced through a femoral arteriotomy. was
seated below the coronary ostia in the aortic sinuss.’
“UmKr was eluted continuously in normal saline from 2
“'Rb generator and infused in 5% dextrose at 1+ mljmf
by a constant rate infusion pump (Watson-Marlow
MHRE200) 6

The dog’s heart was positioned under a wide-ficld
gamma camera (Toshiba GCA 202). and images wer®
recorded on Polaroid or 35-mm film with the dog in &€
left lateral position. The resolution of this camera pas
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Krypton-81m
- 5% dextrose

=5

Rubidium-8]
generator

Electromagnetic
flow probe

[

Coronary
snare

FiGURE | The experimental diagram shows the “'Rb generator,
infusion pump, and the aortic sinus catheter. Regional coronary

flow was measured using an electromagnetic flow probe. The LAD

snare is shown.

collimeter for ®™Kr was 7 mm, using a line spread
function. Quantitative high spatial resolution images of
total and regional myocardial counts/min of 8™Kr were
recorded with the gamma camera and a digital computer
(Deltron-Nova 1220). These quantitative images were
recorded on a magnetic disc at 30-second intervals
thiroughout the experiments. The digital computer was
programmed to recall and display images recorded on an
oscilloscope screen within a 64 x 64 matnx of squares.
An electronic light pen was available to enclose up to
seven areas of interest within the matrix, and the computer
was capable of displaying the counts recorded in each area
of interest for each 30-second interval of the experiments.
Corrections were made for the decay of #Rb. A cannula
was inserted into the second femoral artery, and thoracic
aortic pressure was measured with Statham P23Db
Pressure transducer. The ECG (standard lead 2) was
tontinuously monitored, and these variables were re-

torded on a multichannel instrument (Hewlett-Packard,
:1788A).

A sui!éb-ly sized standard error electromagnetic flow
robe was fitted to the.coronary vessel immediately prox-

.maj to_the snare. The probe diameter varied between 3

and S mm. Pulsatile regional coronary flow was recorded
Y connecting the probe to a standard error flowmeter
TSEM 275). The flowmeter system has a carrier frequency
of 285 Hz and the output is nominally flat (down less than

‘o

~
~1

LAD were made by a distally placed snare to ensure an
accurate zero level throughout the studics. Recordings
were selected for analysis only if. in adjacent zero detes-
minations. there was a change in zero level of less than o
S% of peak flow. The flow probes were calibrated in situ
at the end of the experiments by cannulating the main leti
coronary artery. tving off alt the branches except the one
of interest. and perfusing that artery with the dog’s own
blood from a continuous infusion pump. The arcas undes
the systolic and diastolic portions of the phasic flow
tracings were analyzed by planimetry and were calculated
by using the calibration data flow in milliliters per minuie
(ml/min). The mean of six measurements of flow in mi
min for cach control period and each intervention wos
used. The dicrotic notch of the artenal pressure wave was
taken as the beginning of diastolic coronary flow.

Each experiment was started by positioning the dog’s
heart under the gamma camera. ""™Kr in 5% dextrose was
delivered by constant infusion into the aoruc sinuses. Thz
total and regional mvocardial activities of the indicator
were recorded for 20 minutes while heart rate. sori:
pressure. and phasic regional coronary flow were stable.
The LAD was occluded for 30 seconds and a repion on
the heart on the visual display showing diminished *'™Ki
activity was identified. The camera was rotated in relation
to the heart so that the area of interest was positioned on
the edge of the image. This minimized the effects of
counts from the opposite side of the heart when invess:-
gating regional counts/min (CPM) in the area under studx .

A variety of interventions was used to change 1otal @71
regional myocardial blood flow.

1. The atria were placed at rates of 150 10 225 beats’
min (n = 25 dogs).

2. Intravenous isoproterenol was given at between (1.1 3
and 0.4 pg/kg per min (n = 25 dogs).

3. Temporary LAD occlusion was used 1o produce 2.0
and 5.0 minutes of regional ischemia followed by repes-
fusion {(n = 25 dogs).

4. Pentobarbital (3.0 mg/kg. iv) was used 1o produce
decreases in coronary flow (n = 20 dogs).

Regional coronary flow (electromagnetic flow probe)
and total and regional myocardial CPM of ®'™Kr werc
recorded before, during. and after each intenzniion.
when heart rate, blood pressure. and phasic rzgiomal
coronary flow were stable.

The reproducibility of changes in 5®Kr myccardaal
CPM was tested in three ways.

1. Total CPM of ¥®Kr was recorded for 20 minutzs
before the interventions were initiated and while heart
rate, blood pressure, and regional coronary flow (electro-
magnetic flow probe) were stable (n = 25 dogs).

2. In each experiment, the total and regional myocar-
dial CPM of #™Kr were recorded before, duning, and afeer
interventions affecting the whole heart (i.e., atrial pacimg .

. pentobarbital ‘and isoproterenol) and in those producimg

local changes (i.e., LAD occlusion). The dogs were al-
lowed to recover so that heart rate, blood presswe, amd
coronary flow returned to control. At least four intervem-
tions were used in each experiment and at least two of
these were repeated. The initial control myocardiak 8'=&r
activity and the controls after the interventions weve
compared. The effects of the same intervention defivered

dB) to 80 Hz. Numerous mechanical occlusions of the













of regional
aution in

1own afier]

KRYPTON-81m AND MYOCARDIAL BLOOD FLOWSeheyn et ul 1i?

qupplicd . The relationship shown in Figure S was statist-
cally sigmhicant.
Discussion

Kryvpton-8Tm emits @ monacncrgetic 190 keV o pamma
gav. The gas s biologically and chemically inert and
diffuses trecly. This indicator can be cluted continuousty
from the cvclotron-produced radicactive parent. rubid-
jum-81. contained in a portable generator ®

Kaplan and Mayron' have shown that when ""™Kr was
infuscd into the coranary circulation there was no signifi-
cant detectable activity in the lung fields.

The major disadvantage of using *'™Kr is the delivery of
the indicator which requires an invasive technique. The
pse of radiopotassium and related radionuchdes is much
Jess invasive but makes certain assumpuons about myocar-
dial ccll membrane metabolism.'? The energies emitted by
AR. MTL. *Rb. and " Cs can impair image resolution
senously.t

The clearance of "™Xc from the heart is a function of
myocardial blood flow.” The partition coefficient must be
considered because of the accumulation of this gas in fat.
Also. these techniques generatly do not provide images of
high spatial resolution. Radioactive microspheres must be
injected into the left atrium to assess myocardial blood
flow and can provide detailed quantitative measurements
separating cndocardial and cpicardial events. This cannot
be donc in man; the measurements are not dynamic and
problems of uneven vascular distribution must be consid-
ered. !

In these experiments the svstematic error was lested
within a segment of ventricular myvocardium. A different
experimental design will be necessary if this technique is
required to assess changes in overall or total myocardial
perfusion.

The gamma camera used in this way cannot regord the
regional myocardial distribution of *'™Kr in three dimen-
sions. This can be overcome partially by observing the
region of interest on the edge of the image of myocardial
activity. This minimizes interference from 8™Kr CPM
from the opposite side of the heart. In its present form,
this technique cannot separate endocardial and epicardial
CPM of 8:mKr. Pinhole collimation of transaxial emission
scanning may be of help in the future.

Changes in the regional distribution of activity could
occur if the delivery, mixing. or streaming of the indicator
were unstable. These experiments showed that when the
position of the catheter was stable and a constant infusion
was delivered into the aortic sinuses. a stable baseline of
lotal myocardial CPM of #'™Kr could be recorded. Six
selected areas of myocardium in each dog received the
same proportion of #™Kr activity when heart rate, blood

Pressure, and coronary flow were altered by interventions
that affect the whole heart. This suggested that, in these
" €xperiments, mixing and streaming of the indicator in the

aortic sinuses and coronary circulation were stable. The

- “'Myocardial distribution of radioactively labeled micro-
- Spheres and #'™Kr were identical when both were admin-

Mtered in the same way using the ring catheter .
It is necessary to consider that as blood flow increases
the effects of washout of #'™Kr on the relationship between

regional CPM of the tracer and blood flow become more
important. In this studv. a reference technigue was used
1o determine this relationship. Using theoretical consider-
ations. it was possible to calibrate the regional myocardial
activity of ¥™Kr. Figure 3 demonsirates the systematic
crror and shows a significant relationship between med-
sured and calculated myocardial bload flow.

If rcgional CPM of *Kr are used in this way to
calculate changes in myocardial perfusion. the concenira-
tion of the indicator in blood delivered to the coronary
circulation must be stable or measured and incorporated
in the calculations. In these experiments. the relatonship
between caleulated and measured regional myocardial
perfusion suggested that the arterial concentration did not
change enough to invalidate the theoretical considerations
or the comparison with a reference technique. If arierial
concentration of *'™Kr altered. but mixing and streaming
were stable. then regional activity could be used to assess
relative changes in the regional perfusion of one area in
relation to the surrounding myocardium. In conclusion.
investigations of the svstematic and random errors have
shown that the indicator musi be delivered into the gortic
sinuses and that the myocardial distribution of '™Kr
during a constant infusion is stable. Absolute quantitation
of flow is difficult because the geometrical relauonship
between a heart and the gamma camera is complex. the
arterial concentration of the indicator musi be stable. and
washout of #®Kr at high values for flow unit volume must
be considered. The theoretical considerations and these
experiments have shown that the unique physical propes-
ties of 8'™Kr can be used to assess changes in regionzl
myocardial perfusion.
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Chapter 1

KRYPTON 8Im GENERATORS FOR VENTILATION
AND PERFUSION

J. C. Clark, P. L. Horlock and I. A. Watson

Krypton 81m decays with a 13 second half-life and emits 190 keV photons in
657 of its disintegrations. It is the daughter of rubidium 81 which has a half-
life of 4-58 hours.

Recent clinical interests have led to the exploitation of the very short half-
life of 8'Kr™ to obtain functional images of various organs directly from the
scintillation camera during the continuous administration of 8'Kr™ at
constant concentrations (Kaplan er al., 1974a: Fazio and Jones. 1975: Turner
et al., 1976b: Kaplan er al., 1976). Generators have been developed for
delivering constant concentrations of #'Kr™ solution for intravenous and
intra-arterial infusion as well as in the gas phase for use in lung ventilation
studies.

The main factors to be considered in the preparation of these generators
are:

(1) Cyclotron production of useful quantities of the 8'Rb parent.

(2) Generator design.

(3) Chemical separation of 8 Rb from the target material and generator
loading.

(4) Procedures for generator testing.

In this paper these points will be considered, together with some practical
aspects of generator operation, with particular reference to generators
produced and distributed by the Medical Research Council, Cyclotron Unit.

THE PRODUCTION OF RUBIDIUM 81

There are several reported methods for producing 8'Rb and these are shown
in Table 1-1. Both the "®Br(x, 2n)%'Rb and the 8'Br(a, 4n)8!'Rb reactions
proceed in good yield with 30 and 50 MeV alpha particles respectively.
Sodium bromide and cuprous bromide have been used as target materials.
The yield for the 21 MeV helium 3 reaction with bromine is not high enough
for useful generator production. The use of *He at 29 MeV has recently been
investigated (Guillaume, 1978) using sodium bromide and cupric bromide
targets and *'Rb yields of practical proportions achieved.
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70% enriched %4Sr 8
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PRODUCTION OF KRYPTON S81m GENERATORN 9

By using a 37%, enriched krypton 80 target both 20 MeV *He and § MeV
deuterons have been used to produce useful quantities of rubidium 81.
Natural and 70, enriched *?Kr* have been irradiated with protons and
deuterons to produce clinically useful generators (Clark et al.. 1977: Gindler
et al., 1976; and Lamb et al.. 1978). In all target systems using krypton the
*'Rb product must be recovered from a large area of target wall and no
particularly attractive method of achieving this has yet been reported. A

“remotely controlled target with a rotating glass or stainless steel liner may

offer a practicable solution if suitable conditions can be found to effect an
efficient recovery of ®'Rb from the walls (Palmer et al.. 1973 ; Guillaume..
1976). Alternatively, a target whose walls can be remotely steam treated may
be considered (McDonald, 1977 Friedman. 1976). If enriched krypton is to
be used a highly reliable containment system should be employed.

The irradiation of rubidium targets with about 65 MeV protons has been
described primarily as a source of high purity *'Rb via *'Sr for in vivo
generator studies, but higher production rates may be possible if lower
purities and specific activities are acceptable for in vitro generator
applications. The proton irradiation of enriched **Sr was proposed by Cann
(1973) but no practicable applications have been described.

Most methods of producing ®'Rb simultaneously produce other rubidium
radionuclides which are of importance primarily when considering the whole
body radiation dose due to rubidium breakthrough from solution
generators. Of secondary concern 1s the provision of lead shielding for the
generator assembly as 82Rb™ emits particularly hard gamma-rays.

GENERATOR DESIGN

Two types of 8'Kr™ generators have been reported and some of their
characteristics are shown in Table 1-I1. Both use a cation exchange material
to retain the 8'Rb whilst allowing the 8'Kr™ to be recovered in either the
solution or gas phase. However, they have quite different rubidium loading
characteristics (see next section).

The first type developed in our laboratory (Clark et al., 1970) incorporates
a column of the inorganic ion exchange material zirconium phosphate. The
second type of generator developed in the Donner laboratory (Yano et al.,
1970) and subsequently improved in the Veterans Administration Hospital,
Hines, in collaboration with the Argonne National Laboratory (Colombetti
et al., 1974) uses a cation exchanger of the organic type, e.g. Dowex 50 x 8.

Neither generator system may be eluted with isotonic (0-9%) NaCl

* 70% enriched ®?Kr, $7300 per litre (Nov., 1976), Mound Laboratory. Miamisburg. Ohio
45342, USA.
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PRODUCTION OF KRYPTON 8la GENERATORS I

solutions withoutincurring significant losses of rubidium. Elution with water
or 1sotonic dextrose, however, may be carried out at high flow rates (5--
10 ml min ") with little loss of rubidium (see below). As the half-life of the
eluted product is only 13 seconds the ion exchange column bed volumes are
kept as small as 1s practicable consistent with maintaining adequate safety
levels for rubidium breakthrough or leakage.

CHEMICAL SEPARATION OF RUBIDIUM 81 AND GENERATOR LOADING

Zircontum phosphate is an insoluble crystalline material with a high affinity
for rubidium even 1n the presence of high concentrations of sodium ions. This
property enables one to load ®'Rb on to the zirconium phosphate generator
rapidly at high efficiency using the irradiated 2-5 g sodium bromide target
dissolved in 20 ml water. A wash with 100 ml water to remove the unwanted
sodium bromide is all that remains to complete the generator preparation.
The whole procedure 1s accomplished in approximately ten minutes and
readily carried out by remote control.

The organic cation exchanger used in the second type of generator will
only retain rubidium when it 1s apphed to the column in solutions of low
tonic strength. Thus if a sodium bromtde or cuprous bromide target is used.
the ®*'Rb must be chemically separated from the target material before being
loaded on to the column essentially carrier free (Colombetti et al., 1974).
These procedures are time-consuming and difficult to carry out by remote
control and the resulting generators offer few advantages over the zirconium
phosphate type, both types having elution efficiencies of 70-80%, and similar
rubidium breakthrough values.

[f carrier-free ®!'Rb is recovered in neutral ion-free solution after krypton
irradiation the AG 50 x 8 material may be loaded rapidly with high
efficiency.

PROCEDURES FOR GENERATOR TESTING

The zirconium phosphate generators produced in our laboratory are
routinely tested for eluted activity at steady state. Rubidium breakthrough
values for eluates of both gas and solution generators are also estimated.

The elution test is carried out using water at a standard flow rate of
10 ml min " and the steady state eluted 8! Kr™ is monitored in a 15 ml coiled
tube placed in a calibrated re-entrant ionization chamber. A 25 ml sample of
this eluate is collected for subsequent assay for rubidium breakthrough using
a calibrated Ge/Li1 gamma-ray spectrometer.
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Solution generators intended for human use arc assembled a few hours
before loading from cleaned. sterilized and dried components. The assembly
15 then washed through with sterile pyrogen-free water which s also used
throughout the loading and washing procedure. Pyrogen testing of eluates
from generators taken at random are carried out by the standard rabbit test
or the in vitro Limulus test. o

SOME ASPECTS OF ZIRCONIUM PHOSPHATE GENERATOR
OPERATION

The infusion generator may be eluted with water or isotonic dextrose. In
order to render the infusate 1sotonic when water 1s used. the generator eluate
is mixed with an equal flow of 1-8";, sodium chloride solution as shown in
Fig. 1-1. A simplified infusion generator arrangement using isotonic dextrose

Recovery of 81Krm solution for perfusion

studies 0. % NaCt solution
of krypton-81m to

1. 8% NaCl perfusion catheter.

= Flow 28 ml. min_1

Lead Shield
HZO <I> — -
/@

Filter
Harvard Model 2206 ) /
dual syringe Rb bound to
pump - zirconium phosphate

Fig. 1-1. Schematic diagram of the 8'Kr™ solution generator using a water eluant.

as the eluant is shown in Fig. 1-2A. The small rubidium trap column of
AG 50 x 8 (H™) resin is introduced into the system. after the generator has
been loaded and washed, to control the small but significant increased Rb
breakthrough that occurs with zirconium phosphate when eluted with
isotonic dextrose. The eluant is in both cases terminally sterilized using a
Millipore Millex disposable 0-22 um filter unit with the inevitable
introduction of its 1-5 ml dead volume. The filter should be preloaded with
eluant and the generator system purged well to remove air bubbles before the
filter unit is installed to avoid the risk of “‘gas-locking” with the attendant
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Recovery of 81Krm in the gas phase

for ventilation studies

Flow 1 liter min_1

to face mask

U
lKg,cm_2 air i -
f \ Lead Shield
H,0

.m

Fig. 1--3A. Schematic diagram of the ' K™ gas gencraor

®

O]

O] Fig. 1 3B Exploded view
of the MRC 7K™ g
Lenerator,

@

®

risk of membrane fracture. A new filter umt should be used for each subject
studied. Figure 1-2B shows the MRC solution generator with its columa
exposed.

When a generator is used for ventilation studies it is eluted using air or 2
physiological gas mixture. It is essential to ensure that the eluting gas flow :s
saturated with water vapour before passing through the column as shown in
Fig. 1-3A. Dry gas causes the column to dry out and little 8'Kr™ can then be
recovered. Should a generator accidentally become dry it is possible to re-wet
it and regain the normal high elution efficiency. Figure {1-3B shows the
salient features of the MRC gas generator as currently distributed.
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PRODUCTION OF KRYPTON $1m GENERATORS I

When using *'Kr™ generators it is essential to minimize losses of 3'Kr™ by
decay during its passage from the generator to the subject. This is achieved
by keeping the diameters and lengths of the delivery tubing and catheters to a
minimum and operating at flow rates consistent with their volume and the 13
second half-life of 8'Kr™.

Delivery of ®'Kr™ in the gas phase is normally accomplished using a dis-
posable face mask as for oxygen administration but there may be occasions
when the mhomogeneous inhaled mixture delivered by this method has
disadvantages. In these cases it may be necessary to provide some suitable
premixing system to cope with breath by breath administration.
Occasionally small droplets of liquid may be found in the gas delivery tube
and they may be found to contain small amounts of #'Rb. They are due (o
operating the generator with too much water in the saturator or at t0o high a
flow rate. They may readily be prevented from reaching the face mask by the
sertion of a small trap in the delivery tube close to the generator.

CONCLUSICN

Krypton 8Im generators for infusion and ventilation studies have been
developed for use in routine clinical investigations. Their widespread
application will depend largely on a highly organized production and
distribution system.

New applications continue to be found particularly for the infusion
generator and the results reported so far seem to match the ingenuity of the
investigators in tackling the problems of working with a 13 second half-life
radionuclide in clinical research.
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COMBINED USE OF KRYPTON 81m AND 85m IN
VENTILATION STUDIES

T. Jones, J. C. Clark, C. G. Rhodes. J. Heather
and P. Tofts

The continuous inhalation of krypton 81m gas provides a sensitive means
for detecting focal defects in lung ventilaton (Fazio and Jones. 1975).
Although of clinical value the lung ventilation 1mages obtained have a
limited functional interpretation. This i1s due to the regional lung counts
being representative of the total ventilation ¥ 1o that area and not
ventilatory turnover V/vol which is the basic quantitative measure of
ventilation and of which absolute values are required. Furthermore. the
relationship between the content of #'Kr™ in the lung and ventilation is non-
linear with a tendency to underestimate V as ventilatory turnover ¥ ivol
increases. This 1s a particular problem when assessing venulation images
obtained in young children and certain disease states where high values of
V/vol are experienced. The goal then is to be able to analyse the semi-
quantitative ®'Kr™ lung ventilation images to obtain absolute values of
regional V/vol. In turn. this could be used to obtain the true distributions of
both V. on the #'Kr™ inhalation image. and regional lung blood flow from
the image obtained during the continuous intravenous infusion of *'Kr™
solution (Harf er al., 1978 Ciofetta et al., 1977). As discussed in the earlier
paper on the theoretical use of ®'Kr™, one approach to achieving
quantitation would be to repeat the inhalation procedure using a krypton
isotope with a different radioactive half-life to that of ®'Kr™. For this
purpose we have elected to use cyclotron produced *°Kr™ (Clark and
Buckingham, 1975) which has a half-life of 4-4 hours. This follows the initial
use of this tracer as an internal standard in brain blood-flow studies with
BIKr™ by Arnot et al. (1970). Figure 6-1 shows the time-activity curve one
would theoretically expect to record over the lung during the continuous
inhalation of (a) ®'Kr™ and (b) a long-lived krypton isotope such as SKr™,
These curves have been calculated for a V/vol of 1-7 litre min ™! litre ™! (1ypical
values in erect normal man) with the lung concentration of tracer being
expressed as a percentage of that in the inspired gas. With the long-lived
krypton the lung concentration will build up to reach that of the
concentration in the inspired gas. The 13 second half-life of ' Kr™ causes the
equilibrium concentration in the lung to be appreciably less than that in the
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quilibrium level reached by 'K r™ with
how nearly the short half-Jife isotope
ired concentration. In effect one IS
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1s known precisely. In writing the basic formulae for
the equilibration levels of *1Kr™ and 85K

r™in the lung, (®*'Kr™) and (]5Krm),
we have:

1K) gV Ca(81m)

- I

V/vol + 3-2 1)
, 85 my 9V Ca(85m) ,
and = ol + 000% .

where Ca(81m) and Ca(85m) are the respective inspired concentrations of
$IKr™ and 85K m

47
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48 PULMONARY PHYSIOLOGY

For 83Kr™ the emitted - ray used in detection has an energy of 130 keV
which is sufficiently close to the 190 keV photons from ST ™ for ¢ to be the
same for both tracers. The radioactive decay rate of “*Kr™ (0-0026 min "'} is
negligible relative to the typical value of ¥/vol. Hence by dividing the two
lung signals we have:

v jvol 32
YOI = s Ca(81m) | )
8T ™ /) Ca(85m) )

This expression takes the same form as that of equation (3) derived in the
earlier theoretical paper. The relationship between the K™ Jung signal and
the concentration of this tracer in the inspired air provides the transposition
between the detection efficiencies for monitoring the inspired concentration
and the lung concentration.

EXPERIMENTAL PROCEDURE

The experimental procedure is to administer sequentially STRKe™ and
85K r™ from a well-mixed reservoir. The resulting pulmonary distributions at
equilibrium measured by the gamma camera are recorded in turn as
numerical matrices, so providing values of regional *'Kr™ and **Kr™. On
both occasions the tracers are pumped from the reservoir. which is at
atmospheric pressure, through a thin bore tube which delivers the 1sotopes to
a disposable face mask. At equilibrium the content of tracer in the tube is
recorded with a scintillation counter viewing a short section of tube to give
the ratio: Ca(81m)/Ca(85m) necessary for equation (3). This is used to
operate on the regional (33Kr™)/(®'Kr™) ratios determined for each of the
matrix points and:the computer is set to calculate expression (3) and so
obtain a matrix of V/vol values. Before this is done it is necessary Lo correct
for possible differences in photon energy window setting on the camera and
scintillation probe. This is done by piping in turn the two tracers to a short
tube placed in front of the gamma camera. In addition, the appropriate
amount of absorber, equivalent to the chest wall, is placed between the tube
and the camera face in order to simulate the differential absorption of the two
tracers. Figure 6-2 shows how important this is, due to the spill-over in the
150 keV photo peak (74% abundant) from the 315 keV photons also emitted
by #°Kr™ (13% abundant). This energy spectrum was recorded with the
gamma camera placed over the chest of a normal subject during the
continuous inhalation of 83Kr™. This calibration procedure allows for the
additional counts falling into the 150 keV windows of the camera and probe.
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PULMONARY PHYSIOLOGY 49

150KeV. [ k" §-Roy spectrum recorded over the chest with an Anger camera

L g ;

: V » .q

- .

i e T N 1

315 KeV

Fig. 6--2. Gamma ray spectrum from an Anger Camera viewing the chest of a normal erect
subject recorded at equilibrium during the continuous inhalation of 3¥Kr™.

CALCULATED REGIONAL
VALUES OF VIVOL US ING

9 .71 o 1 21 107 4
8] m 85 M & 2 86 106 123 127 118
Kr and “Kr 29 °3 99 27 331 122
ATy e Ave T P 3 1'1e 1 131 122
STEADY STATE
ST 105 -89 105 K1Y 14l 340 13R 77
LUNG DISTRIBUTIONS ’ ’
A 143 153 B9 188 -90 7i .40
-Gl 43 191 218 202 109 88 .91 .64
Anterior view of the Ta 97 9Y LS 111 PaT A4 P47 172 204 245 195 111 FOT 116 .99
Right Lung of an .
. ke E IR j i) [ BRI Y 1 1 Bt ST 304 200 0T
erect normal subject.
TR 1S 131 12 147 155 165 L8O 222 2318 1a7 g9 133 .89
<1 o4 rig 21 FI8 198 173 176 18O 251 238 176 @2 110 108
Zé YIS baD BR) BAD 162 14T 157 191 183 158 11107 109 83
TUORAG RI& 134 144 "9 183 158 99 124 .91
T ¥ )] 144 115y M9 176 160 1t 03 99
L. 13a ) ) A B Y 7268 PHG 200 28N 44 H W51 308
7 FC7O a4 k60 2VE 4SO 176 KBS 221 253 199 218 11
RARSED DEITINS B B ER A | 17 Ca TR T0a N3 NG
AR 15 ped b ¥ 1 oG éa IO 288
SRR R N T e L e < A VAl

Fig. 6-3. Regional values of ventilation per unit lung volume ¥/vol (11! min~!) for the anterior
view of the erect right lung of a normal subject. These were calculated from the steady state
inspired concentrations and lung distributions of 3'Kr™ and ®*Kr™.
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RESULTS

Figure 6-3 shows the result of applying this method to the right lung of a
normal subject. A matrix of numbers representing the regional values of
V/vol is obtained, demonstrating that it is possible to achieve quantitative
values of regional lung ventilation using #'Kr™. In the mid region of the lung
the values are between 1-5 and 2-0 litre min™"' litre ™' which is the range
expected for normal erect man. However, in the periphery of the lung near
the heart the values become higher than would be expected and in the outer
periphery they are lower. This is attributed to a slight movement of the
subject between the two measurements and serves to emphasize the need for
immobility when carrying out these dual isotope studies. An additional
limitation to this quantitative approach is that the assumption of true
equilibration during the **Kr™ procedure may not be correct. This mav
particularly be the case in conditions of lung discase where V/vol is low.

CONCLUSION
This added isotopic procedure clearly adds to the complexity of the *'Kr~

method. However, it does offer the possibility of obtaining high quality
quantitative regional distributions of lung ventilation.
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Chairman: Phillip Hugh-Jones

PHILLIP HUGH-JONES . [ would like a chance of asking you about the changing
ratio between *'Kr™ and ®*Kr™ being solely due to movement of the patient.

TERRYJONES: We did identify movement by looking at the qualitative profile
and also we were able to superimpose the images by moving one of them.
There was then a uniform gradient of values across the lung in the way that
you might have predicted.

MICHAEL HUGHES - T think normalizing to the inspired concentrations of two
gases 1s technically a little bit messy. It means introducing an extra counting
channel and may not be a very useful tool for respiratory physicians because
you are now going to end up with the distribution of total ventilation. The
trouble is that the dead space of the lungs, that is the trachea and bronchi.
have a volume which is only about one-twentieth of the alveolar
compartment. and therefore when you compute ventilation per unit volume
you will get very high values in the centre of the lung. This would not be so
bad, but in the centre of the lung you would have the major bronchi with a
high I/vol and the surrounding lung with a very low ¥/vol and the result is a
rather confusing mixture.

TERRY JONES: Yes. [ am sure that is right but it is a matter of which way the
signal is weighted. Where are the counts coming from? Are they coming
mainly from the bronchi or the alveoli? There is a big weighting factor for the
high volume areas.
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USE OF KRYPTON 8Im AND 8 m FOR
MEASUREMENT OF VENTILATION AND PERFUSION
DISTRIBUTION WITHIN THE LUNGS

T. C. Amis, G. Ciofetta, J. C. Clark, J. M. B. Hughes,
Hazel A. Jones and T. A. Pratt

The use of *'Kr™ for measurement of pulmonary ventilation and perfusion
distributions (Fazio and Jones. 1975: Harf ¢t al.. 1978) is subject to
certain limitations because of the influence of regional lung volume and
ventilatory washout of the radioactive gas.

As part of a general study into the effect of posture on regional distribution
of ventilation and perfusion within the lung we have used information
obtained during equilibration and clearance of the longer half-life (4-4 hours)
isotope krypton 85m (®°Kr™) to correct that obtained with *'Kr™ for local
alveolar volume and ventilatory washout. In order to demonstrate the
application of this technique, results for two normal subjects in a lateral
decubitus posture will be presented.

THEORY

During steady state inhalation of #'Kr™ counts are obtained from particular
regions which reflect the balance between arrival of the radioactive gas.
representing ventilation, and its removal due to ventilatory washout and
radioactive decay (Fazio and Jones. 1975). Removal, except at high
ventilatory rates, tends to be dominated by the high value (3-2 min ") for the
decay constant (A) of ' Kr™. Thus:

SINg = VRClkll(/[([.///’VA)R+)-] (1)

where *'Ng is the regional counts obtained with ®'Kr™, Vg is regional
ventilation, C, is inspired concentration of 8K r™, 4 is alveolar volume and
kr the regional geometric factor. As the inspired concentration is not

measured, regional counts are expressed as a fraction of the total counts for
the lung field. That is:

INg Ve [(V/VA)+2 K o)
(V/VA)g+ 4 '

SNy Vr Ky

The subscript T refers to values for the total lung field.
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After equilibration with the longer half-life isotope K™ regional count
rates reflect local lung volume.

SSNR:(V’4)RC2/<III( (3)

where ®*N  refers to the regional count rate for 85K r™, C, the concentration
of ®*Kr™ throughout the lung and K/ the regional geometric factor for 83K ™
equilibration.
Local counts are expressed as a fraction of those for the total field :
CNg  (VA)g ki

sk = (4)
SNy (VA K

x

An arbitrary index for ventilation per unit alveolar volume is obtained by
division of equations (2) and (4):

<B‘NR/8‘NT> (V/VA) [(V/Vmw.]
inhaled N1

BSN o /F°N, - (V/VA) o+ .

S (V/VA), ®)

Similarly, an intravenous infusion of 8'Kr™ combined with equilibration
and clearance of *°Kr™ gives:

<8‘NR/8‘NT> _(Q/VA) [(V/VA)TH] 6)
infused 81

BN g/®N C(Q/VAY, | (VIVA)+ .

where Q/VA refers to perfusion per unit alveolar volume.

In equations (5) and (6) it has been assumed that the ratio of regional and
total geometric factors (kg/ky) is the same for both isotopes. This assumption
is based on the similar principal gamma-ray energies of the two 1Isotopes
(190 keV for *'Kr™ and 150 keV for #°Kr™). In addition, errors associated
with the relative counting efficiency of the detector for both isotopes are
minimized by dealing with ratios of counts in this manner.

In the case of regional ventilation it is possible to solve equation (5) for
regional ventilation per unit alveolar volume in litre min ™! litre ™!,

85n7 /85
(VIVAY, = 2 / [%j:,i (L4 2/(7VA)) - IJ )

(V/VA), is obtained from an initial slope analysis (Lassen, 1967) of the
clearance of ®*Kr™ from the total lung field.

In addition, (V'/VA)g has been estimated from the local clearance of 85K ™
for comparison with the results obtained from equation (7). Calculated
(V/V)g values are used to correct the Q/VA index obtained with equa-
tion (6).
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METHODS

For the *'Kr™ ventilation and perfusion study krypton is continuously
cluted from a generator containing its parent *'Rb (Jones ¢t al., 1970) and
adminstered as described by Harf er al. (1973). except that the subject
breathes through a mouth piece. o

Immediately following the perfusion study the subject is switched into a
rebreathing circuit containing a-spirometer filled with oxygen and sufficient
8>Kr™ to provide a concentration at equilibration of 1 mCi per litre. 83K 1™ is
prepared in the Medical Research Council cyclotron by 16 MeV deuteron
irradiation of krypton (Clark and Buckingham. 1975).

The subject takes a few deep breaths to speed equilibration and then
breathes quietly until a satisfactory plateau of counts is obtained and an
image representing alveolar volume is accumulated. The subject then
breathes room air while clearance of the radioactive gas from the lungs is
monitored.

Count rates are recorded with a large field gamma camera (Jumbo.
Toshiba Corp.) using a low energy, high resolution collimator. The camera is
linked to a computer (Nova 1220, Medical Data System) which displays the
information as an image on a 64 x 64 matrix.

Areas of interest are selected and normalization and division undertaken
as described previously. Washout curves are plotted for the total lung field
and for regions within the lung. Rate constants are calculated from the initial
slopes of these curves.

The total radiation dose to the lungs for a ®' Kr™ ventilation and perfusion
study lasting approximately four minutes is 40 mrad, while rebreathing for
three minutes at a lung concentration of 1 mCi *>Kr™ per litre involves a
dose to the lungs of 100 mrad.

RESULTS

Ventilation, perfusion and alveolar volume images obtained for a normal
subject in the left lateral decubitus posture are shown in Fig. 7-1.
Ventilation, as measured by count density, appears evenly distributed
between the upper and lower lungs. The volume distribution obtained
with ®>Kr™ is heavily weighted to the upper lung.

Despite the uniform ventilation image. ventilation per unit alveolar
volume 1s greater in the lower lung (223 litre min~! litre™!) than in the
upper lung (0-94 litre min~! litre "') as demonstrated by the clearance of
85K (Fig. 7-2).

Ventilation per unit alveolar volume was found to increase from superior
to inferior for a vertical slice taken across both lungs in a subject in right
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v "Ke Q Ky

Fig. 7-1. Venulation. perfusion and alveolar volume images for a subject in left lateral

decubitus. Note the apparent uniform count density on the ventilation image while the volume

distribution is heavily weighted to the upper lung. The perfusion scan contains the artifact
produced by activity entering via the subclavian vein.

lateral decubitus with the gradient being more marked in the lower lung.
Similar values were obtained from both equation (7) and the regional **Kr™
clearance (Fig. 7-3).

Perfusion per unit alveolar volume was also found to increase from
superior to inferior after correction for ventilatory washout (Fig. 7-4).

DISCUSSION

81Kr™ possesses a number of advantages for assessment of regional
pulmonary ventilation and perfusion. These include its gamma energy
(190 keV) which 1s ideal for use with the scintillation camera, its short
physical and biological half-life, and the low radiation dose associated with

its use (Jones et al., 1970).
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Chinically, the technique is useful in detecting defects in ventilation (Fazio
and Jones, 1975). Recently Harf et al. (1978) have quantitated results from
BIKr™ images in terms of ventilation—perfusion ratio (V4/0). However.
separate assessment of V4 and ( distributions requires measurement of
ventilation and perfusion per unit lung volume. Typically a long half-life

M.P.
LEFT LATERAL DECUBITUS

1 e

g Upper lung
S_‘; / T3 0.74 min
S 0.5+
(@]
(@)
>
=
g Lower eoe
S lung ““.
= T3 0.31 min Sece |
R 0, ®
0.1 -
| T T | T 1
0 32 64 96 128 160

Time (secs)

Fig. 7-2. Clearance of #*Kr™ from upper and lower lungs for a normal subject in left lateral

decubitus posture. Initial slope analysis for the upper lung yielded a rate constant of 0-94 lire

min~* litre "' and for the lower lung 2-23 litre min~' litre ' Counts per 4 sec are plotiad
against time on a semilogarithmic scale.

radioactive gas, such as '3*Xe with 80 keV ;-ray energy. has been used to
estimate local lung volume (Milic-Emili et al., 1966), but for comparison of
81Kr™ ventilation and perfusion images with an image of regional lung
volume an energy similar to the 190 keV 7 ray of 8 Kr™ is required. This may
be provided by the 150 keV y ray of 8°Kr™.

At high ventilation rates the relation between local radioactivity and
regional ventilation during 8'Kr™ administration becomes curvilinear as the
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isotope tends to measure lung volume rather than ventilation (Fazio and
Jones, 1975). However, over a useful range of values (e.g. up to (V/VA), of 5-
6 litre min ™" litre™" for a (V/VA), of 2 litre min~" litre ™ '), allowance for
ventilatory washout can be made using equation (7) and regional ventilation
per unit lung volume calculated.

R.E.
RIGHT LATERAL DECUBITUS
2.5
Upper lung Lower lung
g 2.0 85m
g
[«53
5 1.5
£
=
¢ 1o N
I8 U
.g 81".]/85mKr (corrected)
<
=
0.5
SUPERIOR INFERIOR
o T T T T T T T T T T T T T 711
5 10 15

Distance (arbitrary units)

Fig. 7-3. V/VA in litre min~" litre ! for a vertical slice through upper and lower lungs in a

normal subject in the right lateral decubitus posture. Dotted line indicates calculated /14

while full line indicates values obtained from the clearance of 3°Kr™. Note that each point on the
clearance line refers to an area of lung covered by 2-3 points on the calculated line.

The effect of ventilatory washout of ' Kr™ must also be taken into account
in the calculation of perfusion per unit lung volume from 8'Kr™ (infusion)
and ®°Kr™ images. This is particularly so where regional ventilation is high,
resulting in a systematic underestimation of perfusion. With the calculation
of regional and total field ventilation an allowance can be made for this
effect.

In conclusion, ventilation and perfusion images obtained with 8!'Kr™ may




P e o TEY

58 PULMONARY PHYSIOLOGY

R.L RIGHT LATERAL DECUBITUS

2.0 7
Upper lung Lower lung
Z L5 | R
.*é’ Lo 0
=1 a
> My, a—e "
'g 1.0 A /Q 81m/85mKr
< "
> \\\
‘O 0.5 Q Blm/85m (\7/VA corrected)
SUPERIOR INFERIOR
0 I T T 1 I T T 1T T T T T 1 T 1
5 10 15

Distance (arbitrary units)

Fig. 7-4. O/VA in arbitrary units before (full line} and after (dotied line) allowance for VIVA.
Note the disclosure of a perfusion gradient in the lower lung not shown on direct normalization
and division of the two images.

be misinterpreted if the effects of alveolar volume and ventilatory washout
are not considered. The addition of ®°Kr™ to the procedure enables
ventilation and perfusion per unit alveolar volume to be measured and
permits a correction for ventilatory washout to be applied.

Vertical distributions of ventilation and perfusion in the lateral decubitus
posture obtained with this technique are in agreement with those reported by
previous workers using !**Xe (Kaneko et al., 1966).

ACKNOWLEDGMENT

The use of 83Kr™ as a marker of regional lung volume was suggested to us by Mr.
Terry Jones of the M.R.C. Cyclotron Unit. We are grateful to Dr. J. P. Lavender for
permission to use facilities in the Diagnostic Radiology Department Scanning Unit.




ittt

VA.
on

yut
les
nd

. tus

for
nit.

DISCUSSION 1V

Chairman: Phillip Hugh-Jones

PHILLIP HUGH-JONES: Thank you very much Dr. Amis. It is interesting that,
years ago, people showed by bronchospirometry that the lower lung was the
better ventilated but I did not expect to see such a beautiful demonstration of
it as you have shown.

TERRY JONES: You were using the washout to give you a calibration, but the
washout techniques are not very satisfactory. [ wonder whether we could use
the same approach. using *'Kr™ or ®*Kr™, but measuring overall ventilation
per unit volume by measurements taken at the mouth. This could result in
very accurate values.

TERRY AMIS: [t would be very hard to relate these values to the washout you
see with a gamma camera. [t is possible to obtain a figure for the total
washout of the whole field but that can be half of the ventilation as measured
at the mouth.

TERRY JONEs: What I was suggesting was looking at the end expired ¥'Kr™
and therefore getting a measure of actual alveolar turnover. that is tidal
volume versus total lung capacity.




N

ck
(ty

1g.

we

1S
cof
:an
his

ne
our
Jur

“the

ole
ind

Chapter 9

MEASUREMENT OF TOTAL LUNG VENTILATION
IN ANAESTHETIZED DOGS USING KRYPTON 8Im
AND NITROGEN 13

R. N. Arnot, M. K. Sykes, J. C. Clark, A. N. Herring,
M. K. Chakrabarti and P. Buranapong

The use of the radionuclide 8'Kr™ for the demonstration of regional
underventilation in pulmonary disease by means of gamma camera imaging
of the lungs during continuous inhalation of the gas was described by Fazio
and Jones in 1975. 8'Kr™ has a hall-life of 13 seconds. radioactive
equilibrium 1s obtained rapidly, and the regional count rate depends on the
relationship between the ventilation and the rates of wash-out and
radioactive decay. In abnormal regions, the rate of wash-out is much less
than the rate of radioactive decay (3-2 min~'): hence the regional count rate
is highly dependent on the regional ventilation.

An alternative technique for assessing regional ventilation 1s based on the
analysis of regional wash-out curves of an inert gas such as '**Xe or '°N,.
Although the use of '*N, is restricted to locations where there is a cyclotron
or other particle accelerator producing radionuclides, it has the advantage
over !3*Xe of a lower solubility in blood and tissue which reduces-errors due
to radioactivity washing out of tissue into the lungs and to radioactivity in
the chest wall. 3N, has been used in studies of both normal and abnormal
lungs using collimated scintillation counters (Rosenzweig et al., 1970) and
gamma cameras (Ronchetti et al., 1975; Ewan et al.. 1975: Nosil et al.,
1976a). i

It is of interest to assess whether the variation of 8'Kr™ count rate with
change 1in ventilation is in accordance with the theoretical response, and
whether the use of !°N, in vivo wash-out curves to measure ventilation is
valid. Rosenzweig et al. (1970) compared !N, regional wash-out
measurements with results derived from curves of the *N, concentration in
expired air during wash-out, but, since the latter provide a measure of total
lung ventilation, it was not possible to draw conclusions on the degree of
correlation between the two techniques. No quantitative studies of the 8 Kr™
technique have been described. Using a gamma camera, we have obtained
81K r™ count rates and '*N, wash-out curves in the whole lung field at varied

‘rates of ventilation. Also, curves of >N, concentration in expired air were

obtained by end-tidal sampling, and alveolar ventilation and functional
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residual capacity were measured. Comparisons of the results were made. and
the use of the techniques in regional ventilation studies considered.

METHOD

The measurements were performed on two supine, anaesthetized.
paralysed dogs, ventilation being controlled by a mechanical ventilator at a
frequency of 15 breaths/minute and an inspiratory : expiratory ratio of 1 :2.
Ventilation was changed by varying the tidal volume between 200 ml and
1200 ml. Alveolar ventilation (V) was calculated from tidal volume (measured
by spirometer tracings) and anatomical dead space (measured by the Bohr
method utilizing end-tidal and mixed expired CO, concentrations measured
on an infra-red analyser). Functional residual capacity was estimated for
cach tidal volume using the helium closed-circuit technique. The lung
volume, V, was calculated by summing the functional residual capacity and
the tidal volume and subtracting the anatomical dead space. This is the lung
volume to be considered when calculating V/¥ for comparison with
measurements depending on wash-out of an inert gas from the lungs (Fowler
et al., 1952).

The breathing circuit used for #'Kr™ .contained a mixing bag with a
volume greater than the largest tidal volume used, which was fed. at a
constant rate greater than the largest minute ventilation used, with air
containing ®'Kr™ from a 8'Rb/8'Kr™ generator supplied by the MRC
Cyclotron Unit (Clark et al., 1976). From the bag, the mixture of air and
81K r™ was pumped by a ventilator, in which further mixing took place. to the
animal via a non-rebreathing valve and an endotracheal tube, the excess gas
from the mixing bag being led outside the laboratory. This circuit was
designed to supply to the animal a ®'Kr™ concentration that was constant
during the inspiratory period apart from the decrease due to radioactive
decay of ' Kr™ during that time, and which was close to being constant at all
tidal volumes apart from variations due to radioactive decay of the parent
radionuclide 8'Rb and to changes in generator elution efficiency during the
investigation. Input concentration of 8! Kr™ was monitored by a scintillation
detector placed on the input line close to the non-rebreathing valve. The
concentration of ' Kr™ during inspiration was constant to within + 5% and
corrections were made for variation in inspired concentration at each tdal
volume, using the average count rate recorded by the monitor detector
during each study. For the studies with '*N, (Clark and Buckingham, 1975).
a rebreathing circuit with CO, absorption was used for four minutes to
obtain equilibrium; then room air was inspired during wash-out
measurements, the expired gas being led outside the laboratory. End-udal
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PULMONARY PHYSIOLOGY 71

samples of expired '*N, were passed through a coil in a well-type
scintillation counter whose output was recorded on paper tape for computer
processing. '

Right lateral gamma camera views of the supine dogs were obtained using
a high energy collimator, and data from both 8'Kr™ and 13N, studies were
recorded on magnetic tape for computer processing. Maximum count rates
of less than 7000 counts/s were used, avoiding the need to correct for gamma
camera dead-time. Non-uniformity corrections were made, and an area
covering the whole lung field was chosen (Fig. 9-1), thus minimizing effects
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Fig. 9-1. Computer output of the right lateral gamma camera view of the lungs of a dog

ventilated with ®'Kr™. The anterior of the animal is in the upper part of the view and its

diaphragm to the right. The shadow of the heart is visible anteriorly. The area used for
quantitation is outlined.

due to different detector sensitivities to the 190 keV and 511 keV radiations
of #'Kr™ and '*N,. A modification of the computer program of Vernon and
Glass (1971) was used to obtain the total #!Kr™ counts accumulated and the
'’N, wash-out curves corrected for background and radioactive decay.
$'Kr™ counts accumulated during the whole breathing cycle were obtained,
and '’N, counts accumulated during alternate time intervals of 2 seconds
that included the inspiratory phase of the breathing cycle were used to obtain
the '*N, wash-out curves. The **N, wash-out curves were analysed into two
exponential components using the SAAM compartment analysis program of
Berman et al. (1962), and average fractional ventilation (V/V) was
calculated. The expired air concentration curves were analysed similarly to
obtain V/V.
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RESULTS

Figure 9-2 shows the correlation between the average fractional ventilation.
I/, measured using gamma camera wash-out curves and the same quantity
measured using expired air concentration curves. Gamma camera
estimations are within 5% of those obtained using expired air concen-
tration, as indicated by the regression equation. Figure 9-3 compares
V/V measured using '*N, with V//V calculated from alveolar ventilation (1)
and functional residual capacity + tidal volume — anatomical dead space
(V). The '*N, method gives V/V values less than the calculated values in one
case and greater in the other, the slopes being 0-36 and 1-18 respectively.

6 —
o DOG 1 o
lZ
£ 5 /
= s DOG 2 "
o o/ Fig. 9-2. Graph of frac-
> 5 . tonal ventilation V7 1
= o - obtained from gamma
> @ camera '*N, wash-oui
S 3 / = - curves plotied against i 1
- - obtained from expired gas
> Y y = 0.95¢ + 0.07 3N, concentration cusves.
2 /D Data from wwo dogs aze
g shown and the regression
equation is given.
14
T T T 1 T 1
0 1 2 3 4 5 6

N-13 V/V EXPIRED AIR (MIN™Y)

In Fig. 9-4, ®'Kr™ count rates obtained in one dog are shown plotted
against V/(V/V +3-2) calculated from measured alveolar ventilation, V. and
from lung volume in one case equal to (FRC + tidal volume — anatomicat
dead space) and in the second case equal to FRC alone. Similar results
were obtained in the second dog. The expression V/(V/V +3-2) is obtained
from the equation that holds when a constant activity of 8! Kr™ is present in
the lungs:

Rate of inflow = Rate of outflow
Ve=AV/IV+1)
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where V' = ventilation (I/min),
¢ = concentration inspired (uCi/l),
' A = activity present (uCi), _
V/V = fractional rate at which activity is lost due to
ventilation (min~ 1),
= fractional rate at which activity is lost due to
81Kr™ radioactive decay (3-2 min~!).

Thus, o
A=cV/(VIV+32).

Hence, provided the ®'Kr™ count rate is always proportional to the
radioactivity present and is corrected for the concentration inspired at each

6 a

)

-1

(MIN

y = 1.18& - 0.13

Fig. 9-3. Graph of frac-
tional ventilation V/V
oblained from expired gas
3N, concentration curves
plotted against V/V calcu-
lated from measured alveo-
lar ventilation, V, and
(functional residual capa-
city + tidal volume

— anatomical dead space), V.
Data from two dogs are
shown and the regression
equations are given.

y = 0.8x - 0.60

VIV (FROM N-13 EXPIRED AIR)

I T T T T T 1
0 1 2 3 4 5 6 1

VIV (ALVEOLAR VENTILATION / LUNG VOLUME) (M|N_l)

ventilation rate, then it should be directly proportional to V/(¥/V +3-2), and
a straight line passing through the origin should be obtained when 'Kr™
count rate is plotted against V/(V/V +3-2). It is seen that when FRC is
used to calculate V/(V/V +3-2), a straight line passing above the origin is
obtained, while if a lung volume equal to (FRC + tidal volume — dead
space) is used, the relationship appears approximately linear at low
ventilation rates but when V/(V/V +3-2) is greater than about 0-5 (V about
2:5 1/min, V/V about 2 min~"'), the linearity is lost.

DISCUSSION

Correction for N, absorbed into blood and tissues during rebreathing and
returning to the lungs in venous blood during wash-out measurement was
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not made in either the in vivo wash-out curves or the expired gas
concentration curves. Since removal of '*N, from tissue is slower than 1ts
removal from the lungs, the presence of this component in the analysed
curves causes average fractional ventilation to be underestimated. This
would lead to some disagreement between the 3N, V/V and the Vv
calculated from alveolar ventilation and lung volume. The measurement of
anatomical dead space is very inaccurate at high tidal volumes when expired
CO, concentrations are low. Errors in this measurement and in the
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80K « b residual capacity + tidal
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¢ &b superposed space) and (b} ¥ = func-
60K tional residual capacity.
The regression equation for
40K < (b) 15 givenA
20K
/
T I 1
0 0.5 1.0 1.5
VI +3.2) (LITRES )

measurement of FRC might produce overall errors of up to +30%, in the
estimation of //V. The 5% underestimation of V/V by measurement of in vivo
wash-out compared with the values obtained by measurement of expired gas
concentration may be due to the contribution of slowly washed out
radioactivity in the chest wall. Although little 13N, may be expected o be
present in the chest wall, sensitivity of the gamma camera to radioactivity in
the wall is high since it is close to the detector. Another source of
disagreement between the two methods of estimating V/V with '°N, may be
in the use of end-tidal samples rather than samples of mixed expired gas, and
in the possible distortion of gamma camera wash-out curves due 10
asynchronism between the ventilator period and the data analysis period of
two seconds.
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Although agreement between the calculated values of V//V and the values
measured with '*N, was not obtained, Fig. 9-3 shows that the relationship is
close to linear. Thus. measurements of V/V with '*N, under different
physiological conditions may be expected to give the correct relative values.
This would also apply to measurements of relative regional //V made with a
gamma camera since the shapes of wash-out curves should not be affected by
the different camera sensitivities to radioactivity n the regions under
consideration. Measurements of relative regional ventilation, V. are also
possible using '*N, if measurement of the relative volumes under
consideration i1s made. This may be achieved in multiple studies by obtaining
uniform '’N, concentration throughout the lungs by rebreathing and
obtaining images of the radioactivity distributions. The count density in any
region is dependent on the camera sensitivity to radioactivity in that region,
so the relative volumes of regions in any one image cannot be obtained; but
when multiple studies are carried out, for example under different
physiological conditions, without movement of the subject, then changes in
relative regional volume and hence in relative regional ventilation can be
obtained since sensitivity factors are then reduced.

The results given in Fig. 9-4 show that the 8'Kr™ response was in
accordance with the predicted response only at the lower ventilation rates
used if lung volume was calculated as (FRC + tidal volume — dead space).
but that when FRC alone was used as the lung volume, a linear
relationship between 8! Kr™ count rate and V/(V/V + 3-2) held over the whole
range of ventilation rates used. This indicates that the lung volume V in the
steady state equation for 8'Kr™ may be close to the FRC alone if counts are
accumulated during the entire breathing period when expiration time is
longer than inspiration time, as was the case in these experiments. At the
lower ventilation rates, the increase in lung volume due to the addition of the
tidal volume — dead space was small, resulting in little difference in the
values of V/(V/V +3-2) calculated by the two methods and in little difference
between the count rates recorded during inspiration and expiration. At
higher ventilation rates, tidal volume — dead space becomes an increasingly
higher fraction of lung volume, and the difference between the count rates
recorded during inspiration and expiration increases. Thus, using an
inspiratory : expiratory ratio of 1:2, the number of counts obtained from
81K r™ in the lungs during continuous accumulation was biased towards the
measurement of the smaller volume. This finding may be of importance in
techniques that involve measurement of high ventilation rates using both
81K r™ images and estimations of V/V from wash-out curves (Amis et al.,
1978 ; Spaventi et al., 1978), since V/V obtained from wash-out curves refers
to a lung volume equal to (FRC +4 tidal volume — dead space) and the
V/V in the steady state equation for 8 Kr™ may not.
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The use of ®'Kr™ images alone for investigating ventilation is limited
owing to the non-linear relationship of count rate or count density with
either V or V/V. The 8'Kr™ response 1s proportional to VI(V/]V +32). Thus.
except at very low values of I/V (< 1) such as may be found in diseased lung.
the response never approaches proportionality with V. In the human, the
normal value of V/V is approximately half of that in the dog, hence the non-
linearity of the relationship between 'Kr™ count rate and ventilation V up
to the normal range of ventilation is probably less pronounced in the human
than in the dog. Nevertheless, even in this range. measurements of relalive
ventilation of the whole lung or of changes in relative regional ventilation
under several different physiological conditions can be considered to indicate
only the direction of change and not its magnitude. Values of relative
regional ventilation in a single image cannot be obtained owing both to the
non-linearity of the response of the technique and to the dependence of the
count densities in different regions on different camera sensitivities to
radioactivity in those regions. Additional measurements, such as those
described by Spaventi et al. (1978), Amis et al. (1978) or Jones (1978) are
necessary to obtain more precise data on ventilation from 8'Kr™ images. As
outlined above, care in the use of such techniques may be necessary under
certain ventilatory conditions.

A final point should be considered in assessing the usefulness of 8'Kr™
tmages in studies of regional ventilation. The distribution of count density in
the lung field may also depend on the variation of 8' Kr™ concentration in the
gas taken into the alveoli during inspiration. It has been found in the
conscious human that the first part of the breath inhaled from residual
volume is distributed preferentially to the upper (non-dependent) part of the
lungs (Milic-Emili et al., 1966; Jones et al., 1970; Grant et al., 1974).
Therefore, if the inhaled 8'Kr™ is not of constant concentration, artefacts in
count density distribution may occur. Some radioactive decay during
inspiration is inevitable but may be of less consequence than the inhalation
during the first part of the breath of dead-space gas in which 8'Kr™
concentration may be only 509 of that in the remainder of the tidal volume.
In the dog the dead-space constitutes about 40%, of the normal tidal volume.
It i1s less in the human, but its possible effect requires consideration.

CONCLUSION
Using the described breathing circuits and data analysis techniques on whole

immobilized lungs, the predicted relative responses of the 8'Kr™ and '*N,
techniques to changes in alveolar ventilation are obtainable, over a wide

range in the case of '*N, and over a range of ventilation rates from below
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normal to normal in the case of #'Kr™. With '*N,, measurements of /I in
repeated studies of the whole lung and in either a single image or repeated
studies of regions of the lung can be expected to give the correct relative
values. Measurements of changes in relative V in repeated studies can be
made with '*N, if the relative volumes being investigated are also measured.
Using ®'Kr™ imaging alone, values of relative regional ventilation in a single
image cannot be found, but in repeated studies of the whole lung or of
regions, the dircction of change in relative ventilation should be obtainable,
provided artefacts due to non-constant ®'Kr™ concentration during
inspiration are not introduced. To obtain the magnitude of relative
ventilation, measurements in addition to count densities are required. When
repeated studies are carried out, whether with 8'Kr™ or '*N,_ itis important
that there be no movement of the subject between studies.

Measurements of V/V using 3N, gamma camera wash-out curves
correlated well with those made using '*N, expired gas concentration
curves. Good agreement between these 3N, measurements and the values of
V/V calculated from measured alveolar ventilation, V. and lung volume
(functional residual capacity + tidal volume — anatomical dead space). V.
was not obtained ; this is considered to be due to errors in the measurements
of dead space and functional residual capacity and to non-correction of ! ’N,
data for return of absorbed '*N, from blood to the lungs.
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DISCUSSION VI

Chairman: Phillip Hugh-Jones

PHILLIP HUGH-JONES . [ didn’t quite gather how you measure the dead space
and functional residual capacity (FRC) on the animals.

KEITH sykres: We measured FRC by the helium dilution technique. This
increased with tidal volume. We also measured the dead space first by the
Bohr and then by the Fowler technique; there were large Ciscrepancies
between the two which we are now trying to sort out.

PHILLIP HUGH-JONES . Why [ questioned this is that you are using a dead space
corrected ventilation per unit volume as your standard and so it s fairly
critical.

ROSEMARY ARNOT: Yes indeed.

PHILLIP HUGH-JONES : | think to me the great interest is the curvilinear relation
of ventilation (V) to #'Kr™ counts. This does seem linear over a useful range
but it raises a problem with exercise.

MICHAEL HUGHES : [ would like to ask Miss Arnot how she kept the inspired
concentration of 8'Kr™ constant unless the bag was emptied with each
breath? About the dead space errors: first the gas in the dead space from the
previous breath goes preferentially to the apex. That is physiological. The
only additional error that you have with 81K ™ is the decay that has occurred
between one cycle and the next. Normally the oxygen we exhale is re-inhaled
with the next breath but nothing happens to it while it is sitting in the dead
space. This is not quite the same with BIK ™,

ROSEMARY ARNOT: The aim was to achieve constant concentration of 8'Kr™
during each breath. The breaths might vary from each other but during each
inspiratory period we think we got constant concentration simply by mixing
all ages of gas within the bag and again within the ventilator. When we
monitored the concentration there was only about 5%, vanation during tne
inspiratory period.

MICHAEL HUGHES : You monitored it over the trachea?

ROSEMARY ARNOT: No, we monitored it just before entering the mouth. We
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confirmed your work (with B. J. B. Grant) on the regional distribution of the
first part of the breath by looking at the regional distribution of *'Kr™ using
the circuit that I have described and comparing it with the regional
distribution of a bolus of #'Kr™ put into the endotracheal tube at the
beginning of each breath. We found a preferential distribution to the upper
regions with the bolus.

TERRY JONES: Your relationship of ' Kr™ counts to theoretical values (Fig. 9-
4) does not go through the origin. Do you think that the theory of 81K ™
breaks down at very low ventilation rates?

ROSEMARY ARNOT: The reason for its not going through the origin may be a
technical error. We plotted the calculated response against the actual counts
that we obtained and these had to be processed, corrected for concentration
and for the decay of the generator. The calculated expression we plotted it
against had to contain calculated measurements including alveolar
ventilation and FRC and somewhere between the two there may be room for
error. I would expect this to be the case rather than a breakdown in the
theoretical equation.

ERVIN KAPLAN: You were using normal animals, but in a clinical situation
where, for instance, you are dealing with obstructive pulmonary disease and.
you have emphysematous areas and bullae in these regions, you may have
virtually total decay of the 8'Kr™ at the time of equilibration. Then all you
can say about these areas is that the ventilation is so low that the counts
which you are getting may be almost undetectable. So this refers back to
Terry Jones’ comment that the equation may not work at very low
ventilatory rates. This will not cause any problems in a clinical situation.

ROSEMARY ARNOT: Of course in the poorly ventilated areas of the lung,
because the count rates are so low, statistics are very bad.
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Chapter 21

CLINICAL APPLICATIONS OF KRYPTON 8Im
IN THE ASSESSMENT OF REGIONAL MYOCARDIAL
PERFUSION

A. P. Selwyn, R. E. Steiner, J. Clark, M. Raphael and G, Forse

Angina pectoris and acute myocardial infarction are thought to be due to
functional disturbances of regional myocardial perfusion in patients with
segmental rigid coronary artery stenosis. A dynamic assessment of the
distribution of blood Aow particularly in relation to the stenotic lesions seen
atarteriography may help to rationalize the treatment of angina pectoris and
the application of coronary venous bypass graft surgery (CABGS).

The purpose of this paper is to introduce a technique using *'Kr™ for the
dynamic assessment of regional myocardial perfusion in man. The
preliminary results are shown, demonstrating the potential of this ultra-
short-lived, inert, freely-difTusing indicator.

METHODS

Eighteen patients (ali male, aged between 41 and 64 years) were selected for
coronary arteriography and left ventricular angiography. All suffered typical
anginal chest pain and all had ECG evidence of ischaemic heart disease.
These symptoms were disabling and resistent to medical therapy in each
patient. Informed consent was obtained in each case.

Ten mg of Diazepam were given intramuscularly 30 minutes before the
procedure. A pacing electrode was introduced percutaneously into the right
femoral vein and positioned in the right atrium. Selective coronary
arteriography and left ventricular anglography were performed via a
Seldinger puncture of the right femoral artery and using the Judkins
technique.

A number 7 French sheath was introduced into the femoral artery using a -
guide wire and introducer. This was used to introduce a modified ring
catheter (Paulin, 1964). The catheter was heparinized and had a ring diameter
approximately equal to the diameter of the aortic root in each patient. The
patients were then moved in order to position their chests within the field of
the gamma camera (Toshiba GCA 202).



172 KRYPTON Sim ARTERIAL INFUSION

8TKr™ was continuously eluted in 5% dextrose from a *'Rb generator and
delivered by a constant infusion pump via the ring catheter at between 5 and
10 ml/min into the aortic sinuses. The myocardial activity of 'K was
recorded on Polaroid or 35 mm film. The camera was rotated in relation to
the heart to obtain views in the anterior, left and right oblique positions.
Quantitative high spatial resolution images of the total and regional activity
of 8'Kr™ in the heart were recorded using a digital computer (Deltron-Nova-
1220). The images were recorded on magnetic disc at 30 second intervals
throughout each study and corrections were made for the decay of 3'Rb.

The total and regional activities of 8 Kr™ in the heart were recorded for 13
minutes during a control period while heart rate, blood pressure and ECG
were stable in each patient. Atrial pacing was used to increase heart rate by
10 beats/min at S minute intervals. This was continued until the patient
complained of chest pain and/or showed ECG changes suggesting
myocardial ischaemia.

Atrial pacing was stopped and in seven patients 500 pg of GTN was
administered sublingually. Recordings of the 8'Kr™ cardiac scintigrams were
acquired for 10 minutes and the catheter was then removed. Haemostasis
was ensured by 15 minutes of manual compression.

RESULTS

In four of the 18 patients the ring catheter could not be seated correctly in the
aortic sinuses. In a further five patients the myocardial activity of *'Kr™ waus
insufficient to record images using the gamma camera.

In nine patients high spatial resolution images of an equilibrium of 3'Kr™
activity in the myocardium was recorded. Figure 21-1 demonstrates the left
ventricular angiogram (in the right oblique) at end diastole of a patient who
suffered an anterior infarction one year before this study. This shows a large
dyskinetic anterior and apical ventricular segment (Fig. 21-la). The left
coronary angiogram demonstrates a blocked left anterior descending
coronary artery (LAD) (Fig. 21-1b) and the anterior view of the 8'Kr™
cardiac scintigram shows a large apical defect in perfusion (Fig. 21-1c). This
was present at rest, on exercise and following the administration of
nitroglycerine.

Figure 21-2 shows four 3'Kr™ cardiac scintigrams from a 46-year-old
patient suffering intractable angina. Important stenotic lesions were reported
in the proximal third of the LAD and the right main coronary artery. Figure
21-2a shows the myocardial distribution of #' Kr™ (seen in the left oblique
position) in the_patient while at rest (heart rate 70/min, blood pressure
160/90 mmHg, V, on standard ECG normal). Figure 21-2b shows the
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myocardial distribution of #'Kr™ while the atria were paced at 100/min. The
overall changes in the colour ranges indicated a uniform increase in
myocardial perfusion. When the atria were paced at 120/min the scintigram
showed a defect in activity affecting the anterior portion of the image in the
area of distribution of the LAD. This was followed by anginal chest pain and
planar ST segment depression in the V, ECG (Fig. 21-2c).

Fig. 21-1. (a) Shows the left ventricular angiogram demonstrating anterior and apical
dyskinesia. (b) The left coronary arteriogram shows a blocked LAD. (c) The anterior view of the
81K r™ scintigram shows an anterior and apical perfusion defect. This patient suffered anterior
infarction one year before the study.

The atrial pacing was " stopped and nitroglycerine administered
sublingually (500 pg). The 8'Kr™ cardiac scintigrams recorded at 30 second
intervals showed the disappearance of the regional defect in activity within 2
minutes and a marked increase in activity in the areas surrounding the
affected region. This change lasted for 12 minutes and was associated with
the relief of chest pain and disappearance of the abnormal ECG changes
(Fig. 21-2d).

DISCUSSION

‘A continuous infusion of 8 Kr™ into the aortic sinuses resulted in an

equilibrium count-rate from the myocardial water space. This inert freely

(c)



Fig. 21-2. This patient had intractable angina and important stenotic coronary lesions of the

LAD and right main coronary artery. (a) ®'Kr™ cardiac scintigram at rest in the left oblique

position. (b) Atrial pacing (100/min) produced an overall increase in perfusion. (c) Pacing at

120/min produced pain, ECG change and an anterior defect in perfusion. {d) Atrial pacing was

“stopped, nitroglycerine given and the regional defect in perfusion disappeared followed by an
increase in perfusion in the surrounding area.
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diffusing radionuclide emits a single 190 keV gamma ray. ideally suited 1o
high spatial resolution Imaging using a gamma camera. The myocardial
equilibrium of 81K ™ i the heart depends on the arrival of the indicator by
blood flow and radioactive decay. Animal studies have shown that moment
to moment changes in the regional activity of 8'K™ cap be used to assess
changes in regional myocardial perfusion.

Segmental rigid stenosis of a coronary artery in man interferes with the
adaptation of myocardial perfusion necessary to meet the metabolic
requirements of working ventricular tissue. Selective coronary arteriography
will outline the lumina] anatomy of affected vessels. This procedure cannot
assess the relative importance of each lesion with respect to the-disturbances
of blood flow. Techniques using long-lived radionuclides provide
information of the situation only at the moment of administration. The
singular advantage of 8'Kr™ ig that the short half life (13 seconds) allows
dynamic studies of right and left coronary circulations and of each coronary
venous bypass graft.

This short-lived tracer must, however, be delivered by invasive techniques
and 1s therefore only applicable during angiography or during bypass graft

complex and limit the separation of endocardial and epicardial events.
Absolute quantitation of myocardial blood flow must assume a stable

arterial concentration of the tracer. The ring catheters used in this study were

that is easily introduced and reliable when in position.
In conclusion, this preliminary study has shown that a continuous infusion
of 81 Kr™ into the aortic sinuses of patients with intractable angina pectoris




