
ï; Congress of the ^ S ^ l X ^ ^ ^ 6 ^ 
Society. Lausanne, Switzerio ^ ^ p ^ ô l ô 

MED it AL CYCLOTRON : WHY* WHERE, HOW. T*\ Tn°° ' 

Kurt SCHEER+- Dominique COMAR - Claude KELLERSHOHN 

Commissariat à l'Energie Atomique - Département de Biologie - Service Hospitalit 

Frédéric Joliot, 9M06 ORSAY, France 

Institut fur Nuklearmedizin - Deutsches Krebsforschungszentruto - Kirschner-

strasse 6 - 6 9 HEIDELBERG - R.F.A. 

INTRODUCTION 

New physical methods have been developped in the last years for medical dia

gnosis using such new devices as the E.M.I, scanner (B,B.) or the ultra-sound ca

mera (A), which often favorably compete with 9 S m T c radioactive images provided 

by conventional gamma cameras. 

However, although gamma radiation emitted by radioéléments is required in obtai

ning "in vivo" images, it is not the only characteristic making gamma radiation a 

unique tool for medical diagnosis. The fact that y emitting radiotracers are iso

topes of elements normally constituting organic matter is the really fundamental 

characteristic. 

Claude Bernard's famous sentence : "We will know all about physiology when we 

can follow step by step a carbon or nitrogen molecule, trace its history and des

cribe its trip through the body from the time it enters to the time it comes out 

of the body", the introductory quotation to some works and publications on nuclear 

medicine, is more often considered an historical reminder than a rule for conduct. 

Radioéléments which fully apply this principle in medical diagnosis are still too 

few and often difficult to obtain. 

This is one of the reasons that a great technical effort has been made and has 

led to the development of particle generators, mainly small and easy-to-use cyclo

trons which can be installed in medical institutions. These units produce new : -



radioéléments and are increasingly used by the medical corps. 

Many articles on this subject have recently been published (1,2,3) and this in

troduction to the session on cyclotrons will intentionally stress those special as

pects which seem to us best to illustrate what we can rightfully expect from these 

machines. 

I - WHY A CYCLOTRON FOR MEDICAL PURPOSES ? 

The characteristics of a radioélément used for diagnostic purposes are as 

follows : 

- to be able to indicate a stable element naturally incorporated into a biological 

process without disturbing ic -and to expose any metabolic disorder in case of 

disease, 

- to have a radioactive half-life in accordance with the phenomenon to be studied 

without, however, exceeding a certain licit imposed by considerations of dose, 

- to emit radiation which can be detected within a certain range, i.e. a high 

enough energy y radiation to escape biological matter but low enough to be de

tected efficiently by available measuring devices.. 

Except for radioactive iodine used in studying thyroid metabolism, no element 

meeting all of these requirements existed for practical purposes prior to the deve

lopment of cyclotrons for medical use. 

However, for a long time the last two criteria (radioactive half-life and radia

tion) have been recognized as the most important ; and several radioeleuents, inclu

ding mTc and In, have been used as substitutes for biological elements which 

are indispensable but no radioisotope of which has been available until recently. 

96% of the biological matter consists of C,H,N and 0. It would consequently be 

fundamental to benefit from the radioactive isotopes of these elements ; those with 

suitable half-lives and emitting ganaaa radiation can only be produced by cyclotrons 

(13N, n C , 1 5 0 and, eventually, ïk0) although their radioactive half-life is not-

ideal for most of the uses for which they might be considered. 

./. 



A second category, consisting of halogens, must also be considered. In fact, in 

addition to their important, if not indispensable, biological role, these elements 

enter into the composition of many organic molecules due to their capacity to asso

ciate themselves rather easily with carbon by means of covalent bond. Bromine 82, 

chlorine 38 and various iodine isotopes already existed but the first two were only 

available with carrier and the third is of such interest to nuclear medicine that 

all new iodine radioisotopes would be accepted. Moreover, althought fluorine can 

be produced in nuclear reactors, it is still little used as its radiochemical purity 

is not satisfactory and the chemical form in which it is produced does not allow it 

to be used easily as an organic synthesis. At lease three isotopes of these elements 

can be produced by a cyclotron, 1 8F, 7 7Br and I 2 Î I . 

Although the elements just mentioned seem the most important to us, it is quite 

obvious that, in terms of beam current intensity and the energy to which they acce

lerate particles, cyclotrons can produce most of the radioéléments in the isotope 

chart a number of which possess to varying degrees the characteristics making then 

possible future tracers. Along with the chemical identity between the tracer and 

the data traced, the notion of radioactive concentration is associated with the no

tion of tracer. Contrary to many reactor radioéléments, nuclear tracers, products 

of cyclotrons, come fiom nuclear transmutation and, consequently, are carrier-free. 

This is especially eviden^ when naturally toxic radioéléments are involved such as 

heavy metals (Hg, Tl, Bi etc . . . ) . However, without being toxic, it is important 

in snttic cases to inject only an extremely slight mass of matter in ordre not to sa

turate a naturally small pool. This is not always possible, even with a carrier-free 

radioélément. On the other hand, to the extent that they are"short-lived"such as n,C, 

*F, ] 3I and "'N, cyclotron elements do not have this disadvantage and wili be ideal 

tracers in labelling hormones or molecules with biological activity even at low con

centration. 

The third characteristic of the cyclotron elements mentioned until now is asso-



ciated with their short half-life. Without insisting on this fact, it is important 

to note that they can only be used on the site where they are produced, especially 
U C , 1 3 N and 1 5 0 . 

Most often, nuclear reactions through charged particles, unlike thermal neutron 

reactions, occur along with the formation of nuclei deficient in neutrons, i.e. 

radioéléments completely or partially disintegrating due to positron emission. The 

disintegration of radioisotopes produced by cyclotrons consequently occurs along 

with the emission at 180° of two gamma photons with practically the same 

energy of 511 KeV, the result of the annihilation of positrons in matter. This 

fact confers special advantages jn these radioéléments in terms of visualizing 

their distribution in an organism. 

In fact, conventional methods of taking pictures in nuclear medicine use as an 

optic holes in material opaque to gamma radiation. These absorption collimation de

vices take images by defining the small volume of the object which each region of the 

detector can "see". In the case of a source emitting positrons located between two 

detectors operating in coincidence, the small volume of the object "seen" by two 

coupled regions of each detector consists of the cylinder defined by these two re

gions. This consequently provides a purely electronic collimation allowing more 

effective detection since it is not necessary, as in the case of conventional colli-

mation devices, to lose a large part of the photons by absorption. This leads to 

a possible important improvement in the resolution. 

Moreover, since the sum of the space travelled by each annihilation photon in an 

organism with a given thickness is constant, the response of the detection system 

is independent from the depth at which the emitting source is located in the orga

nism. 

In addition, the emission at 180° of two annihilation photons allows the obten

tion of tomographic effects. The rotation of che detectors around the axis of the 

organism and the reconstruction by computer of the intersecting volume of e'ach small 

volume defined for the different positions of the detectors during such rotation 
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provides transversal axial tomography by ceans of emission similar to that now 

reached by absorption in the field of radiology. 

These different possibilities, which are still not exploited at present by the 

production of commercial units, are, nevertheless, of great interest as they - pre

sent a potential improvement in taking pictures in nuclear medicine which is exclu

ded for conventional units as well as an additional advantage favoring radioéléments 

produced by cyclotrons in the near future. (4,5). 

2 - WHERE SHOULD A CYCLOTRON BE INSTALLED FOR MEDICAL PURPOSES ? 

The answer to this question is directly associated with types of radioéléments 

to be produced and, consequently, with the necessary power of the machine (6). 

- DESK TOP CYCLOTRON 

Although such a cyclotron does not yet exist in a perfectly satisfactory model, 

a mono or biparticle cyclotron with fixed energy accelerating deuterons and protons 

from 8 to 10 MeV with a current of approximately 20 yA would be perfectly well adap

ted to the production of 1 S 0 , l 3N, U C and l 8F. (Only reactions using deuterons can 

produce these 4 radioéléments). 

Such a machine, the price of which should be moderate, would have a role in hos

pital nuclear medical wards and be associated with a rapid labelling laboratory and 

a positron camera. Although somewhat utopie today, such a structure would be desi

rable and contribute to the development of new applications for radioéléments in 

medicine. 

- LOW ENERGY CYCLOTRONS 

This category of cyclotrons includes machines now referred to as compact cyclo

trons, an increasing number of which are found in hospitals. These cyclotrons are 

of tb<j fixed energy type or the variable energy type and accelerate four particles : 

p, d, ''He and *He to energies of approximately 20 to 30 MeV for protons. The currents 

of particles extracted range from 50 to 100 pA. The maintenance and operation of 

this type of cyclotron, to which should be added a minimum trai.sport beam system, 

./. 
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can be carried out by a small team. On the other hand, the number of radioéléments 

vhich it can potentially produce is quite high and full exploitation of such an ins

tallation implies a large team of chemists. As in the case of desk top cyclotrons, 

only the production of short-life radioéléments (T < 2 hours) justified their ins

tallation in a hospital. But although this is necessary, it is not enough. The no

tion of availability is superimposed on that of geographical localization. Several 

years of experience indicate that the use of routine short half-life radioéléments 

for medical examinations requires perfect operation with no delay on the part of 

the cyclotron. In the patient's interest the examination must be made punctually. 

This condition is especially difficult to fulfill since other radioéléments using 

other particles or energies with different particles are produced during the time 

the cyclotron is idle. The automatic regulation and adjustment of the cyclotron 

will probably facilitate the complete exploitation of multiparticle compact accele

rators. 

The production capacity of compact cyclotrons is important in terms of internal 

and external available particle current. The table I provides an idea of the produc

tion yield of some radioéléments regularly produced in various centers, expressed 

in )jCi/uA/h. The simple multiplication of these values by maximum current availa

ble for a given cyclotron does not always lead to a realistic result due to the 

secondary effects which may occur when a target is bombarded with very strong cur

rent. Nevertheless, the production cross sections are high enough for some radio-

elements that regional distribution can be considered. Table II shows also the 

production yields for , 5 0 , 1 3N and nC in different conditions. 

- AVERAGE ENERGY CYCLOTRONS 

These cyclotrons generally have variable energy with maximum proton energy of 

40 to 50 MeV and implies a relatively sophisticated environment. A staff of well-

trained engineers and technicians is required for their operation and maintenance. 

In general, installed cyclotrons of this type are multi-field in use. Along 

./. 
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with the production of radioéléments, they can be used for neutron therapy or for 

more fundamental research in radJochemistry, analysis and nuclear physics. The high 

energy available for some particles allows production of radioéléments under such 

conditions that radiochemical purity is much more satisfactory than that which 

can be obtained with lower energies, as that possible with cyclotrons of the prece

ding type. This fact is ilustrated by two examples described in the tables III and 

IV. Average energy accelerators are the best adapted to the production of radio-

elements on a regional scale. 

3 - HOW TO USE A CYCLOTRON ? 

Providing general rules for the use of a cyclotron used for medical purposes 

would be somewhat futile. Considering the large number of radioéléments which can 

be produced, only the lack of imagination on the part of users can limit their 

use. 

Therefore it seems much more useful to show what radioéléments can or will be 

able to contribute to medical diagnosis in the immediate future through several 

specific examples we shall limit ourselves to the main radioéléments, the use of 

which implies the presence of a cyclotron on the site of use, i.e. oxygen 15, 

nitrogen 13, carbon II and fluorine 18. 

ADVANTAGE OF SIMPLE CHEMICAL COMBINATIONS OF U C , , 3N, 1 5 0 AND l 8F IN MEDICAL 

DIAGNOSIS. 

Although early studies using radioéléments to measure ventilation and regional 

lung flow were carried out with 1 3 3Xe, oxygen 15 was used to develop methods able 

to contribute important data about pulomonary physiopathology. 

After inhaling air labelled with 1 50„, the patient holds his breath for ten 

seconds. As of the moment at which the patient stops inhaling, the curves for 

radioactive disappearance of the field of the counters placed on various lung 

areas measure a parameter proportional to regional blood flow. Moreover, the rate 

of radioactivity at the minute inhaling stops, which corresponds to a maximum 

figure, measures regional ventilation. 

./. 



The C0_ labelled with oxygen 15 was recognized as the best tracer due to the 

high diffusibility of this gaz. A breath of CO- can be considered a direct injec

tion into blood in the lungs. In addition, the ! 5 0 of labelled carbon dioxide is 

rapidly transformed in the organism into H,. 1 5 0 , assuring a higher flow of the radic-

element through the lung walls. This practically means the introduction of the 

tracer into the left cavities of the heart, allowing the obtention of left radio-

cardiograms as veil as coronary flow (7). 

Althcugh the l 3 3Xe has since been the most used of radioactive gases, this has 

been due to its long life compared with that of oxygen 15 and its low solubility in 

water. After injecting a aqueous solution of 1 3 3 X e , radioactive gas is eliminated 

from the blood during its first flow through the lungs. Well ventilated regions 

will evacuate radioactivity more easily than less well ventilated regions. 

The use of amorphous radioactive gas, which is not very soluble in the blood, 

is necessary for the correct interpretation of perfusion curves. In addition, such 

radioactive gas will emit high energy radiation in order to allow sufficiently 

effective detection and as high a resolution as possible. The I 3 3Xe only fulfills 

such criteria partially. In fact, although low (8.5ml/100 ml of water at 40°C), its 

rate of solubility in water is such that only 90 to 95 1 of the injected xenon is 

eliminated during its first flow through the lungs. This implies a correction on 

the elution curve which will be higher as the ventilation of the zone considered 

is weaker. 

The energy emitted by the , 3'Xe (80 KeV) is not favorable to external detection 

at the level of the lungs. 
8 5Kr, which is sometimes used, has a higher energy (514 KeV) and a lower solubi

lity in water (5 ml/100 ml of water); however, its long life (10.7 years) and its 

low gamma emission rate make it dangerous to use. 

Along with other radioactive radioisotopes of these gases ( 1 2 7Xe,' 3 SXe, / 7Kr, 
8 l mKr, 8 5 r nKr), some of which have adequate nuclear characteristics, nitrogen 13, 

./. 



9 

although an amorphous physiological gas par excellence, has the lowest rate of solu

bility in water (1.4 ml/100 ml) and its ganaa energy (510 KeV) is compatible vith 

the at. virement of radioactivity distributed in the lung region and with a miniaun 

of loss through autoabsorption. The 10-minute half-life of nitrogen 13 is long 

enough for the isotopic equilibrium of the lungs and for the attainment of the pa

rameter describing the rate of lung ventilation per unit of volume. It is consequen

tly considered the ideal tracer for measuring the ventilation-perfusion couple. Com

bined vith ammonia, nitrogen 13 is at present successfully used in visualizing the 

myocardium and detecting heart attacks. 

In addition, oxygen 15 has been applied interestingly enough to measuring cere

bral flow and regional consumption of oxygen (8). In the first case, l s 0 , injected 

in the form of H_0, is revealed as a better compound than the xenon solution due 

to its very high diffusibility of water through the tissues.On the other hand, in 

the second case, I S 0 , administered in the form of oxyhemoglobin, is metabolically 

transformed in to H_ 1 50 and accordingly, allows the obtention of a parameter pro

portional to the use of oxygen by the tissues, in addition to the measurement of 

regional cerebral flow (9). 

We should also point out that l lC, administered in the form of l lC0 by inhaling 

or of carbooxyhemoglobin , JC, localized the placenta (10). However, this technique 

is apparently no more advantageous than the use of albumin serum labelled with in

dium, a much more easily accessible isotope. 

Sodium fluoride is still the radiopharmaceutical product labelled with fluorine 

18 the most often used for images of the skeleton and research on bone metastases. 

Compared with various existing products (pyrophosphates, disphosphonates, polyphos

phates marked with , , m T c ) , fluorine 18 offers a number of advantages. Produced 

carrier-free, it has no phamacological activity contrary to various Tc phosphates 

which are injected in large quantities and may have a cardiovascular effect on old 

people. Whereas the images obtained with , 8F are reproducible, the distribution 

of , 9 m T c polyphosphates in the skeleton apparently varies from one lot to the other 

without being able to determine whether a variation in specific radir»»pf4v£ty -•' -' 
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length of the polyphosphate chain is involved. In addition, the accumulation of 

polyphosphates in the kidneys seems to be core annoying in interpreting imagut. than 

in those obtained with l 8F (11). 

Fluorine 18 is also used to measure blood flow at the level of the skeleton. In 

fact, fluorii e is completely eliminated from the blood of this tissue after the 

first flow of the tracer (12) 

- ADVANTAGE OF COMPLEX CHEMICAL COMBINATIONS OF U C , , 3 N and l 8 F IN MEDICAL DIAGKOSIS 

The idea of incorporating J 1 C by means of organic or biological synthesis in com

plex molecules dates back to a period prior to the use of '"'C. Molecule* syntheti-

zed by KAMEN in 1950 (13) remain chemical feats the biological and medical interest 

of which has not been exploited due to the absence of means of appropriate detection. 

Attempts at labelling complex molecules of potential interest in diagnosis have 

only been made in the last 5 or 6 years. 

The criteria governing the choice of these molecules are as follows :-the time 

needed to label the molecule should not exceed two or three half-lives of the ra

dioélément ; the choice of the labelling position is conseuqnetly limited to easily 

accessible functions. 

- The biological phenomenon to be exposed, uptake of an organ or incorporation in 

a metabolic chain, should be observable in less than three or four half-lives of 

the tracer used in labelling. 

- The anticipated results should provide new or better data than that obtained 

using currently available labelled radioéléments or molecules. 

The table V below illustrates the manner in which carbon II, nitrogen 13 and 

fluorine 18 are rapidly incorporated in slnple precursors, which can later be used 

to introduce a labelled organic function into a molecule of biological interest. 

Formaldehyde, methyl iodide and hydrocyanic acid are thus produced by various labo

ratories in large quantities (several nundred tnCi) ami allow the production of highly 

varied molecules including carboxyl acids, amino-acids, cathecolamine, nitrils, in-

doleactic acid, nucleosides, phenothiazines and derivatives. Of this list, the mole

cules to be extensively developed in the future are those with some relation to 
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cerebral metabolism. Carbon 11, especially, provide possibilities of visualizing 

the brain when incorporated into organic molecules of medicine penetrating the 

blood-brain barrier. Much psychoactive medication, above all, has a chemical struc

ture allowing rapid labelling (14). 

Of the 600 psychoactive medicines now* known and used, approximately one third 

should be able to be labelled with carbon II. Some, such as chlorpromazine and imi-

pramine, have already been labelled and their accumulation in brain tissue has been 

measured by external counting in the head. In addition, the kinetics of distribu

tion at tie level of the brain seem to be modified during psychiatric diseases (15). 

At present, ammonia is the only precursor labelled with nitrogen 13 which can 

apparently be obtained rapidly and has been incorporated into the amino function 

of amino-acids by enzymatic synthesis. Glutamine, glutamic, acid, analine, aspara-

gine and asparatic -,cid have been labelled by this process and their metabolism 

in the liver, pancreas, and cardiac muscle has been studied in vivo (16). 

Carrier-free fluorine has unfortunately not yet been incorporated into an or

ganic molecule and only a few molecules labelled by exchange and with very low 

specific activity have been obtained. However, it would be very interesting to 

label steroids such as testosterone, for example, the pharmacological activity 

of which, we know, is increased when a fluorine atom is introduced into the ske

leton. In fact, fluorine, fixed on some biologically active molecules, often con

fers on them an antimetabolite character wi *h an effect which is competitively 

antagonistic in relation to the receptor site. This property is used in pharmaco

logy in seeking anticancerous medication the labelling of which by fluorine 18 

may be of great importance in aiding the diagnosis of such diseases (14). 

CONCLUSION 
In this introduction, we have, above all, stressed the interest of medical cy

clotrons in producing radioéléments with short 'naif-lives, some of which are im

possible to attain in any other way or may be obtained with difficulty by other 

means. However, there are other applications which should be mentioned and which 

arc associated with the possibility of producing neutrons. 
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Neutron therapy, the importance of which has been shown by the Hammersmith 

group, implies minimum average neutron energy and a dose rate high enough so that 

the irradiation time of patients is as short as possible. Even with "low energy" 

cyclotrons, it is apparently possible at present to obtain a dose rate of S.t rad/ 

min. of neutrons with an average energy of 8.5 MeV one meter from the target by 

bombarding deuterium under pressure with 10.6 MeV deutons (17). 

Analysis by neutron radioactivation in vivo can also profit from the presence of 

cyclotrons in hospital? This method is particularly interesting for determining 

the skeleton calcium either in a localized part of the organism after irradiation 

of the area involved or after irradiation of the entire body. Considering the de

velopment of the neutron isotope sources, we must still demonstrate that the neu

trons which can be produced by cyclotrons have serious advantages. It is important 

to state that we can obtain a very large variety of neutron spectra with variable-

energy cyclotrons and thus adjust irradiation under the best conditions to the 

body studied and the elements analyzed (18,19). 
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TABLE I 
CYCLOTRON PRODUCTION OF FEW ISOTOPES 

Isotope Reaction Energy 
(MeV) 

Target 
i 

i 
Production yield 
uCi/pA/h J 

18F 1 60( 3He,pn) a h\jO 
-

6000 
2 0Ne (d,o) 8 Ne 10000 

4 3K 4 0Ar(ap) 17 Ar 57 
5 2Fe 5 0Cr (a,2n) 30 Cr(nat) 3,3 

5 2Cr (3He,3n) 45 H 50 
- 23 • 0,7 

6 7Ga 6 5Cu(a,2n) 30 Cu nat 160 
Zn (p.an) 22 Zn nat 430 
Zn (d,an) 8 • 100 

7 7Br 7 5As (a,2n) 28 A s 2 0 5 160 
8 1Rb 7 9Br (a,2n) 30 NaBr 2000 
8 5Sr 8 5Rb (d,2n) 13 RbCI 15 

n l l n 1 0 9 A g (a,2n) 3U Ag Nat 200 
Cd (p.an) 

1 5 
Cd Nat 140 

123j 1 2 1 S b (a,2n) 25 Sb Nat. 150 
1 2 3 T e (3He,3n) 30 l 2 3Te(Enr1) 750 

1 2 7 C s 1 2 7 I (3He,3n) 22 Nal 500 
129 C s 1 2 7 L (o,2n) 30 Nal 170 
2 0 6Bi 2 0 7 P b (p,2n) 20 Pb nat. 150 



TABLF II 
CYCLOTRON PRODUCTION OF 1 5 0 , 1 3 N AND UC 

Isotope Reactor Energy Target Yield 

1 50 1 4 N (d.n) 6,3 N2 l,6mCi/s/30 pA 
13N 1 2 C (d.n) 15,4 graphite 0,39 mCi/s/60 pA 

• 6,3 co 2 0,08 mCi/s/30 pA 

U C 

1 C 0 (p.o) 
1 0 B (d.n) ) 
U B (d,2n)j 

9 
15 

156 

co 2 

H~0 
2 

B2°3 
i 

30 mCi/40 nn/20 pA 
300 mCi/30 mn/25 pA 
as 13NH3 EOB+10 min 
0,28 mCi/s/40 pA 

1 4 N (p.o) 17 
20 

J N 2 gaz 
t 

2 mCi/min/pA 

7.4 | N2gaz 0,27 mC1/s/40 pA 

TABLE III 
IODINE 123 PRODUCTION 

Nuclear 
reaction E P 

(MeV) 
contaminant (% at E.O.B.) Nuclear 

reaction E P 
(MeV) 124, 125j 126j 

1 2 3 T « P . n > I 2 3 I 
127j (p,5n) 1 2 3Xe 
123j k ^ 

15 
57 

1 
0 

0,1 
0,1 

0.3 
0 

E.OB = end of bombardment 



TABLE IV 
RADIOACTIVE THALLIUM PRODUCTION 

Nuclear 
reaction E P MeV 

Thallium Isotope (relative production rate) Nuclear 
reaction E P MeV 198 199 ZOO 201 202 

Hg (p.n) 1 9 9Tl 
Tl(p,3n) 2 0 1Pb 
201 T 1 ^ 

20 
31 

40 
0 

100 
0 

16 
0,13 

13 
100 

0.3 
0.2 

TABLE V 
PRIMARY MOLECULES LABELLED WITH n C , 1 3 N , 1 5 0 and 1 8 F 

FOR NEW RADIOPHARMACEUTICALS PREPARATION 

14,, . .ll r N (p.ct) C 
H*CH0 

1 4 N ( H 2 ) ( n , a ) n C 

1 4 N (d,a) 1 50 

N e / U x Id.ct) 

CH, 

HpO (p,a) N oxydes 

(H 2) 

H*CN 

-? H2*° 
*MH40H 

H*F 



TABLE VI 

SOME NEW RADIOPHARMACEUTICALS LABELLED WITH 
U C and 1 3 N 

Primary molecule Radiopharmaceutical present or 
potentiel use 

co 2 

C0 2, NH40H,HCN 

HCN 

CH 30H, ICH 3 

sugars 
fathy acids 
amino acids 
hydantoînes 
cathecolamines 
psycho active drugs 

metabolism 
myocardium 
brain, tumours 

metabolic diseases 
lung 

brain 

• 


