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Energy Requirement for Thymineles's Death 

David Freifelder and Ole Maalj!Se 

Certain bacteria having a nutritional requirement for thymine lose via

bility when incubated in a growth medium, complete but for thymine. This has 

been termed thymineless death (1) and is pertinent to studies of both replica~ 

tion and control of synthesis of DNA because only these cells in the act of DNA 

synthesis at the time of thymine removal are sensitive, i.e., lose viability 

(2). This means that the system here out of control is active or its site of 

-action is available only during the period of allowed DNA synthesis. The pre

cise conditions for thymineless death have caused controversy principally be

cause the distinction between the abo~e-mentioned sensitive cells'and there

maining (inter-synthetic) "immune" fraction has not always been made, leading 

to confusion between inhibition of death and interconversions of sensitive and 

immune cells. 

One proposed requirement has been that active metabolism is necessary to 

initiate the death process (1). In the present paper this observation is con

firmed and amplified in the finding that·once initiated, continued loss of via

bility is still dependent upon an energy source. We shall see that this places 

several constraints on possible mechanisms of thymineless death. 

The bacterial strain used was~- coli lS(TAU)-' an auxotroph requiring 

thymine, arginine and uracil. Conditions for handling the cells were those of 

Maal¢e and Hanawalt (2). 

RESULTS 
METHODS OF REMOVAL OF THE CARBON SOURCE. Cohen and Barner observed that 

when glucose-grown log phase cells, which had been washed free of the growth 

medium by centrifugation, were transferred to a thymineless medium also lacking 

glucose, there was no loss of viability (1). using the more rapid and presum

ably more efficient technique of medium change by membrane filtration, the re

sult of such a transfer has been inconsistent. In an attempt to obviate compli

cations arising either from imperfect removal of glucose from the medium or from 

intracellular metabolic pools, or from accretion of glycerol usually present as 

a plasticizer in membrane filters, a novel technique was used to stop the energy 

flow. A carbon source, succinate (0.5%), which cannot be utilized in the ab

sence of molecular o2 , has been used so that the energy flow can be efficiently 

1 



2 ENERGY REQUIREMENT.FOR THYMINELESS DEATH 

----lllt.-6-00---o-b.--b.-o-· -o-n-" ~ I . 
Figure 1. Inhibition of 
thymineless death of 
succinate-grown E. coli ' e----o---o---0-----0-
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DAVID FREIFELDER AND OLE MAAL¢E 3 

stopped simply by_ bubbling N2 ( "prepurified") through the cell suspe11sion. In 

N 2 the. optical density of a succinate 15 {TAU)_ culture increases by no more than 

2% in 5 hr whereas normal generation time is 70 min at 37°C. The second dif

ficulty is also avoided since this bacterial strain also cannot utilize glycerol 

as a carbon source in the absence of o2 . 

EFFECT OF NITROGENATION ON THYMINELESS DEATH. Figure 1 shows the sur

vival curves for a thymineless-succinate culture transferred from air to nitro

gen at three different times after thymine removal at t = 0; near the end of the 

lag period, t = 30; and in the final exponential region, t = 45. In each case, 

loss of viability stops almost immediately. The same result has been obtained 

for nitrogenation at t = 5, 10, 12, 20, 30, 40, and 60 min. 

After such a period of nitrogenation, loss of viability recurs when air 

is restored to the system, as shown in Fig. 2, and the survival curve following 

readdition of o2 is the precise continuation of the original curve starting from 

the point at which death was arrested by nitrogenation. For example, in the ex

periment shown in Fig. 2 the lag period which is normally about 30 min has been 

interrupted after 12 inin by nitrogenation. Upon reaeration there is a refrac

tory period of 17 to 20 min before loss of viability ensues, thus apparently the 

usual 30-min lag is completed. This ·same result has been obtained for 30 and 

60 min.of nitrogenation at various times during both lag and exponential phases 

of killing.* 

EFFECT OF NITROGENATION USING CARBON SOURCES CAPABLE OF ANAEROBIC 

UTILIZATION. In order to show that this inhibition results from 

the energy flow and not merely the presence _of N 2 or the .absence 

ity was followed in a nitrogenated thymineless-glucose culture. 

interruption of 

of o2 , viabil

The generation 

time increased from 45 to 180 min and under these conditions thymineless death 

still occurred though at half the normal rate. 

EFFECT OF DIFFERENT CARBON SOURCES. Since.nitrogenation effectively re

duced the growth rate (four-fold if glucose was the carbon source and "infin

itely" for succinate), the effect of other carbon sources was examined. Two 

types of experiments were done. In th~ first, cells were both grown and 

thymine-starved in a medium containing the same carbon source. No difference. 

was found in the inactivation rates for glucose and succinate (doubling times, 

T, 45 and 70 min, respectively) but for acetate (T = 140) the rate is decreased 

30 to 50%. In the second experiment, cells grown in a "slow" medium were 

*In one experiment in which nitrogenation was begun at t = 0 and air re
added at t = 79 min, the lag was somewhat reduced (20 min), indicating that 
under the present conditions nitrogenation might not be complete. Alternatively 
there may be some other pathway for slow succinate utilization so that the 
thymineless death process can still proceed at a very slow rate. 
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transferred to a thymineless "fast" medium. No effect on the death rate was 

seen for a transfer·from succinate to glucose. In a single experiment death 

occurred at the normal glucose rate after a transfer from acetate to glucose; 

EFFECT OF INTERRUPTION OF THE ENERGY FLOW ON MACROMOLECULAR SYNTHESIS. 

Because death might result from replication errors during the brief period after 

thymine is removed when DNA is ·synthesized utilizing intracellular pools, and 

since protection by nitrogenation could be a consequence of complete ·inhibition 

of DNA synthesi-s, we studied the ability of bacteria to incorporate c14 thymine 

in the absence of protein and RNA synthesis (minus arginine and uracil) under 

the succinate-N2 conditions. Log phase succinate-grown cells were transferred 

to a -(A, U, succinate) + c14
-Thy and nitrogenated medium. The amount of ·thy

mine incorporated was less than 5% of that for an air-succinate sample which 

provi"des··a lower limit not less than that seen after ·thymine removal and there

for·e a·n 'inconclusive result. 

As sta"te.d above, the optical density of a normal ( +T+A+U + succ·inate) 

cultur~ increased in N2 byonly a few percent, indicating that there was vir

tually no increase in dry mass and therefore of protein content. Turnover wa's 

not examined, ·but _g. subti lis; an obligate aerobe, was not found to synthesize 

RNA or protein during periods of nitrogenation (3). 

DISCUSSION 
Metabolism is clearly necessary for all stages of thymineless death. The 

fact that energy must be continuously supplied is important, since it shows that 

in this respect there is no difference between the lag period and ·the exponen

tici:l phase of killing, suggesting that the s·ame chemical preparations occur in 

both phases. One interpretation then of the shape of the survival curve is that 

in the absence of thymine the cell ·synthesizes some substance ( s) that can direct

ly or indirectly cause death after reaching a critical concentration and that the 

lag represents this build-up time. '!'he fact that after reaqdition of o2 the 

survival curve continues from the point at which nitrogenation was begun im

plies that this hypothetical substance is not labile and is not consumed· in the · 

absence of'metabolism. An alternate possibility is that during thymine starva

tion a chemical change in some essential component occurs and that many· primary 
.. 

lesions are necessary before death occurs, i.e., the lag is indicative of a 

multi-hit survival curve. It has, however, been pointed out that the transition 

from the ·lag· to exponential killing is more abrupt than ever seen for multi-hit 

curves (4). 

These possibilities bring up the important question.of whether death 

occurs· in the thymine less medium .or afterwards on the ·Petri qish. The possi-· 

bilities exist that after thymine starvation a lethal lesion is present .or that· 

some accumulated product will. cause death during growth in complete medium. 

r&.r 



lj(j\ 

'';I 

e 

DAVID FREIFELDER AND OLE MAAL¢E 5 

To distinguish these possibilities, one must either seek post-thymine-starvation 

conditions that modify the lethal response or physical or chemical changes in 

the cell, which are evident immediately after starvation and which are irrever

sible changes that predetermine death. Maal¢e (4) has discussed experiments 

suggesting that death occurs on the Petri dish and pas ·described the accumula

tion of unusual substances during thymine st_arvation. However, chemical changes 

in DNA also occur during the period of thymine starvation (5,6). In neither 

case has it yet been possible to decide whether .the observed changes are the 

cause of death or merely symptoms of the thymineless disease, and it remains to 

be seen whether this accumulation or these chemical changes still occur during 

non-lethal thymine starvation during nitrogenation. 

Several constraints on the hypothesis are imposed by the observation that 

death stops immediately when oxygen is removed. On the accumulation hypothesis 

the accumulating substance must be synthesized by an oxygen requiring process, 

and the precursor pool for any intermediate past the o2-requiring step must be 

very small. On the chemical or physical change hypothesis, one can probably 

rule out nuclease damage since, unless the particular nuclease is extremely 

labile, it would probably continue to act as do nucleases in vitro. If the 

chemical change were to require some intermediate, then either 1) the reaction 

with the essential cell component must require o2 , or 2) the intermediate must 

exist in very small quantities, be consumed in the reaction or be labile, and 

need o2 for its synthesis. With respect to nuclease action, it should be men

tioned that Mennigman and Szybalski (7) have suggested that the DNA of~· sub

tilis starved of thymine in the presence of 5-fluorouracil deoxyriboside (FUDR) 

contain single strand breaks. However, studies (B) on DNA isolated from~· coli 

cells that have undergone thymineless death and been examined by the technique 

of Freifelder and Davison (9) have been unable to give evidence for the exist

ence of.these breaks; the present limit being fewer than 1 break/10 million 

molecular weight. 
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.;;....H;:;_;:e:o..:;a;...:;.t_a;;;.::s a Modifyjng Factor 
by Ionizing Radiations -
Tor Brustad 

tn Enzyme lnactivatio!l. 

In the present discussion some results will be presented of a study of 

the radiosensi~ivity of 'dried trypsin, as tested by inactivation of the 

esterase-activity (1), after exposure carried out at various temperatures. The 

various· radiations used in the present investigation were obtained with the 

heavy ion linear accelerator. 

Figure 1 shows some dose-effect curves of dried trypsin exposed at room 

temperature to various heavy ions, all with an energy of about 8.3 MeV/amu. 

The dose is given as nuffiber of bombarding particles per square centimeter. 

When looking at the efficiency. per bombarding particle, usually referred to as 

the inactivation cross section, it is evident that the deuterons are ... less effec

tive than the helium ions, which again are less effective than the boron ions, 

the carbon ions and the argon ions. Figure 2 shows some dose-effect curves of 

dried trypsin exposed to argon ions, when the samples are kept at various con

stant temperatures during the exposure, from about 10°K to about 420°K. It can 

readily be seen that for increasing temperatures the radiosensitivity increases 

considerably. 

In studies of enzyme inactivation by ionizing radiations it has been 

postulated that inactivation is the result of the occurrence of a primary ioni

zation anywhere insiqe the confines of an enzyme molecule, whereas excitations 

have been assumed to produce very li tt.le effect ( 2) . Considering this onE!

ionization model in its most restrictive sense, one would not expect any pro

nounced effect of the temperature of the samples during the irradiation. A 

suggestion to an explanation of the effects shown in Fig. 2 could therefore 

be that the enzymes become damaged by the heat-treatment, in such a way that 

smaller amounts of radiation energy are needed to complete the inactivation. 

In order to test this hypothesis, enzyme samples were heated to var

ious temperatures, then brought back to room temperature and exposed in high 

vacuum. We also irradiated normal trypsin at room temperature and heated the 

samples to different temperatures after completing the exposure, but prior to 

breaking the vacuum. Figure 3 shows the results of two such tests, at 361°K 

and 414°K. It can be seen that the heat-treated samples, irrespective of being 
7 
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Figure 1. Dose-effect curves of dried trypsin exposed to various heavy ions. 
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10 ENZYME INACTIVATION 

heated prior to or after exposure, show nearly the same radiosensitivity as do 

the unheated samples. Thus, the observed change of the radiosensitivity with 

temperature is a result of having subjected the samples to heat and radiations 

at the same time. 

Figure 4 shows the relationship between the inactivation cross section of 

trypsin as a function of the temperature of the samples during the irradiation. 

Results are presented for five different radiations, and each point on the curves 

is based on a dose-effect curve. As seen, the shape of all five curves is" very 

similar. From about l0°K to l00°K (Temperature region I) the radiosensitivity 

is independent of the temperature. From ~bout l00°K the radiosensitivity in

creases slowly with increasing sample temperature up to about l70°K (Temperature 

region II). ·From l70°K the radiosensitivity increases almost exponentially with 

increasing temperature up to the highest temperatures studied iu the present in

vestigation (Temperature region III). 

In order to use the present inactivation data in conjunction with, for 

instance, the one-ionization model to determine the size of the target or sen

sitive sites involved, we are facing the well-known problem of how to correct 

the data for the effect due to the delta rays. Dolphin and Hutchinson (3) have 

suggested carrying out such a correction by plotting the inactivation cross sec-· 

tions as a function of the z 2 of the incident ions and extrapolating these 

curves to 'z 2 
= 0. The intercept with the ordinate axis, according to their 

method, is a direct measure of the cross section of the radiosensitive target. 

Figure 5 shows the pre$ent inactivation cross sections plotted in this manner 

for four different temperatures. Shown are also the "apparent molecular weights". 

of the radiosensitive targets, as calculated from the one-ionization model. For 

T less than l00°K the apparent molecular weight would be apout 4,000, indicating 

the size of the sensitive target when there is essentially no thermal contribu

tion to the inactivation. For T equal to 200°K, the molecular weight of the tar

get would be about 8,000; for T equal to 300°K, about 16,000; and for T equal to 

400°K, it would be close to 50,000. Based on other physico-chemical methods, 

the molecular weight of trypsin is reported to be about 23,000 (4). Depending 

on the sample temperature during irradiation, the apparent target volumes as 

deduced from this theory differ by a factor of 12. In the lowest temperature 
v 

region the target would be just a rather small fraction of the total enzyme 

molecule, whereas for the highest temperatures studied the target would appear 

considerably greater than the entire enzyme molecule. 

In Fig. 6 the reciprocal of the 37% survival dose in rads is plotted as a 

function of the stopping power (dE/dx) of the various radiations used. Curves 

are given for five different sample temperatures. As seen from this graph the 

radiosensitivity at the highest temperatures studied decreases rapidly with in

creasing ionization density. For lower sample temperatures this effect becomes 

i. 
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12 ENZYME INACTIVATION 

less and less pronounced, and if the temperature is below 100°K the radiosensi

tivity is almost constant throughout the entire dE/dx range studied. It seems 

possible that the radiation damage observed in Temperature region I is a "direct 

effect" in the most restrictive sense of the one-ionization model, whereas above 

100°K part of the radiation damage may better be termed "indirect effect", in 

the sense that the degree of injury h~re can be affected by small amounts of 

additional energy in the form of heat during the exposure. 

Figure 7 shows the inactivation cross section of trypsin for the various 

radiations, as a function of the reciprocal of the sample temperature during ir

radiation. The solid lines drawn through the experimental points are calculated 

by super-imposing two exponentials in the temperature range above 100°K. The 

graph also shows the "apparent activation energies" calculated from these 

Arr-henius plots. In Temperature region II, the apparent activation energies are 

small, but positive and of the order of 70-110 calories per mole. In Tempera

ture region II~ the apparent activation energies are considerably greater--about 

2,200 to about 2,300 calories per mole. It is interesting to note that from 

other types of investigations charge migration mechanisms have been proposed 

that may ne consistent with activation energies of the latter order of magnitude. 

Thus, Augenstine et al. (5) and Augenstine (6) based on UV-inactivation of 

trypsin solution have suggested an intramolecular proton tunnelling mechanism 

facilitated by excitation of hydrogen atoms via the torsional mode of a hydrogen 

bond. Patten and Gordy (7), in electron spin resonance studies of irradiated 

proteins,have suggested intramolecular charge migration mechanisms enhanced by 

slow torsional movements of protein molecules in excited vibrational states. 

The present.data indicate that there are at least three different process

es involved in the temperature region studied, one temperature independent and 

two that depend on the sample temperature. An important question would be: Is 

it possible to affect one of these processes without affecting ·the two others? 

Figure 8 shows the inactivation cross section as a function of the reciprocal of 

the sample temperature for normal trypsin together with some preliminary data for 

trypsin containing 1.2% of copper, an experiment suggested by Dr. Augenstine who 

also provided the Cu-trypsin. As seen from the figure, in Temperature region II 

the inactivation cross section for Cu-trypsin, contrary to normal trypsin, is 

essentially constant and almost equal to that in the Temperature region I. Only 

when the temperature exceeds about 170°K does the inactivation cross section begin 

to rise and then almost like that of normal trypsin in Temperature region III. 

From these incomplete data it appears as if the presence of copper in the enzyme 

molecule specifically affects the processes that oc<::ur in Temperature region II 

without drastically affecting the processes in Temperature regions I and III. 
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In summary, the data presented points towards some shortcomings of the 

one-ionization model in its most restrictive fo~m. Specifically, it has been 

shown that the degree of injury of dried enzymes exposed to ionizing radiations 

of various ionization density in all cases depends upon the sample temperature 

during the exposure. It appears that at least three different processes are in

volved, one that is temperature independent,_ and two that are .temperature de

pendent, but distinguishable by different activation energies. In the simple 

one-ionization model, excitations are generally assumed ineffective. In light 

of the present data it does riot seem-impossible, however, that forT< 100°K in

activatio_n may be the result of ionizations .within essential structures of the 

enz~ne molecule. On the other -hand, forT> 100°K excitations may also contri

bute to the inactivation processes, perhaps by facilitating fast energy-transfer 

processes during the exposure. More information relating to the relative con

tribution to the radiation effect from excitations and ionizations would be of 

great importance in molecular radiobiology. 
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Influence of H 2 S on the Radiosensitivity 
of Enzymes and Microorganisms 

Tor Brustad 

It is well known that the degree of injury_ to biological systems subjec

ted to X rays depends upon the chemical environment, such as presence of oxygen, 

nitric oxide, sulfhydryl compounds,etc. as well as upon the physical state of 

the system, such as temperature, phase state, etc. The purpose of the work 

herein described was to study the effects of H2s on the radiosensitivity of 

enzymes and microorganisms exposed in aqueous solution. Two different effects 

were studied, namely the inactiva·tion of the enzymatic activity of lysozyme and 

the inactivation of the colony-forming ability of bacteria. 

The different mechanisms by which sulfhydryl compounds are assumed to 

affect the radiation injury to normally hydrated biological systems, such as 

reduction of oxygen tension, free radical scavenging, formation of mixed di

sulfides and repair of chemical damage, have been extensiv"ely reviewed (1-4). 

Also, the presence of SH-compounds on dried biological materials ma·y affect the 

radiation damage, as shown for instance by Pihl and Sanner (5) and by Braams 

(6), _usually resulting in dose-modifying factors of between 1 and 2. Particu

larly interesting here are the extensive studies of the radioprotection by H2s 
on dried spores of ~· megaterium by Powers ana Kaleta (7) • They found that 

the presenceof H2s during irradiation reduced the radiosensitivity to about 

one-fourth of that for exposure in o2 and to about one-third of that for expo

sure in N2 . 

The concepts "direct" and "indirect" effects have in recent years bet:ome 

quite ambiguous. In the present work, for reasons of brevity in reporting only, 

the radiation effects induced in. dried samples will be referred to as "direct" 

whereas the additional effects on the same system in aqueous solution will be 

referred to as "indirec.t". 

MATERIALS AND METHODS 

The bacteria used were~· coli B, ~· coli B/r, ~· coli B-3 and Shigella 

sonni, originally obtained from Dr. Howard-Flanders. The bacteria were all 

treated in the same way. They were grown to the stationary phase in Difco 

nutrient-broth suspension (0.08 g/1), centrifuged and washed three times in M/15 

sodium phosphate buffer, pH 7.6. The loss of ability to form visible colonies 

15 
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on Difco nutrient agar was used as criterion of radiation injury. The enzyme 

used in the present investigation was twice-crystallized lysozyme, obtained from 

Worthington Biochemical Corporation, U.s .A·. The enzyme was dissolved in triple

distilled water in a concentration of 0.1 mg/ml. The assay method applied was 

that described by Shugar (8) , except that Worthington lysozyme substrate was 

used. 

Two different radiation sources were used. For determination of the 

radiosensitivity of the enzyme as a function of the sample temperature, and for 

the determination of the sensitivity of dried lysozyme samples, 45-kV unfiltered 

X rays from a Machlett tube with beryllium window were used. All the other ex

periments reported here were carried out with 220-kV unfiltered X rays from a 

Stabilipan X ray unit with a dose rate of about 1,000 r/min. Samples exposed 

to 45-kV ~ rays were prepared by pipetting aliquots of 10 to 25 ~1 of the en-
. . . 

zyme solution onto bombardment disks of metal or glass. For exposure of samples 

kept at various constant temperatures during irradiation, the disks were placed 

on top of a copper rod partly immersed in a Dewar bottle containing a desired 

cooling medium. Dried samples of lysozyme weL'e prepared by placin<J the disks in 
-3 a desiccator· and applying a vacuum of about 10 mm Hg for about 4 hr. The des-

iccator was always opened in dry nitrogen atmosphere, and the samples were ex

posed in ni trog_en unless otherwise specified. 

All exposures to 220-kV X rays of suspensions of enzymes and of micro

organisms bubbled with various gases were carried out as follows: 3 ml of the 

enzyme or cell suspensions were added to each of two test tubes, one of which 

was irradiated while the other was used as a control. The test tubes were pro

vided with rubber stoppers with glass tube inlets and outlets. The inlet tube 

reached.to the bottom of the test tube. Gas was led from a storage tank to the 

sample test tube and then through the control test tube. Gas flow was started 

at least 10 min prior to the exposure and maintained throughout the exposure. 

The gases used in the present investigation were high-purity N2 , as well as o
2 

and H2s of purity "technical grade". In experiments designed to determine the 

relationship between the protective effect of H2s and the concentration of dis

solved H2s in the solutions, a_pressure tank was used to mix H2s and N2 to known 

partial pressures. The suspensions were bubbled with gas ~ixture and the con

centration of H2S at equilibrium condition determined according to Dalton.'s law, 

taking into consideration the solubility of the gases in water at appropriate 

temperature and partial pressure. 

RADIOSENSITIVITY OF LYSOZYME 

EFFECTS OF H2s. Figure 1 shows dose-effect curves obtained after expo

sure of lysozyme in di'lute aqueous solution to 220-kV X rays. Curve 1 shows the 

result when the suspension was bubbled with 100% N2 . Curves 2 to 8 show the 

effect of increasing concentration of H
2
s in N

2
. As seen from the figure, H2s 
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Figure 1. Dose-effect curves 
obtained after exposure of a 0.1 
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provides a remarkable protection. Figure 2 shows the relationship between the 

relative radiosensitivity of lysozyme, expressed as the reciprocal of the expo

sure time for 37% remaining enzymatic activity as a function of the concentra

tion of H2s dissolved in the solution. As seen from these figures, quite low 

concentrations of dissolved H2s reduce the radiosensitivity considerably and the 

protective effect increases with increasing H2s concentration, approaching a 

saturation value. Bubbling the enzyme solution with 100% H2s reduces the· radio

sensitivity at room temperature to about 1/180 of that with 100% N2 . 

EFFECTS OF TEMPERATURE AND OF DRYING. Figure 3 shows the dose-effect 

curves obtained after exposure of dried lysozyme in atmospheres of 100% H2s and 

100% N2 . As seen from the figure, no pronounced difference in the radiosensi

tivity was found under the present experimental conditions. Thus, it appears 

that H2s interferes predominantly with the indirect mechanisms. It was there

fore of particular interest to establish the relative contribution to the radia

tion injury resulting from direct and indirect effects. Figure 4 shows the 

relative radiosensitivity of lysozyme, both in dry state and in aqueous solution, 

as a function of the sample temperature during irradiation. All the samples 

were exposed in N2-atmosphere, after prolonged N2 flushing prior to the irradia

tion. In the dry state there is a small increase of the radiosensitivity as the 

sample temperatures are increased from 77°K to room temperature. The ratio of 

the radiosensitivity after exposure at 295°K to that at 77°K under the present 

experimental conditions is about 3. It has been shown, however, that this ratio 

decreases somewhat with increasing ionization density (9) . In our own unpub

lished work we have also found that the yield of radiation-induced ESR-centers 

in dried lysozyme is greater by a factor of almost 2 when exposed at room tem

perature than when irradiated at 77°K. In frozen aqueous solution, there is a 

greater increase of the radiosensitivity at an exposure temperature of 263°K, 

compared to 77°K, than that· in the dry state. This is indicative of an increas

ing indirect radiation effect in the frozen aqueous solution with increasing 

sample temperature. If the sample temperature is kept at 278°K during the ex

posure, i.e. with the sample in liquid state, the radiosensitivity of the en-. 

zyme is higher by a factor of about 80, as compared to that in dried.state at 

the same temperature. Temperatures of the aqueous. sample· above 273°K result in 

a relatively moderate rise of the radiosensitivity. In other words, the great

est change of the radiosensitivity of the enzyme in aqueous solution is govern

ed by the phase state, as previously pointed out by Wood and Taylor (10) in ex

periments on yeast cells, and by Stapleton and Edington (11) in experiments on 

~- coli B/r. In our experiments below 273°K a considerable fraction of the 

radiation damage appears to be a direct effect when the enzyme is exposed in 

frozen aqueous solution. Above 273°K the indirect mechanisms dominate, being 

under the present experimental conditions from 80 to 170 times more effective 

than the direct mechanisms, within the temperature range studied. 
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Table 1. Yields of H and OH radicals in irradiated water 

H 

OH 

0.9 

0.8 

2.75 

2.23 

From electron-spin resonance studies of irradiated ice, it is known that 

H and 0~ radicals are trapped and stabilized at 4.2°K (12). When warmed to 77° 

K, all H radicals and a portion of the OH radicals disappear .(13). When warmed 

above 120°K, all OH radicals also disappear (14). Table 1 shows the yields of 

H and OH radicals in water irradiated at 4.2°K, determined by ESR technique at 

the same temperature (12). The principal yields, GH and GOH' of water irradia

ted at 25°c, determined by chemical methods (15) are also shown. The yields of 

H
2 

and H2o2 after thawing of ice irradiated at various temperatures have been 

determined by Ghormley and Stewart (16) by chemical means. The yield of H2 
rises continuously from 0.1 at 

liquid water at 298°K is 0.45. 

0.2 at 77°K to 0.77 at 263°K, 

reported to be 0.71 (15). 

0 0 77 K to 0.25 at 263 K, whereas GH
2 

for ir:r.r,~d.i.ated 

The yield of H2o2 also rises continuously from 

whereas GH
202 

for water irradiated at 298°K is 

Although the temperature dependency of the principal yields of H and OH 

radicals up to 0°C is not known, it does not seem unreasonable to assume that 

the discontinuity at 0°c of the curves presenting yields as a function of tem

perature is less than a factor of 3 for the molecular- as well as for the radi

cal-products. Thus, at first sight there appears to be no simple relationship 

between the yields of the primary decomposition products of water and the great 

difference between the radiosensitivities of lysozyme in aqueous solution, ex-· 

posed in frozen state and in liquid state. Freezing of the dilute enzyme solu

tion, however, may concentrate the proteins into small pockets, .in conditions 

similar to that of the dry state, an effect that may depend on the rate of 

freezing. When the temperature of the frozen samples is increased subsequent to 

the exposure, radicals that are trapped in the surrounding ice become mobile and 

may react with these pockets of "dry" enzymes. As the present data indicate 

that the radiosensitivity in frozen aqueous solution, even at 260°K, is not 

greater than a factor of 3, relative to that in the dry state at the same tem

perature, it is possible that under the present freezing conditions the surface 

area of the enzyme pockets is quite small and that the majority of the radicals 

are disposed of in a nondeleterious way by combining with other radicals and by 

reacting with hydrogen, hydrogen peroxide, etc., formed within the ice crystals. 

The present experiments have shown that H2S protects enzymes in dilute 

aqueous solution against injury from ionizing radiation. Thus, at room 

.:..1 
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temperature, bubbling with 100% H2s reduces the radiosensitivity to about 1/180 

of that obtained when bubbled wit~ N2 , a protection factor very close to that 

obtained at room temperature by drying. Since H2s does not exert any pronounced 

effect upon the radiosensitivity of dried lysozyme, its .effect appears to be 

primarily a suppression of the indirect effect. It is to be expected that H2s 
will act efficiently as a radical scavenger because of its great reactivity. It 

probably also acts by repairing radiation damage, for instance by donating H 

atoms to protein molecules that have had an H atom abstracted by radical attach 

·according to the scheme suggested by Howard-Flanders for sulfhydryl. compounds 

in normally hydrated systems (3). 

RADIOSENSITIVITY OF BACTERIA 

. EFFECT OF H2s. Because the present experiments on enzymes led to the 

conclusion that H2s suppresses indirect inactivation mechanisms, it was of in

terest to investigate the radioprotection provided by H2s to more complex bio

logical systems. Four strains of bacteria were used for this purpose, namely 

~- coli B/r, ~- coli B, ~- coli B-3. and Shigella sonni. Suspensions of these 

bacteria in the stationary phase can be bubbled with H2s for a long time without 

much loss of cell viability. Figure 5 shows some dose-effect curves obtained 

after exposures of these microorganisms to .220-kV X rays in atmospheres of pure 

o2 , N2 and H2s. Table 2 shows. the derived radiosensitivities, expressed as the 
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E·. 

§.. 

§.. 

.§_. 

Table 2. Radiosensitivity of bacteria in atmospheres of o2 , 

N
2 

and H
2
s, expressed as the reciprocal of the 37%-dose and 

the relative sensitivities in o2 and N2 to those in H2s 

Sensitivity 1 10-5 -1 
0 37 

' r 1 1 
0 37 

{02) 0 37 
02 N2 H2S _ 1_ 

{H2S) 
_1 _ 

atmosphere atmosphere atmosphere 0 37 0
37 

coli B/r 12.3 4.3 3.1 4.0 

coli B-3 15.7 5.5 4.0 3.9 

coli B 19.2 7.2 5.2 3.7 

sonni 21.9 7.7 5.8 3.8 

{N2) 

{H 2S) 

1.4 

1.4 

1.4 

1.5 

reciprocal of the 37% dose and also the. sensitivities in o2 and in N2 atmosphere 

relative to those in H2s atmosphere. The most important result is that H2s, in 

all four cases studied, provided a radioprotection beyond that_from oxygen re

moval by nitrogen bubbling. The ratio of the sensitivity in N2 to that in H2s 
atmosphere is for all four organisms about 1.4. 

It is worth noting that Kohn and Gunter {17) have reported the radiosensi

tivity of§.. coli B/r in anoxic phosphate buffer to be from 1.5 to 1.9 times 

greater in the absence than in the presence of 0.1 M 1-cysteine, depending on 

the pH of the medium. Thus, for§_. coli B/r there appears to be a striking 

analogy between the magnitude of the protection provided by equimolar concentra

tions· of 1-cysteine and H2S. In dried spores of !!_. meqatherium, Powers and 

Kaleta {7) found that presence of H2s during irradiation not only provided a 

complete protection of "0 2-depehdent" injury, but also some protection of the 

"02-independent" injury. It is interesting to note that this is very similar 

to the present results on bacterial suspensions, in spite of the quite different 

condition of the biological· test objects in these experiments. 

SUMMARY 
A study has been carried but of the radioprotection provided by H2s 

bubbling of: a) dilute solutions of lysozyme {0.1 mg/ml) in triple distilled 

water, b) suspensions of§.. coli B, §.. coli B/r, §.. coli B-3, and.§.. sonni in 

1/5 ~phosphate buffer. The radiosensitivity of lysozyme as a function of the 

concentration of dissolved H2s has been determined. Thus, bubbling of the en

zyme solution with 100% H2S during exposure at room temperature reduces the 

rad:i.osensitivity by a ·factor of about '180. The. radiosensitivity of enzymes in 

frozen aqueous solution increases faster with increasing irradiation temperature 

than that of dried enzymes. This shows that indirect effects contribute to the 

radiation damage of enzymes· in frozen solution,· the more so the higher the 
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sample temperature during irradiation .. The radiosensitivity at room temperature 

of lysozyme exposed in dry state is nearly .equal to that in aqueous solution 

bubbled with 100% H2s during the exposure. The effect of H2s upon the radio

sensitivity·of dried lysozyme is small, Thus, H2s seems to be very effective in 

suppressing indirect effects of radiation. For four different types of bacteria 

studied, H2s ~ubbling of the suspensions during the exposure provides a pro

nounced radioprotection, beyond that of oxygen removal by nitrogen bubbling. 

The relative radiosensitivities when bubbled with H2s, N2 and o
2 

are 1.0, 1.4 

and 3.9 respectively. 
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on Various Biological Test Objects 
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Cornelius A. Tobias and Paul W. Todd 

Two general aspects of the biological effects of neutrons have been the 

object of almost uninterrupted interest to radiobiologists ever since Lawrence 

and Aebersold (1) first exposed mice to the neutron beam of the Berkeley 37-in. 

cyclotron 28 years ago. One problem is the additivity of neutron effects as 

compared to the additivity of X- and gamma-ray effects. The work of a number 

of investigators, but particularly that of Blair and his associates (2), has 

shown that the effects of fast neutrons, when delivered to maminals in protracted 

dose schedules, are almost entirely additive, whereas the effects of X rays in 

protracted dose schedules are not completely additive: mice recover in part 

from repeated sublethal doses of X radiation. The partial recovery of mammalian 

cells from X rays has been directly demonstrated at the unicellular level by 

Elkind and Sutton (3), whereas the data obtained by Barendsen (4) on single mam

malian cells with alpha particles give an indication of the additivity. of high 

LET radiation effects. 

A second pr9blem is related to the one above. It concerns the modifica

tion of high-LET radiation effects either during or following irradiation. 

There is a general belief, fostered by a number of neutron and alpha-particle 

experiments, that environmental modification of radiation injury becomes very 

small at very high LET and that post-irradiation protection is not feasible. 

With the availability of the Berkeley HILAC, which can deliver essentially 

monoenergetic heavy ions of· 10 MeV/nucleon at various atomic numbers up to 18 

(argon), we are .in a position to study, carefully and quantitatively, radiation 

effects as a function of LET with a variety of unicellular organisms. This type 

of approach should be of some interest to neutron workers who are plagued with 

a rather widely divergent LET spectrum in neutron beams that also contain high

energy gamma ray~, electrons and protons, as well as heavy nuclear recoils. 

Using the track-segment method for radiation exposure, one is able to obtain 

data that are valuable for the understanding of the effect of radiation with 

complex LET spectra (5). 

INACTIVATION CROSS SECTIO_NS 

We sha.ll describe certain results in terms of an experimentally obtained 

cross section d as a function of the ·LET: e dE/dx. Many of the survival 

curves we are considering are exponential, and may be written as 

25 
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1) N = N - CT( E) f o e . 
where N is the number of survivors from an initial population of cells N

0 
and f 

is the flux of parallel particles per unit area. The flux f ·is related to the 

dose D by the simple relationship f = D/E. The meaning of· the .cross 'section is 

not necessarily that of a circumscribed geometrical area; rather it is actually 

a probability factor. A given cross section, however, that is independent of 

LET and perhaps of other physical factors might be related. to some important 

constant of the irradiated biological specimen. Conversely, a cross section 

that varies with certain factors may be indicative of interaction between the 

critical molecules affected in the biological system and their environment. 

When two radiations of linear energy transfer e 1 and e 2 are compared, the rela

tive biological effectiveness (RBE) is related to the cross sections cr
1 

and cr
2 

assuming that the lethal effect .may be described by an exponential survival 

function in each case [ ] cr2el 
2) RBE 2/1 = CTl €2 

In most of the studies completed to date the RBE of lethal ef.fects increases 

from .low LET to high LET until a maximum is reached. At still higher LET the 

RBE declines again. Maximum RBE occurs for the materials studied in our labora

tory at an LET of about 8.3 MeV/nucleon carbon nuclei, or about 2.3 x 10 3 MeV 

cm2/g 

Prior to the availability of heavy-ion.accelerators of sufficiently high 

energy, the high-LET radiations were studied with a variety of radiatioD sources. 

In some instances, particularly at very high LET levels,the experimental condi

tions were barely adequate. Correspondingly there is on the subject a great 

de~l of literature, some of which is rather conflicting. In this study we have 

deliberately left out work not done at our laboratory. In this fashion, at 

least the method of measurement was· the same for each of the biological materials 

studied. An interesting pattern is emerging with respect to the dependence of 

the cross section on LET. We are suggesting general relationships that are per

haps applicable to.many test objects. We must, however, call attention to the 

fact that the literature contains excellent reports, particularly on tradescantia 

microspores and on chromosome alterations in bean root tips. These reports ap

pear to differ from our data because the RBE maximum in the earlier work is 

reached at a lower LET. Eventually, the interrelationships of all available 

data should be clarified, as has been recently attempted by Howard-Flanders (6) 

and Kondo (7). A great deal of basic work using accelerated ions was done by 

Professors E: Pollard, F. Hutchinson and their collaborators at Yale University. 

In Fig. 1 cross-section data are presented for various materials. Lyso

zyme is taken from the work of Brustad (8) and represents the typical cross

section behavior of dried enzymes irradiated in the presence of air. T1 bac

teriophages were exposed to radiation extracellularly and in dried state by 

Fluke and Brustad (9.). The curves on B. megaterium spores are from the studies 
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Figure 1. Inactivation cross-sections 
of biological test objects obtained 
from experiments using the Berkeley 
HILAC. 

MU-33304 

\ 

of Powers, et al. (10). Haploid yeast cells have been studied by·Manney, et al. 

(11). The human kidney cells of the T1 strain are the same as those used by 

Barendsen (4) with whom we have had the pleasure of collaborating. The present 

data are from the work of Todd (to be published). All the materials studied 

have exponential survival curves to each of the radiations tested, and therefore 

fulfill the criteria outlined above for a meaningful compari~on of cross sec

tions; The exceptions are the human cells: according to the early work of 

Puck (12) and of Elkind {3), the mammalian cell survival curves to X rays are 

not exponential. In our laboratory all ·survival curves with carbon or heavier 

nuclei are exponential and lack the recovery effect. At low LET the cross sec

tion values plotted for the T1 cells are those obtained from extrapolation of 

the initial slope of the survival c·urves. This procedure is· more or less justi

fied by the observation that the maximum survival with recovery of these cells 

corresponds to a pure exponential curve of ·the same slope as the initial slope 
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without recovery. Examination of·Fig. 1 leads us to several general conclusions. 

At high LET most of the cross-section data indicate that a limiting· cross sec

tionu00 for high LET is reached in a manner characteristic of each test object. 

This effect was first demonstrated for cells by Sayeg, et al. {13). It is also 

quite evident from the log-log graph that at low LET, particularly in nitrogen 

atmosphere, the variation of the cross section u{E) may be described as having 

a term linear in e and another quadratic in e. Higher power terms ofe do not 

seem to be evident. We wish to present here a simple empirical formulation of 

the above statements in order to arrive at parameters meaningful for the des

cription of heavy ionization effects. At this time we do not wish to give as 

detailed a treatment as Howard-Flanders has attempted. by analyzing the relation

ships in terms of ion clusters {6). 

Every particle ot sufficiently high ionization will inhibit reproductive 

integrity if it crosses the area of limiting cross section u 00 . However, many 

lightly ionizing particles may pass through the critical area of u00 without 

causing inhibition. There are two probable causes of this failure: either the 

energy transferred within some critical distance along the trajectory from the 

particle to the cell is less than that required for the biological effect, or 

the changed molecular configurations resulting from energy transfer will re

arrange themselves and not cause lasting effects. Thus, part of the time the 

energy transfer leads to recovery and part of the time to inhibition of cellular 

processes. We propose an analytical form for the cross section u{e) and will 

obtain this by assuming that 
u{e) = u00 p{e) 

where p{e) is the probability that crossing of the area u 00 leads to inactivation. 

Let p{e) be at low LET p{E)~ae + ~e 2 as may be deducted from inspection of the. 

data. a is a coefficient independent from e but a function of the chemical

physical environment. The linear term then includes statistical events propor

tional to energy transfer, that is the probability of initial ionization and 

excitation events and of secondary steps that lead to inactivation. Events 

caused by a single ionization event, that is one ion pair or one delta ray, as 

modified by oxygen, belong to this term. 

~ is also a constant, which may or may not vary with environmental con

ditions. The need for a quadratic term becomes obvious when we consider that 

cooperative action of more than one ionizing event along the same track might 

be more effective than a single event. An ion cluster, resulting from bunching 

of more than one. delta ray, is an example. The quadratic term indicates inter

action of two regions of the same ionizing track,.leading to physical or chemi

cal. events that directly cause inactivation. The need to break simultaneously 

two arms .of the double helix of a DNA molecule or the simultaneous involvement 

of two chemical gr~ups in peroxidation mayoillustrate the role of this term. 

The notion that an e 2 term should be r~sponsible.for the effects of increasing 
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Table 1. Empirical values of ~m' a and ~ coefficients* 

Name of 
organism 

Phage Tl 
B. megaterium 

B. megaterium 

B. megaterium 

Haploid yeast 
.§.. cerevisiae 

Haploid yeast 
s. cerevisiae 

Haploid yeast 
.§.. cerevisiae 

Human kidney 
cells Tl 
Human kidney 
cells Tl 

Environmental 
conditions 

dry in air 

dry in air 

dry in 
nitrogen 

dry in 
nitrogen and 
H2S 

wet in air 

wet in 
nitrogen 

air or 
nitrogen in 
6 M glycerol 

wet in air 

wet in 
nitrogen 

Limit,ing 
cross section 

~oocm2 

9 X 10-ll 

2.2 X 10-9 

2 X 10-9 

1.8 X 10-9 

10-8 

9 X .1'0-9 

4.8 X 10-9 

"'10-6 

"'10-6 

* E expressed in 2 MeV-cm /g. 

Coefficient of 
linear term 

a 

3.3 X 10-4 

1.8 X 10-4 

1. 25 X 10-4 

0.83 X 10-4 

3.6 X 10-4 

1.8 X 10-4 

1.6 X 10-4 

1.7 X 10-4 

(10-5 

Coefficient of 
quadratic term 

~ 

zero 

1. 75 X ·10-7 

1. 75 X 10-7 

1. 75 X 10-7 

2.1 X 10-7 

2.1 X 10-7 

2.1 X 10-7 

1-1.6 X 10-7 

1-1.4 X 10-7 
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LET is not exactly new. For radiochemical reactions, this notion has been 

postulated by Kupperman (14}. Tobias and Manney (15} and Shalek et al. (16} 

separately recognized the relevance of such a relationship for cellular effects. 

As the LET increases, terms of higher order than two may become prevalent, so 

that eventually the ionization track may cause more than.enough energy transfer 

needed for a biological effect. The probability that neither the linear nor the 

quadratic term interaction will occur during the passage of a given particle is 

exp ( :...ae-~e2} 

therefore, the probability that biological action will occur is 

p(e} = l-exp(-ae-~e2) 
so that the cross section becomes: 

. 2 
~(e) = ~00 [1-exp(-ae-~E } ] 

We have empirically determined some of the coefficients a, ~. ~m for the data 

given in Fig. 1: these are listed in Table· 1. 

The limiting cross sections from phage particle to yeast cells listed in 

the table approximately agree with. the projected area of· the nucleus, except for 

human kidney cells'(to be discussed separately below}. The modifying effects of 

oxygen appear to affect chiefly the c~efficient of the linear term, a, and the 

H
2
s modification acts on the same term. It is interesting to note that neither 
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Figure 2. Inactivation cross
·sections of human kidney· T1 
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dry enzymes nor phage particles have a measurable coefficien-t t3, meaning that 

the term containing E2is absent. For a g~ven organism, regardless of the en

vironmental conditions, t3 is constant within the accuracy of the experimenta.l 

data (about 15%). Although the limiting cross section exhibits a 1,000-fold 

variation among different organisms, t3 appears to vary less than by a factor of 

two. The effects on enzyme molecules and on point mutations require additional 

explanations. For these the effect of delta rays at high LET appears to be 

more important than that of the core of the track (Mortimer, Cormack and Brustad, 

in preparation) . Brustad found that a constant term independent of € added to the 

exponent in p(E) accounts for the data on enzymes, where delta-ray effects are 
important. The human cell data are shown in Fig. 2. The linear component 

in the cross section for anaerobic kidney cells is not obvious. This implies 

that single lightly ionizing tracks going through will have a very low proba

bility of killing the kidney cell in nitrogen. In oxygen there seems to be a 

small linear component. Thus, for the.type of effect we are discussing, the 

oxygen effect for X rays is quite large. The lethal effects on mammalian cells 

from high, rapidly ·delivered doses of ;x rays come· from cooperative action of a 

number of ionizing particles, and most of this latter effect is reversible. The 

maximum RBE of high-LET radiation on kidney cells as calculated in this manner 

is high: about six in air and about 30 for anaerobic cells. This has practical 

meaning only for·low dose levels. The mammalian-cell cross sections fail to 

·. 
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show a clear plateau; hence the limiting cross section cannot at present be ac

curately established. Instead the cross section at high LET still apppears to 

increase with LET. At 1.7 x 104 MeV cm2/g there is no oxygen effect at all and 
2 the cross section is 100 ~ , close to the actual projected cross section 

of the cell nucleus. It would be very desirable to be able to study the cross 

section behavior at still higher LET, a prospect not immediately possible be

cause no accelerators at this time produce significant intensities of very 

heavy accelerated ions. The theoretical possibility exists that the cross sec

tion may increase. by another factor of 10 so that the cell is sensitive wherever 

a very heavy particle hits i~. We know of course that this may be the case for 

spermatogonia in the work of Oakberg (17) and of Bateman et al. (18). 

We should mention here that the above findings are not necessarily true 

for all types of cells. Whereas the limiting cross section of haploid yeast 

cells and of various lines of diploid mammalian cells may become as large as or 

larger than the size of the nucleus, the cross section of diploid yeast cells 

remains smaller than that of haploids even when using the heaviest accelerated 

ions tested (sulfur at 1.2·x 104 MeV cm2/g, unpublished by Tobias and Luce). 

Nevertheless, it has been shown that the relative portion of "dominant" lethal 

effects that may be caused by a single ionizing particle increases with in-

. creasing LET even in diploid yeast cells (19). 

THE EVALUATION OF R.B.E. 

When mixed radiation, e.g. a fast neutron field, is available, it is not 

sufficient to estimate a mean LET for this radiation since the cross section 

shows variations as a function of LET. If the LET distribution n(e)de is 

known, so that 

J e n(e) de = 1 MeV/g 

then, for radiations of subscript 1 the log of the survival ratio following a 

dose D1 from equation 1) is 

f 
Dl ~1 

D1 a- (e) n 1 (e) de = D1 a-1 J n 1 (e) de = -
el 

where a-1 is the "observed" cross section. Under these conditions the effective 

LET, e
1

, is 

e = 1 

Je n(e) de 

[ n(e) de 

1 

/ n 1 (e) de 

so that from equation 2) the RBE may be expressed as 

D1 a-2 e 1 J ~(e) n 2 (e) de J n 2 (e) de 

D2 = a-1e 2 = J n 1 (e) de ja-(e)n1 (e)de 

It is possible to calculate the effective RBE if the LET distribution is known 

and when cross-section curves of the type shown in Figs. l-and 2 are available. 

It is much more difficult to deduce cross section data from experiments with 

mixed radiations. When the survival curves are not exponential, then the in

terpretations become still more involved. 
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MODIFICATION OF RADIATION RESPONSE 

The quadratic component in E appears an irreversible one and the linear 

component a modifiable one. Recently, however, our concepts with. regards to 

reversibility have been rapidly changing. There exist at least -two types of 

environmental effects capable of modifying heavy-ion damage. One of these is 

the modification by high concentration of glycerol as described by Manney, et 

al. ( 11) and Alper, et al. ( 20) . In this case· it is not the coefficients a or 

~ that are altered but instead it is the limiting cross section u 00 (see Table 

1, lines 6 and 7)·. It appears that the entire nucleus has shrunk in size by a 

factor of two. While we do not understand the complete nature of this effect, 

we believe it is another indication that energy transport takes place during 

the biological action of radiations and that at least part of the heavy-ion 

effect is indirect. The glycerol milieu could modify.the transport of molecules 

or of excitation energy. Studies of the glyc..:erol effect are now being carried 

out in mammalian cells by Dr. Barendsen and his group (unpublished). Recently 

Lyman, et al. (21), discovered still another effect when they attempted to 

carry out with heavy ions the post-irradiation recovery experiments of Korogodin 

(22). Briefly, the finding is that diploid yeast cells show a great measure of 

post-irradiation recovery even from effects of the heaviest ions if the first 

post-irradiation division is delayed in the dark by some method, e.g. distilled 

water medium, for a considerable length of time (e.g. 10 times the normal cell

division time). Haploid cells do not respond to this treatment. This finding, 

if it can be generalized to other species of cells, opens at least a theoreti

cal possibility of post-irradiation protection from neutron rays. We do not 

know the mechanism involved: one possibility is the existence of an enzymatic 

repair process for DNA. If DNA is duplicated while itz strands are broken, then 

inhibition of reproductive integrity and cell death may follow. If, however, 

time is available to repair damaged DNA molecules in the presence of an un

damaged template (the second genome in the diploid cell) then the synthesis of 

new DNA may occur normally after the damaged DNA has been repaired. The post; 

irradiation recovery process may be similar to that found by Elkind in mammalian 

cell cultures. This type of process may explain the relatively great radio

resistance of certain body tissues that do not divide rapidly, for example, 

neurons. If a DNA repair mechanism does exist in neurons, this could also help 

explain not only the great radiation resistance, but also the long normal life 

of these cells in the face of various mutagenic influences in the environment, 

e.g. of heat and chemical compounds. 

Finally, some comments on the usefulness.of high-LET radiation in tumor 

therapy: the data in Fig. 2 suggest some interesting possibilities. It is 

apparent that, at least in low dosage, X rays are not very effective in killing 

anaerobic cells. Yet the evidence is mounting to show.that the core of tumors 

may be much less well supplied wi~h oxygen than normal tissues. Recently a new 

trial of fast neutron therapy for human cancer has been advocated. However, the 

·. 
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mean LET of fast neutrons in tissue is only about 20-50 keV/~. or 200-500 MeV 

cm2/g. In this region there is still a nearly two-fold oxygen effect on human 

T1 kidney cells. Similarly, mouse ascites lymphoma tumors irradiated in vitro 

still show a definite oxygen effect as shown by Sillesen, et al. ( 23) . · While 

the use of neutrons does somewhat improve the oxygen ratio, the normal oxygena

ted cells would be greatly more affected in a neutron field than anoxic tumor 

cells. The use of negative pi mesons for direct tumor irradiation may ·give rise 

to similar problems. 

The oxygen effect is significantly diminished in ascites tumors, when 

10 MeV/nucleon boron particles are used. Similarly, as shown in Fig. 1, mam

malian and other cells have only 10% oxygen effect or less, when the LET is 

above 2,000 MeV cm2/g or 200 keV/~. In fact the oxygen effect seems to disappear 

for mammalian cells at LET's above 300 keV/~. Tf one had heavy-ion beams (e.g. 

neon) available for human tumor therapy at a kinetic energy of 500 MeV/nucleon, 

then a significant fraction of their range would be sufficiently heavily ioniz

ing to make the oxygen effect negligibly small. 

SUMMARY 

In summary, we have attempted to show that quantitative cross section 

measurements as a function of LET lead to a· unified description of biological 

effects. We are also citing evidence for environmental modification of'tlie 

biological effects of heavy ions. By this analysis we find that it might be 

desirable to use extremely high LET radiations to reduce the influence of 

modifying factors (e.g. oxygen and recovery) in tumor therapy. 
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Effectiveness of Ionizing Radiations for Induction of Mutations 
· · ---· ~ ·· --~--~n~c=-

and Lethality in Diploid Saccha~omyces cerevisiae, tn Retation to

Ionization Density and Oxygeri Tension 

Robert K. Mortimer, Tor Brustad and Douglas V. Cormack 

The radiations available from heavy-ion linear accelerators (HILAC) per

mit an extension of radiobiological studies to regions of ionization density not 

previously available. Such radiations also have been considered for possible 

applications in medicine (1,2), and in assessments of effects of primary cosmic 

rays (3-5). For inactivation of.protein molecules or viruses (6), the efficien

cy decreases continuously with increasing density of ionization. For inactiva

tion of bacteria (6), yeast cells (7,8), and mammalian cells in tissue culture 

(9) , the relative biological effectiveness (RBE) rises to a maximum and then 

decreases as the io"nization density increases. Therefore it was of interest to 

determine whether the relation between RBE and ionization density for the induc

tion of mutations, paralleled those for effects on molecules or viruses, or was 

similar to the relations observed for induction of lethality in cells. Staple

ton, Hollaender and Martin (10), using Aspergillus, observed that alpha particles 

were more effect~ve for killing but less effective for mutation than X rays. 

Deering (li) has reported that oxygen ions are less effective for both killing 

and mutations than are less densely. ionizing radiations, although mutability was 

decreased relatively more. The prepent study is concerned with the determina

tion of the RBE values of a number of part~cle beams for the induction of spe

cific genetic effects and lethality in yeast cells. 

MATERIALS AND METHODS 

DESCRIPTION OF YEAST CULTURE. A diploid strain, X841, of the yeast 

Saccharomyces was used in these studies. This strain was developed as a hybrid 

betwe~n two related haploid strains and had the following genotype: 

a hi
5

_
2 

tr1 AD
2 

+ ar4 _
1 

AR
4

_
2 

thr
1 

me
1 

UR
1 

ly
1 

LE
1

.* 

a MEl 

This strain can be grown on a synthetic minimal medium supplemented with 

*The symbols a and a represent complementary mating type alleles. The 
symbols hi, tr, ad, ar, thr, me, ur, ly, le indicate ability (upper case) or 
inability (lower case) to grow·iri the absence of histidine, trypto-
phan, adenine, arginine, threonine, methionine, uracil, lysine, and leucine, 
respectively. The subscripts identify particular genes and alleles. 
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histidine, tryptophan and arginine. Reversions for each of these requirements 

can be studied separately by omitting the appropriate nutrient. In these experi

ments histidine and tryptophan homoallelic reversions were studied. 

The use of diploid cells for studying reversion was based on the work of 

Gunther (12). For diploids, induced lethality in the low dose regions is low, 

and possible selection of pre-existing mutants can easily be ruled out. The 

choice of hi 5_2 and tr1 as loci for this study was based on Gunther's findings. 

Of a group of 13 alleles studied for oxygen modification of X-ray-induced rever

sion, these had the highest reversion frequencies. The limitations in total 

numbers of cells that can be irradiated, imposed by the beam diameter and pene

trability, made this selection necessary. 

Among colonies arising on complete medium from irradiated X841 cells are 

some signaling mitotic segregation for the ad2 locus. This marker when homozy

gous or hemizygous results in the formation of a red pigment. Both sectored 

red/white and whole-red colonies arise principally from induced mitotic crossing 

over (13). The frequencies of these colonies were determined. 

MEDIA. The media used had the following compositions: 

1. Liquid growth medium (YEPD): 1% Difco yeast extract, 2% Difco 

Peptone, 2% dextrose. 

2. Solid growth medium (YEPD) same as above with 2% agar. 

3. Synthetic complete (SC): per liter, Difco Yeast Nitrogen Base without 

amino acids (14), 6.4 g; adenine, arginine, histidine, leucine, lysine, 

methionine, tryptophan, uracil, 20 mg each; threonine, 300 mg; dex

trose, 10 g; agar, 20 g. 

4. Tryptophaneless (TR-): SC minus tryptophan. 

5. Histidineless (HI-): SC minus histidine. 

PHYSICAL CHARACTERISTICS OF THE RADIATION USED. The experiments were 

carried out using a variety of particles accelerated in the Berkeley heavy-ion 

linear accelerator (Hilac) , and also unfiltered X rays from a beryllium-window 

tube (Machlett OEG-60) operated at 50 kVp. With the Hilac, ions to atomic number 

18 can be accelerated to energies of about 10 MeV per nucleon. In these studies 

beams of deuterium, helium, lithium, boron, carbon, and neon were used with a 

pulse repetition rate of 15 or 20 per second and pulse duration of 2 msec. The 

accelerated ions, with the exception of neon, became stripped of electrons upon 

passing through matter. 

In the discussions to follow, 5-rays are defined as secondary electons 

ejected with energies greater than the 5-ray threshold, which is set as equal to 

100 eV (6). Linear energy transfer (LET) is defined as the amount of energy 

lost by an ionizing particle per unit track length in energy transfers below the 

delta ray threshold. The term stopping power is defined as the total amount of 
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energy lost by an ionizing particle per unit track length, i.e., dE/dx. Before 

impinging on the sample, the particles penetrate some thin aluminum foils (con

stituting the beam monitor), the exit window, and the· ionization chamber with 

which the doses were measured. The increase in stopping power for some of the 

heavy ions, as their energy i9 decreased by passing through tissue, is ill~s

trated in Fig. 1. Even in traversing the yeast sample the stopping power of the 

ion increases; thus we are dealing with a gradient of dE/dx values in the sam

ples. The thickness of the samples exposed to beams of LET less than that of 

neon was about 10 mg/cm2 , but for exposure to neon ions the sample thickness was 

reduced to about 5 mg/cm2 . The corresponding ranges of dE/dx and LET for the 

different beams are presented in Table 1. Details of the experimental arrange

ments for exposing the samples to heavy ions have been described by Brustad, 

et al. (15) . 

When a heavy ion penetrates a thin sample, a shower of 5-electrons are 

set in motion, with energies ranging from that of the 5-ray threshold to a maxi

mum value determined by the velocity of the heavy ion. The LET variation of 

these 5-rays is very large. It has been estimated by calculations (6) that for 

the particle velocity encountered in this study, and for all ions used, about 

46% of the total energy dissipation in the samples is mediated by the 5-rays. 

To a first approximation then, the LET of the heavy ions is 54% of their cor

responding stopping power values. 

A detailed analysis of the relationship between RBE and LET requires 

knowledge of the total "LET versus energy" spectral distribution of the radia

tions in the target material. Such calculations, based on partially different 

assumptions, have been reported by various authors. In the discussions to 

follow, use will be made of the LET-energy calculations for heavy ions reported 

by Brustad (6). These calculations show that the ."energy average" LET's of the 

5-ray spectra of heavy ions of energies 10/MeV/amu and 6.16 MeV/amu were 
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Beam 

D+l 

He+ 2 

Li+3 

B+S 

c+6 

Ne+lO 

Table 1. Energy, stopping power, and linear energy transfer 

of heavy ions in the samples 

Energy/amu dE/dx-range of heavy LET-range of heavy 
incident particles in samples particles ;i.n the sample 
MeV/amu MeV g-1 cm2 MeV g-1 cm2 

10.2 45 25 

9.8 182 - 189 98 100 

9.7 415 - 440 220 - 240 

8.9 1250 - 1393 680 - 750 

8.4 1850 - 2168 1000 - 1200 

7.1 5500 - 6336 3000 - 3400 

respectively 475 MeV g-l cm2 and 550 MeV g-l cm2 The purticle energies in this 

study are all between 10 and 6.16 MeV/amu. To a first approximation, then, one 
-1 2 may use 500 MeV g em as a value for the "energy average" LET of the 5-rays of 

all the· particle radiations ·used. This value is between the LET values of the 

lithium and boron ions (Table 1). The average stopping power of water for un~ 

filtered X rays from a beryllium window tube operated at 50 kVp has been esti~ 
-1 2 . -1 2 mated (16) to be 20 MeV g em w~th a corresponding average LET of 10 MeV g em . 

PREPARATION, IRRADIATION AND ASSAY OF SAMPLES. The cells used in these 

studies were grown in 30-ml amounts of liquid YEPD medium contained in 250-ml 

Erlenmeyer flasks mounted on a rotary shaker and maintained at 30°c. After 

three days incubation, the cells were centrifuged, washed, and resuspended with 

a volume of water approximately twice that of the packed cell volume. The cbn

centration of this suspension was 3 to 5 x 109 cells/ml. The percentage of 

budding cells plus aggregates of two or three cells was less than 3%. Fbr ir-
. +1 +2 .+3 +5 +6 radiation w~th D , He , L~ , B , c and X-ray beams; 25 ~1 of this suspen-

sion were pipet ted on each of a number M/15 KH 2Po4 agar disks ( 14 mm D by l. 2 

mm). For irradiation with Ne+lO ions, the stock suspension was diluted one

half. 

The sample blocks were stored at approximately 4°C before and after ir

radiation} The procedures for exposing samples to the external beam of the 

Hilac have been described previously (15). Either air or nitrogen was flushed 

through the sample compartment during irradiation. Commercial nitrogen was 

passed over heated copper to remove traces of oxygen. Glass connectors and 

tubes were used to preclude leakage of oxygen into the system during nitrogen 

irradiations. For each combina-tion. of dose, atmosphere, and radiation ( includ

ing nonirradiated controls) , duplicate or tripl-icate sample blocks were used. 

Irradiations with the X-ray beam·were done in a·manner very similar to that of 

the Hilac irradiations. 

" 

• 

' 
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Figure 2. Histidine and 
tryptophan revertant 
colonies. 

39 

Af ter irradiation, the ce lls were resuspended by transferring each sample 

block to a t ube containing 2. 5 ml of sterile water. From each suspension, 0.4-

ml amounts were plated in dup l i c ate on TR- , and HI plates. Each of these sus

pens ions was also serial l y di l ute d 5 x 10-5 and 0.2 ml of the final suspension 

was p l ated on each of five YEPD plate s. During all plating operations, the sus

pensions were kept in ice water. All p late s were incubated at 30°C. 

After five days of incuba tion, t h e colonies on the YEPD plates were count

ed. Sectored and whole-red colonies were s cored a t the same time. Colonies on 

the HI plates were counted at six to seven days. The fina l count of the TR

plates was made at nine to ten days. Two c lasses of tryptophan revertants can 

be distinguished (Fig. 2b): 1) those that feed the background of nonmutate d cel l s 

(feeders), and 2) those that develop with a clea r demarcation at the e dg e of the 
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colony (nonfeeders). These were scored separately since Parks and Douglas (17) 

have associated the feeder and nonfeeder revertants with reverse mutation and 

mutation of a dominant suppressor, respectively. The increase in colony count 

with incubation beyond the times listed above was less than 1%. Results from 

six experiments, in each of which two to four radiations were used, are included 

in this report. The numbers of experiments in which each of the different radia

tions were used are as follows: X rays, 2; D+l, 1; He+ 2 , 4; Li+3 , 1; B+S, 4; 

c+6 , 4; Ne+10 , 4. 

RESULTS 

MUTATION TO HISTIDINE AND TRYPTOPHAN INDEPENDENCE. For the genes hi
5

_
2 

and tr1 , the strain X841 is homozygous. Prototrophs for the requirements as

sociated with these loci may arise from various possible mechanisms: 

A. Back mutation of either allele at the locus, 

B. Mutation of a dominant suppressor at another locus, 

C. Mutation of a recessive suppressor at another locus coincident with 

deletion of the homologous wild type allele of the suppressor, or with 

mitotic segregation leading to homozygosis of the recessive suppressor. 

Both dominant and recessive suppressors are known to occur in yeast (17-19) and 

radiation-induced deletion and mitotic segregation both have been described {20, 

13) . Mechanisms A and B are single event while C should require two separate 

events. Studies designed to determine the mechanisms(s) of reversion for the 

histidine and tryptophan requirements are described below. The techniques used 

in these genetic analyses have been described previously (18). 

Genetic Analysis of Revertants. Histidine revertant colonies were tested 

genetically in an attempt to determine the mechanism(s) responsible for their 

appearance. Five revertant colonies from control cells and 27 from irradiated 

cells (17 received 10,000 rads D+l; 10 received 10,000 rads c+6) were cultured 

and sporulated. At least six tetrads were isolated from each and tested for 

segregation of histidine as well as the other markers in X841 (see Material and 

Methods (a)). In every case 2:2 segregations for histidine were observed con

sistent with either reverse mutation of one of the hi5_ 2 alleles or with muta

tion of a dominant suppressor. Radiation-induced lethals were observed in only 

two of the samples, and in both cases, the lethals segregated independently of 

histidine. This rules out the possibility of a combination of a recessive sup

pressor and a deletion. Also the 2:2 segregations for histidine rule out homo

zygosis of a recessive suppressor as a possible mechanism. 

In 13 of the 17 samples irradiated with deuterons, in all 10 of the sam

ples exposed to carbon ions, and in the five control samples, irregular segre

gations (4:0, 3:1, and 2:2) were observed for ad2 , ar4 _2 , and ly1 . In every 

case, histidine-independent spores were also independent of the requirements 

associated with these genes. These findings are the same as those found 



ROBERT K. MORTIMER, ET AL. 41 

previously for dominant "super-suppressors" (19}. The results can be explained 

by assuming that the histidine reversions result from mutation of a dominant 

suppressor that also acts on ad 2 , ar4 _2 , and ly1 . Histidine-independent spores 

from five of these samples were crossed to wild type cultures and 4:0, 3:1, and 

2:2 segregations for histidine were observed. This confirms the hypothesis that 

reversion arose through dominant suppressor mutations(s}. In every case the 

super-suppressor segregated as a centromere-·linked gene. For the four remaining 

colonies, normal segregations of ad 2 , ar4 _ 2 , and ly1 were observed. The origin 

of these colonies may be explained either by reverse mutation of one of the hi
5

_
2 

alleles or by mutation of a specific dominant suppressor. Genetic tests have 

not been performed as yet to distinguish between these possibilities. 

Whether the dominant super-suppressors detected in the majority of the 

colonies are at the same locus has not been determined. At lease three, and 

likely more, loci are known to mutate to this type of acti.on, and the spectra 

of loci and alleles affected are very similar (19}. It is possible then that 

more than one super suppressor locus is involved in the histidine reversions, 

although the observation that the super suppressor was centromere-linked in all 

cases argues for mutation at a single locus since the other super suppressors 

studied were not centromere-linked. The results for histidine reversion ob

tained in these studies, however, must be considered as composite and not neces

sarily representative of the response of a single genetic locus. It is possible 

that at different values of LET and dose the relative importance of the different 

mechanism.s of reversion will change. This is partially suggested by the above 

results. 

The tryptophan revertants were tested genetically in only a limited sam

ple. Parks and Douglas (17} have concluded that feeder colonies, Tr+F' arise 

from reverse mutation at the tr1 locus and nonfeeder colonies, Tr+NF' arise• 

from mutation of a locus-specific dominant suppressor. Our results are in 

agreement· with Parks. An .analysis of seven feeder colonies showed reversion to 

be due to back mutation in all cases. Tryptophan-independent segregants of the 

revertants were crossed to wild type. In all cases, no tryptophan-dependent seg

regants were found from tetrads of the resultant diploid. Similarly, two non

feeder revertants were associated with a dominant suppressor. 

LET Dependence of Mutation Induction. Reversions to histidine and tryp

tophan independence were studied for all the radiations under both aerobic and 

anoxic conditions. In order to determine the frequency of mutants per survivor 

for a particular dose, the number of colonies counted on the synthetic omission 

plates (HI or TR-} was divided by the average number on the corresponding YEPD 

plates times the appropriate dilution factor. The use of YEPD plates for deter

mining survival probabilities for synthetic plates was satisfactorily established 

by comparing survival ratios on SC and YEPD for some of the samples. No 
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Tiible 2. Frequency of mutations survivor -1 -1 rad x 10-10* 

Irrad. Histidine Tr-feeder Tr-nonfeeder 
cond. b ab 02 eff. b ab o2 eff. b ab 02 

x-ray 02 2.96 O.lS 1.6S 0.26 2.70 0.14 

X-ray N2 1.07 0.18 2.77 0.86 0.19 1.92 LOS 0.2S 2.S7 
D+l 

02 3.38 0.29 1.64 0.19 4.01 0.28 
D+l 

N2 l.SO 0.3S 2.2S 0.74 0.10 2.22 1.48 0.10 2.71 
He+ 2 

02 3.82 0.13 2.24 0.24 3.S3 0.2S 
He+ 2 

N2 1.81 0.06 2.11 0.87 0.11 2.S7 1.48 0.17 2.39 
Li+3 

02 4.79 0.32 2.43 0.21 S.37 0.27 
Li+3 

N2 2.S9 0.14 1.8S 1.24 0.12 1.96 -2.93 0.21 1.83 
B+S 

02 S.61 0.16 3.44 0.32 6.78 O.S2 
B+S 

N2 3.21 0.08 1. 7S l.SS 0.17 2.22 3.Sl 0.31 1.93 
c+6 

02 S.49 0.19 2.84 0.32 7.12 0.72 
c+6 

N2 3.42 O.lS 1.61 1.92 0.23 1.48 3.90 0.31 1.83 
Ne+lO 

02 2.16 0.09 1.22 0.19 2.79 0.20 
Ne+lO N2 0.92 0.04 2.35 0.71 0.14 1. 72 1. 71 O.lS 1.63 

*Calculated from pooled data. 

significant differences were observed for any o~ the conditions used. In Fig. 3 

the frequencies of mutants per survivor for induction of Hi+, Tr+F and Tr+NF 

mutations, based on averages of the different experiments, are p·lotted against 

the dose of He+ 2 ions. In Fig. 4 the corresponding curves for Ne+lO ions are 

drawn. It appears that the portion of the curves from 0 to 20 krads is linear. 

Beyond this dose, the curves in some cases turned upwards and the reproducibil

ity between experiments was poor. This effect will be discussed in a following 

section. The slope, ~. of the initial portion of the curve (0 to 20 krads) was 

reproducible and was chosen as a parameter for "mutation induction efficiency." 

The mutation-induction curves for the other radiations are similar in shape to 

those presented in Figs. 3 and 4. 

The results of the mutation experiments are summarized in Figs. Sa, b and 

c, and in Table 2. In the figures, the average values of the slopes ~ (the 

mutation induction efficiency) , determined from least squares analyses of the 

data of separate experiments, are plotted against the~~· of the radiations. 

Figure Sa is a plot of ~ vs ~~ for induction of Hi+ mutations. Under aerobic 

conditions the efficiency rises with increasing stopping power, reaches a maxi

mum at a ~ corresponding to boron or carbon ions and dec~·eases rapidly with 

f h . . dE F d' t' 'th 1 dE th I f A . th b urt er ~ncreases ~n dx" or ra ~a ~ons w~ · ow dx' e va ue o ~ ~n e a -

sence of oxygen is reduced by a factor of approximately 2 from the aerobic value 

(Table 2). The dose-modification factor decreases with higher ~values, except 
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that a considerable oxygen effect was observed again with neon ions. Calcula

tions based on consideration of track core and delta ray effects show that the 

entire mutagenic effect of neon ions, under both aerobic and anaerobic condi

tions, can be accounted for by the action of the 5-rays. For these calculations 

it is necessary to assume that 46% of the particle energy is dissipated by delta 

rays and that these delta rays have an efficiency and oxygen effect equivalent 
dE -1 2 to radiation with a dx of approximately 500 MeV g em . 

In Figs. 5b and 5c, similar curves are pl?tted for the induction of Tr+F 

and Tr+NF mutations. The results obtained are similar to those found for Hi+ 

mutations for both the position of the maximum and the degree of the oxygen 

effect. 

Effects at the ad
2 

Locus. Sectored colonies among survivors of X

irradiated diploid yeast cells, heterozygous at·the ad2 locus {i.e. X841), arise 

primarily from induced mitotic crossing over in the genetic region between the 

ad2 locus and its centromere. Whole-red colonies appear to be the result of 

mitotic crossing over plus lethality in the daughter cell destined to form the 

white sector {13), although deletion and loss in mitotic division of the chromo

some region carrying the AD 2 allele also would result in a whole-red colony. 

The numbers of variant colonies, sectored and whole-red, were counted on 

the YEPD plates from which survival frequencies were determined. Because the 

whole-red colonies appear to be a class of sectored colonies {i.e. with concomi

tant sectoring of lethality) the results for these two classes of colonies were 

combined. The frequencies of variant colonies as a function of dose are plotted 

in Fig. 6 for cells irradiated with Li+3 and X rays. The curves from 0 to 20 

krads could be approximated by a straight line, although the overall relation 
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with dose obviously was more complex. When induc~d lethality was at a signifi

cant level, the frequencies of sectored colonies decreased and these were only 

partially replaced by whole-red colonies. Thus pooling of the data and use of 

only the initial portion of the curves provides only a rough estimate of a com

plex set of events. 

The slopes of the curves in the 0- to 20-krad region were determined for 

all radiations and for aerobic and anaerobic conditions. These results are 

plotted as a function of stopping power in Fig. Sd. dE 
A broad maximum in the dx 

region of boron and carbon nuclei is observed. In contrast to the effects ob

served for point mutations, the efficiency of induction of variant colonies does 

not fall rapidly with increases in stopping power beyond the maximum. No si~ni

ficant oxygen effect could be observed for stopping power values of 1,300 MeV 

g-l cm2 or greater. This again is contrary to the results obtained for induc

tion of reversions. 

Lethality. In the preceding analysis of the frequencies of mutation in

duction, it was necessary to determine accurate surv.ival curves. Such deter

minations are also of interest as a measure of an additional radiation effect. 

Figure 7 shows the percentage of cells capable of forming visible colonies on 

YEPD medium as a function of the dose·of each of the radiations, for both aerobic 

and anaerobic conditions. Agreement between experiments justified averaging the 

results to obtain these curves. For all radiations the semilog survival curves 

are concave downward. For effects that are induced sigmoidally with radiations 

of low LET, an exponential dose-action relationship is often observed as the LET 

of the radiation is increased (9,21-23). Under such circumstances, it follows 

that the RBE depends on the survival level chosen for comparison. In this study, 

dose-effect curves were not determined over a sufficiently wide dose range to 

establish LET dependence of the shapes of the survival curves, although if this· 

effect exists it is not pronounced. However, no general analytical expression 

was found that could reasonably be applied to all curves. 

1 The reciprocal of the dose necessary to .reduce viability to 50% LDSO 

was chosen as an arbitrary measure of sensitivity to radiation-induced lethality 

( bl 3) d f . f dE . F. 5 . Ta e . These values are plotte as a unct1on o dx 1n 1g. e. A max1mum 

sensitivity_is observed for carbon nuclei with~~ in the range 1,800 to 2,200 

MeV gm -l cm2 . The ratio of radiosensitivities in the prese.nce and absence of 

oxygen is about 2 for radiations of low ~ and decreases to about 1.2 for neon 

ions. 

DISCUSSION 
The most apparent observation regarding the results of these experiments 

is the similarity in the RBE vs ~ curves for the various eff'ects studied (Fig. 

5). For all effects, the curves rise to a maximum of two to three times the 
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Table 3. 

Radiation Air N2 o2 effect 

X ray 
d+l 

He 
+2 

Li.+ 3 

+5 
B 
c+6 

Ne+lO 

efficiency at 
h. h dE at 1g er dx" 

final portions 

LD50 _1_ 
LD50 

1 
LD50 LD50 

45,000 2.22 X 10-5 82 '000 t 1. 22 X 10-5 1.82 

36,000 2.78 70-75,000t 1.38 2.01 

36,000 2.78 7o,ooot 1.43 1.94 

26,000 4.23 46,000 2.18 1.94 

15,000 6.67 23,000 4.35 1_.53 

15,000 6.67 18,000 5.55 1.20 

20,000 5.00 26,000 3.85 1.29 

tExtrapolated. 

1 dE . th . d. +5 +6 d h d ow dx 1n e reg1on correspon 1ng to B or c an t en ecrease 

For the induction of diploid lethality and variant colonies, the 

of the curves fall much less rapidly t.han for induction of the 

three reversions. 

The initial increase in efficiency of mutagenesis with stopping power is 

unexpected on the basis of direct action. In every case, the change observed is 

one from nonfunctionality to functionality. If the effects result from deposi

tion of energy directly~in the genetic material, it is difficult to understand 

why a large deposition of energy in a short track segment is more ~fficient than 

energy distributed randomly. One would expect that only a subtle perturbation 

of the genetic determinants would be effective. The maximum suggests increased 

efficiency of production of mutagenic agents by the radiation. These could be 

primary or seconda-ry products of decomposition of water that then diffuse to the 

sensitive site. 

For the inactivation of haploid yeast cells (6,7), the relation between 

RBE and~ parallels closely those observed for the three reversions. This sug

gests, but does not establish, that haploid inactivation may be a consequence of 

lethal mutations. 

In Fig. 8a, b, and c, the cross-section per particle for induction of the 

three mutations is plotted against the stopping power of the particles. Satura

tion occurs at effective cross-sections of- approximately l0-14 cm2 . On a direct 

action consideration, this would correspond to a target with linear dimensions 

in ·the order of 10 ~ (approximately half the diameter of a DNA molecule). 

The considerable oxygen effect observed for induction of mutatlons.with neon 

ions, however, indicates an uncoupling of the action of the track core and as

sociated delta rays. Thus, target considerations may need to be considerably 

... 
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Figure 8. Relative cross-sections for 
induction of the various effects as a 
function of the stopping power of the 
radiations used. Air atmosphere: open 
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power for the different 
effects studied. 

MUB-2874 

c: 
C1> 
Cl 
;';-2.0 

0 

1.5 

MUTATION AND IONIZATION DENSITY 

Figure 9. Mutagenic ef
ficiency {for histidine 
reversions) divided by 
lethal induction ef
ficiency as a function 
of stopping power and 
oxygen tension. 

............. 

dE/dx, MeV g-
1 cm 1 

'•, 
' ' 

MUB-2873 

'•---------. 

more complex. The saturation cross-section for inactivation of haploid yeast 
-8 2 6 cells {6,7) is approximately 10 em or 10 times that for induction of specific 

mutations. If haploid killing is a result of mutations, these findings would 

suggest there are approximately 106 base triplets at which such lethal mutations 

could occur. The relation between relative biological effectiveness and stopping 

power for direct effects on large molecules or viruses differs from the results 

obtained in this study for induction of mutations. For inactivation of enzymes 

or viruses {6) , the RBE was not observed to increase with increases in stopping 

power. 

The parallel between diploid lethality. and induct.ion of chromosomal ef

fects {Figs. Sd and e) ·suggests that diploid lethality might result from effects 

at the chromosomal level. This is consistent with earlier observations of the 
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importance of dominant lethality in inactivation of diploid and higher ploidy 

yeast cells (24). 
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For a given degree of inactivation of the diploid cells, the probability 

of recovering mutants among the survivors decreases with increasing LET and with 

anoxia (Fig. 9). This effect also was observed by Deering (11) in Escherichia 

coli. This observation may be of significance in assessing the long term 

hazards of exposure to densely ionizing radiations. 

The oxygen effects observed for the different effects as a function of 
dE dE 
dx are summarized in Fig. 10. At low dx values, the oxygen effe.ct varies be-

tween 2 and 3. For lethality the curve decreases to about 1.2 for neon ions. 

For mutation, however, the curves appear to bend upwards at high~~ values. An 

oxygen effect greater than 2 was observed for neon ions. These results indi

cate that for induction of lethality, the track core of neon ions is still ef

fective, whereas for mutation the entire effect can be accounted for by the 

action of the associated delta rays. 

The survival curves of the diploid culture used in this study were sig

moidal even for the high-LET radiations. For most systems exhibiting sigmoidal 

dose-response curves at low LET, one observes an exponential response with 

densely ionizing radiations (9,21-23). If it is assumed that the track core of 

the densely ionizing particles inactivates exponentially and the associated delta 

rays inactivate sigmoidally, the survival curve on simplest assumptions wo~ld be 

the product of the two r~lations. By dividing the observed survival curves for 

high-LET radiations (C+G or Ne+lO) by survival ratios expected for 5-rays (ap-
. d b . +3 . 1 ) d . d . 1 prox1mate y L1 surv1va curve , one can er1ve an expecte surv1va curve 

for the track core. When this is done, sigmoid survival curves are still ob

tained. Such curves are generally considered to represent inactivation mecha

nisms requiring multiple ionization events. That these curves remain sigmoid 

even for. very densely ionizing particles means that the lethal events are not 

readily induced by a single ionizing particle. 

The shape of the mutation curves can be explained in various ways. For 

nearly all conditions, the curves of mutation frequency per survivor vs dose 

rise linearly to a dose of 20 to 30 krads and then bend upwards to a steeper 

slope. This may indicate that the curve is the sum of two ·functions, one linear 

and the other of higher order. Both single- and double-event mechanisms can 

give rise to prototrophs (see earlier discussion). For a dose of 10 krads, at· 

which revertants were examined genetically, primarily single event mutants were 

found. Perhaps at higher doses, i.e., > 30 krads, ·more multiple event proto

trophs occur, but this has not been tested genetically. Another possible ex

planation of the shape of the mutation curves would be that the irradiated cell 

populations is heterogeneous (12). The simplest hypothesis would be that there 
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were two populations of cells in the irradiated samples, one more resistant to 

killing but more sensitive to mutation than the other. At higher doses, the 

fraction of surviving cells would contain a greater percentage of these 

"mutation-sensitive" cells, and the curve of mutants per survivor based on the 

entire population would bend upwards. Cells that are kno~1 to be resistant to 

killing are those in the budding stages (25). Whether these are more sensitive 

to mutat.ion is not known. Clumps of cells would be plating-units that are re

sistant to killing and sensitive to mutation, but clumps in the cultures used 

in these experiments were rare and could not explain the results. 
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Computer An.aJy..s.is-Gf~_hlieren Phot.Qg!:AP.hs 
~Serum-Lipoprotein Dfstributions 

Alicia M. Ewing, Am rita .L Bhattach'aryya, Robert D. Wills and Frank T. Lindgren 

The detailed study of serum-lipoprotein distributions with the analytic 

ultracentrifuge is a relatively difficult procedure (1). In particular, the 

analysis of the actual Schlieren films is both tedious and time consuming. Also, 

in order to correct for F* versus concentration effects as well as Johnston

Ogston (2) effects, rather extensive calculations are needed. Although Johnston

Ogston corrections have been rigorously treated and generalized for a two compo

nent system (3), such corrections for a continuous distribution of lipopr.otein 

macro-molecules would appear not to have an exact mathematical solution. Among 

the difficulties are how to make precisely the F versus c corrections for a 

lipoprotein distribution, the dependence of F versus C on radial concentration 

and the time dependence of the concentration gradient in the analytical cell. 

Recently, computer techniques have been developed and used for the routine cal

culations of sedimentation coefficients, molecular weights and diffusion con

stants (4,5). The method presented here utilized a high-speed digital computer 

to analyze the low-density lipoprotein spectrum, that has.been divided into 29 

sf rate intervals, and the high-density lipoprotein spectrum that has been 

divided into 15 F rate intervals. 

PROGRAMMING METHOD 

For each type of centrifuge run analyzed by this prog:r:-am, we have selected 

a standard division by F-rate intervals, based on both convenience and the char

acteristic form of the curve--for example, the intervals are narrower over the 

expected range of the major component. In· our low-density· run, we divided the 

Schlieren pattern into 29 intervals, with interval boundaries at Sf = 0, l, 2, 

3, 4, 5, 6, 7, 8, 9, 10, 12, 14, 16, 18, 20, 30, 40, 50, 60, 70, 80, 90, 100, 

150, 200, 250, 300, 350, and 400. (See Fig. 1) Similarly, in our high-density 

~ipoprotein analysis (6), the Schlieren pattern is divided into 15 intervals 

with boundaries at F = 0, .5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 

6.0, 7.0, 8.0, and 9.0. These fixed intervals are stored by the program in a 

special table, which can easily be changP-d to allow analysis of different run 

types. The major part of input .to the program consists of heights measured at 

*Flotation rates at arb1trary densities are designated by the symbol F. 
Sf is used to denote flotation rates in a medium of 1.745 molal NaCl (p 26 = 
1.0630 g/ml) . 

54 



ALICIA M. EWING; ·ET AL. 55 

SCHLIEREN PHOTOGRAPH CONVERSION 

400 

h at 51 3.5 

Figure 1. Schlieren pattern 
for low-density lipoprotein 
run, divided into 29 Sf rate 
intervals, and the associated 
integral curve.· 

MUB-2566 

400 

51 rate 

the "mean F-rate of each interval. (Although, strictly 'speaking, these are not 

equivalent to the heights measured at the mean X of the· interval, the intervals 

chosen are narrow enough that any difference is entirely negligible.) 

Ih order to facilitate discussion of the calculations, we will consider 

in';detai:l the low-density analysis·and define the following notations as: 

Fii .=<the initial F-rate of the i th interval 

xi· . ·:=;: the X value which corresponds to FI. 
1 .... th 1 

FHi = the·· mean F-rate of the i interval 

~i 
h. 

1 

Cii 

the X value which corresponds to FHi 

the height measured in centimeters at FHi 

the concentration of component i in the analytic 

cell 

Cii the cumulative concentration through Fii 

CHi the cumulative concentration through FHi 

ultracentrifuge 

For example, in our low-density run (FI) = 0, 1, 2, 3, , as des~ 

cribed above,.and (FH) = .5, 1.5, 2.5, 3.5, .. (We use braces to designate 

an array, or table of·values, in computer storage.) All concentrations are ex

pressed in milligrams/100 ml of lipoprotein, and all X values are in radial dis

tance from the axis of rotation of the analytic rotor. 

Other symbols used are: 

M linear magnification factor 

E enlargement factor relating cm2 on the enlarger to mg/100 ml 

lipoprotein* 

*This factor includes .the specific refractive increment for lipoproteins 
as measured in the appropr1ate background salt solution (0.00154 and 0.00149 
t.n/g/100 ml for the low- and high-density l'ipoproteins, respectively). 
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n number of components (F-rate intervals) 

K constant for F versus C correction (mg/100 ml)-l. 

In our subscript notation, 1 refers to the uncorrected values, 2 to the F versus 

c corrected values, and 3 to the values corrected for the Johnston-Ogston effec't. 

THE UNCORRECTED INTEGRAL CURVE. Using these input heights and the stored 

X values that correspond to the fixed F-rate intervals, it is easy to approxi

mate the uncorrected concentration of each component (F-rate interval) by the 

rectangular area 

and 

cii = ME hi (XI i + 1 

the uncorrected integral 

i-l 

-X ) 
Ii 

curve by 

~ 1 ci . . FI , X J = . pa~red w~th and I,. 
J ~ ~ 

For our subsequent calculations, however, it is desirable to have more informa

tion about the uncorrected integral curve. For example, in the standard cor

rection of concentration to the base of cell, it is necessary to know the X 

values corresponding ·to the mean concentrations of each component. An at.tempt 

to calculate these from an "integral curve," approximated by a single pair of 

coordinates for each component, will result in a set of mid-X values, which are 

identical to the mean X values of each interval. However, this is accurate only 

in the special case where the slope of the Schlieren curve was zero over the in

terval. To obtain a better approximation we have calculated a trapezoidal area 

between Fii and FHi in each interval by 

= E (M(~. -XI ) h. - l/2A· 
~ i ~ ~ 

where 

A··= (h. -h. 1) I M <~-. - ~- ) 
~ ~ ~- -[i~ -[ii-1 

and a second integral curve of n points by 

ci. +cT. paired with FH. and ~.· 
~ ~ ~ ~ 

By combining these two integral curves by interdigitation a set of 2n 

coordinates along the uncorrected integral curve is obtained: 

paired with (F
1

} 

The accuracy of this curve is of course limited by the number of inter

vals selected. However, with 29 intervals in three frames over the range Sf =· 

0 to Sf= 400 our.calculated results have been within approximately 3% of the 

planimetry readings. The greatest possihility of inaccuracy occurs within the 
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region of the major component; if it~ peak coincides approximately with an FHi' 

the concentration calculated for the F-interval containing the peak will be too 

high. For this reason, the program will accept two additional measurements as 

input: the peak height and the distance of the peak (in centimeters) from F = 0 

(base of cell) on tracing. The entry of these values permits the program to cal

culate a corrected concentration for the interval, and also produces output in

formation about the F-versus-C corrected F rate of the peak. 

Using this uncorrected integral curve of 2n points, the X value at the 

mean concentration of the 

tion on (c 1 J versus (x1 J. 

c 1 . ) I 2. This permits 

.th 1 component, x 1M.can be solved by linear interpola-
1 

The desired value x 1M
1
. will correspond to (C1 . + 

. 1 

1-1 
the correct1on to base of cell for each component ac-

cor01ng to the standard formula 

c~~ = eli ~ :::i)' 
(C BIC} For final output, these are divided by the appropriate factor that relates 

them to the original lipoprotein sample. 

THE F VERSUS C CORRECTION. From the (c1 } we calculate (~ 1 } by subtrac

tion. Then following the Moring-Claesson correction expressed in a somewhat 

different manner for time dependency of concentration (7), 

c. cl. (xl. IXBC) and 1 1 1 
i-1 

ci ~ c. 
j = 1 J 

The F versus c correction is calculated on the basis of the (c) paired with (F
1
J 

according to the well-known formula 

. F 2. F 1. ( 1 + KCi) • 
1 1 

Iterations are performed, each time selecting a new c by interpolation on the 

basis of the current value of F 2 .. 
1 

After four iterations, F 2 . remains essen-
1 tially constant. 

F versus C corrected· concentrations c 2 . for the original F-intervals are 
1 

calculated by linear interpolation of F1 i against (c1·J paired .with (s 2} and x 2Mi 

by (c 2 . + c 2 . ) I 2 against (c 1 J paired with (x1 J • The base of cell correction 
1 1-l 

and the correction to original concentration are then performed as described 

above. 

THE JOHNSTON-OGSTON CORRECTION 

Using (F 2M} calculated from (x 2MJ and (c 3 J originally equal to (c 2 J, the 

Johnston-Ogston correction can be closely estimated as a series of n(n-1) I 2 

concentration differences 
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FILM 522, TYPE ·O, 
E-MACHINE 3 !FACTORS 

3.000, 
11.6~, 44.23), K = 0.88Al, RHO = 1.0626, FRAMES d, 4, 2, 

UNCORRECTED S VS C CORRECTto 

011 APK l9A4 I Pi-\ i.E 

ll-J CORRECTED 
H INTERVAL CUML,CM MGPCT MGPCT,DC CUMZ,CM MGPCT Mf,P(T,BC CUf-~3,(1': MGPCT,BC 

LINE 1 375.oo o. 

2 325.00 o. 

3 275.00 o. 

4CC.0-350.C 51.4985 

350.C-3CO.O 51.4985 

3Q0.0-25C.C 51.4985 

4 225.CC C.IO 25C.C-2CC.O 51.4985 

5 t7s.co c.so zcc.o-t5o.o 51.3744 

6 125.CC 1.60 LSC.O-LCO.O 5C.7442 

7 95.CC 0.85 LCC.C- ~C.C 48.6953 

8 8s.cc t.co 9C.c- 8c.c 47.RLL6 

9 75.CC 1.20 8C.C- 7C.C 46.7571 

26 

27 

28 

29 

3.50 18.80 4.C- 3.C 12.2786 

2-50 4.40 ).C- 2.C 3.2922 

1.5o 1.79 2.c- t.o L.L769 

c.5o 0.64 1.0- c. C.3113 

SUMS 

o. c. 51.1440 

1). c. 51. 1440 

o. o. 51. 1432 

5.488 1.599 5l.C594 

27.875 8.366 50.7080 

90.622 27.98C 49.5039 

39.088 9.974 47.1614 

46.63R 12.242 46.1899 

56.761 

397.466 

93.564 30.276 3.1932 

38.284 12.532 1.1675 

13.768 4.554 0.3107 

2277.778 698.178 

CONCENTRATION BEYOND 400.C 0.000 MG PCT AFTER S VS. C CORRECTION 

o. o. 51.1439 o. G. 

0.035 0.010 51.1439 0.036 0.1)10 

3.703 1.041 51.1431 3. R77 1.090 

15.543 4.501 51.0555 16.403 '. 1 oc· 

~3.260 1~.940 5C.b846 56.2£7 

103.609 32.027 4'1.4134 109.361 

42 .'166 45.444 11. 5 84 

4R.410 12.704 45.9l.l4 ,, ~} 0 b 70 1'3.034 

53.417 14.416 44.7qC4 53.776 14.513 

LOO.ol4 R.761R 26l.d1> 83. 7~4· 

28.994 2.!>424 71.0EJb 24. 94·6 

12.406 1.0995 35.2:16 11.534 

1].742 4.546 0.3029 13.396 4. 4 'll 

2262.097 690.500 2262.097 6~R.5n2 

A.!. 84.7C35 
PEA~ S-RATE = 4.28 

Figure 2. Typical computer output for analysis of a low-density lipoprotein 
run. Cumulative concentrations are given in cm2 on the enlarger; other values 
are in mg/100 ml lipoprotein 

(1 -

i l, 2' 3' 

-K c 3 . 
~ 

j 
KZ: ) 
k=l c 

2k 

n - 1 , j 

F2M. 
~ 

F2M. (1 -
J 

i 
KZ: ) 
k=l C I 

2k 

i + l, i + 2, ' n . 

For each i and j, c 3 . is decreased by ~ciJ'' and c3, is incremented by ~cij' 
~ J 

Using (x
2

M} as previously calculated, the base of cell correction and the cor-

rection to original concentration are made 

PROBLEM OF MULTIPLE FRAMES. Analyzing a wide range of F-rates by this 

method, with data obtained from a Schlieren optical system, necessitates the use 

of information from more than a single frame. For example, in analyzing the 

Sf 0-400 range we have used three frames, one for sf 0-20, one for Sf 20-100, 

and one for Sf 100-400. This presents no special programming problems, except 

after the F versus C correction. Here, before (c 2 } can be calculated, it is 

necess~ry to transfer some area from the Sf 0-20 frame to the Sf 20-100 frame, 

and also, from this second frame to the Sf 100-400 frame. Since this is done by 

correcting the concentration to the base of cell and recorrecting into the sub

sequent frame, some area may be lost. However, the base of cell corrections 
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agree closely for both the uncorrected and for the F versus c corrected concen

trations. Hence, the rephasing procedure, described under the F versus C cor

rection, applies only to the single frame cas·e. Usually it would be accomplished 

by interpolation of FI· against (C]_} paired with (F2 ), where (C]_} is an integral 
l. 

curve reflecting the necessary area transfer. 

OTHER FEATURES. In addition to analysis of then original components, the 

program calculates concentrations for a set of summation intervals. For example, 

sf 0-12, sf 12-20, sf 20-100, and sf_l00-400 are the intervals selected for our 

low-density run. For the most part the concentrations for these intervals repre

sent sums of the appropriate components, but the base of cell correction at each 

stage and ·the ·entire Johnston-Ogston correction are calculated separately for· 

comparison. 

Discrepancies in the separate base of cell corrections can easily be 

shown to be dependent on the shape of the integral curve. In our low-density 

run, the characteristic form of the curve ensures that the correction for the 

summation intervals will always give a slightly higher total lipoprotein value 

than that for the 29 intervals. 

Although the program has been used in the analysis of only two run types, 

its method is of general applicability, and simple modifications of tables and 

constants would permit the analysis of other_types of runs. The number of 

frames read and the number of components selected are easily changed, as are the 

desired Frate intervals. 

USE OF THE PROGRAM 

Preparation of data for the program consists of 1) tracing an enlarge

ment of the appropriate frame(s) directly onto a photo-offset form that is ap

propriate to the Spinco ModelE-ultracentrifuge and lipoprotein run type. This 

form contains division marks at each FH.. 2) drawing the lines at each FH .. 
. l.. . l. 

3) measuring the height of the curve at each line and transcribing it on the 

data entry forms. 4) transcribing other relevant information such as identifica

tion number, onto the data forms. 

Information from these data forms is then punched onto standard IBM cards, 

which are read and transferred to magnetic tape by the IBM 1401 computer. This 

magnetic tape serves as input to the program, which runs on the IBM 7094 compu

ter. Program output is also written on a magnetic tape which is subsequently 

printed by the 1401. A typical output for a single low-density lipoprotein 

analysis is shown in Fig. 2. 

The program and its approximately 25 subroutines are written in Fortran 

IV. Although they are compiled to run on the 7094, they should be easily 



60 COMPUTER ANALYSIS OF LIPOPROTEIN DISTRIBUTION 

adaptable to any computer with a large core memory. A sample run of the program, 

analyzing 81 Schlieren films consisting of 29 components each,used 1.17 min of 

calculation time. Load time for the machine-language program is about 0.4 min. 

SUMMARY 
A method is presented for the computer analysis of lipoprotein distribu

tions as measured in the analytical ultracentrifuge. The procedure, utilizing 

a minimum of input measurements from Schlieren photographs, allows not only the 

calculation of uncorrected concentrations but, in addition, provides for F 

versus c and Johnston-Ogston type corrections. Although this technique has been 

applied only to two specific lipoprotein run types, the method presented is 

quite general and can easily be used in analysis of other types of runs. Pre

liminary results achieved with this procedure indicate comparable or greater 

accuracy than that obtained by previous methodology involving manual planimetry 

of areas on the Schlieren photographs. 
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Changes tn Lipoprotein Compos it ion· Following 

Prolonged Incubation of Human. Serum 
- -v ::7=i; 

Carl S. Rehnborg and Alex V. Nichols 

The observation that a net esterification of cholesterol occurs when 

serum is incubated at 37 degrees C was first reported in 1935 by Sperry (1) • 

This finding has since been confirmed by numerous investigators, and a number 

of mechanisms have been proposed to explain the observed esterification (2-6). 

The mechanism that appears in accord with current evidence is the one 

originally proposed by Glomset in which an enzyme, fatty acid transferase in 

human serum, is postulated to catalyze the transfer of fatt.y acids from the 

C-2 position of lecithin to free cholesterol, yielding cholesteryl esters and 

lysolecithin (2). 

Recently, in this laboratory (7), we have_ been investigating the in vitro 

transfer of sf 20-10 5 glycerides to other lipoprotein species at 38 degrees C. 

This paper presents our findings on the lipid changes that occur in Sf 20-10
5 

•, ,lipoproteins, Sf 0-20 lipoprotein~ and the major high-density lipoproteins, 

·:· 1~f.:t~r incubation of human serum at 38 degrees C ·for 36 hr. Since the beginning 
.- ·:·~:- .:~ ~ 

of -this·study, two additional papers have appeared in the literature on the 

esterification reaction in human serum (8,9); and we therefore compared, where 

possible, our results with these more·recent data. Also incorporated into this 

report are the fatty acid distributions of the cholesteryl ester and glyceride 

fractions of the three lipoprotein species before and after incubation. 

METHODS 

Blood was drawn from a 22-year-old nonfasting female, allowed to clot, 

and was centrifuged for 40 min. at 2,000 rev/min in plastic centrifuge tubes. 

The resulting supernatant serqm was carefully removed and stored under nitrogen 

at +4 degrees C until re.ady for use. Aliquots of the serum were placed in 

40-ml screw-capped vials, covered with an atmosphere of nitrogen, sealed 

tightly and rocked gently for 36 hr at 38 degrees C in a constant-temperature 

water bath. Directly after incubation, one _portion of the serum was separated 

into lipoprotein fractions by preparative ultracentrifugal techniques developed 

in this laboratory (10). Three ultracentrifugal fractions were obtained: the 

very low-density lipoproteins, Sf 20-105 (d < 1.006 g/ml); the low-density 
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Table 1. Chemical·. compositions ··of the lipid extracts of human serum and 

individual lipoprotein fractions following incubation of hum:J.n se~um 

38 degrees c in vitro. (Values expressed as weight percent.) 

Serum sf 20..:.10 5 
sf 0-20 

Chemical Con~rol % Control % Control % 
fractions (0 h) 18 h 36 h Change (O h) 36 h Change (O h) 36 h c:nange 

CSE 37.9 43.2 43.5 +15 i4.0 56.7 +305 47.7 56.4 +18 

cs 6.6 4.0 3.5 -47 8.9 5.2 -42 12.4 9.5 -23. 

PL 46.8 42.7 38.5 -18 19.7 4.3 -78 32.8 25.1 -24" 

TG/UFA 10.8 10.1 10.9 +1 57.7 33.5 -42 7.0 9.1 +30 

mg lipid/ 450 100 ml 
455 463 +3 20 14 -30 164 150 -8 

Numb.er of 
determinations 4 2 4 2 2 3 2 

of the 

at 

Control 
(0 h) 

40.0 

4.9 

49.6 

5.6 

180 

3 

IIDL 

36 h 

49.4 

2.2 

40.0 

7.6 

185 
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% 
Change 
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lipoproteins, Sf 0-20 (1.006 g/ml < d < 1.063 g/ml); and the major high-density 

lipoproteins, HDL (1 .• 063 g/ml < d < 1.218 g/ml). The ultracentrifugal residue 

from the high-density fractionation, which also contains measurable amounts of 

lipid material, is not evaluated in this study. All salt solutions used in the 

isolation procedures were made with deionized water and contained 0.05 g/liter 

of the disodium salt of EDTA. 

Aliquots of the serum and the three lipoprotein fractions were extracted 

by a modified method of Sperry and Brand (11). The lipid extracts obtained 

were fractionated by silicic-acid chromatography (12) into four chemical 

fractions: cholesteryl esters (CSE), a mixture.containing glycerides and 

unesterified fatty acids (TG/UFA), cholesterol (CS) and phospholipids (PL). 

The chromatographed lipids were characterized and quantitated by both infrared 

spectroscopic (13) and gravimetric methods. The lipid extracts from serum and 

from the different chemical fractions of the isolated lipoprotein species were 

subjected to transmethylation according to the techniques of Stoffel et al. 

(14). The fatty acid methyl esters were identified and quantitated by gas

liquid chromatography performed on an apparatus previously described by Upham 

et al. (15). This apparatus consists of a glass column 52 in.long and packed 

with Silamid* (20% DEGS on 60/80 chromosorb W); it utilizes a Sr 90 detector· 

system with argon as the carrier gas. Analyses were carried out at 195 degrees 

c. Chromatograms were read in terms of peak height and elution time, and the 

data were processed by a punched-card technique (16). The concentrations of 

the fatty acids are expressed as percentages of the total ~atty acid methyl 

esters, and the major fatty acids tabulated according to Dole et al. (17). 

The minor components have been grouped into four separate categories: Class A, 

methyl esters eluted before methyl palmitate (16:0); Class B, methyl esters 

eluted between methyl palmitoleate (16:1) and methyl stearate (18:0); Class C, 

methyl esters eluted between methyl linoleate (18:2) and methyl arachidonate 

(20:4); and Class D, those methyl esters eluted after methyl arachidonate. 

The physical and chemical methods of evaluation utilized in this report 

are estimated to provide an accuracy of ±5% on duplicate samples. 

RESULTS AND DISCUSSION 

In Table 1 are presented the chemical compositions of the lipid material 

extracted from serum and from the individual lipoprotein species following the 

incubation of human serum at 38 degrees C for 36 hr. The value for ~ach lipid 

component is expressed as a percentage of the total lipid extracted. The total 

lipid extracted is included and is expressed.in mg lipid/100 ml. In Table 2, 

*Poly-diethylene glycol succinate, Silamid Co., Post Office Box 432, 
Pleasant Hill, California. 



Chemical 
fractions 

CSE 

cs 

PL 

TG/UFA 

Total cs 

CSE 

cs 

PL 

TG/UFA 

Total cs 

Table 2. Chemical composition of the lipid extracts of human serum and of the individual 

lipoprotein fractions following incubation of human serum at 38 degrees C in vitro. 

(Values expressed in (mg/100 ml) unless otherwise stated.) 

Serum sf 20-10
5 

0 h 36 h t.mg/100 ml 6j.J.molesa/100 ml 0 h 36 h t.mg/100 ml 6j.J.molesa/100 

171 201 +30 +46 2.8 7.9 +5.1 +7.8 

29.7. 16.2 -14 -36 1.8 0.7 -1.1 -2.8 

211 177 -34 -44 3.9 0.6 -3.3 -4.2 

48.6 50.5 -1.9 +2.2 11.5 4.7 -6.8 -7.7 

131 136 +5.0 +13 3.5 5.3 +1.8 +4.7 

sf 0-20 HDL 

78.2 84.6 +6.4 +9.8 72 .o 91.4 +19.4 +29.8 

20.3 14.2 -6.1 -15.8 8.8 4.0 -4.8 -12.5 

53.8 37.7 -16.1 -20.8 89.2 73.6 -15.6 -20.1 

11.5 13.7 +2.2 +2.5 10.1 14.1 +4.0 +4.5 

66.7 64.4 -2.3 -6.0 51.3 57.9 +6.5 +17 

ml 

a In order to convert from milligrams to micromoles, the following molecular weights were used for the different 
lipid constituents: 
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the data are expressed in a different manner. Utilizing the values of the 

total lipid extracted and the individual weight percentages, we calculated the 

values for each component in b:~L·ms of mg/100 ml. The change in each component, 

following incubation, is expressed as a change in concentration; i.e., 

6 mg/100 ml. Finally, when we used approximate values for the molecular weight 

of each component,., this change in concentration can be expressed in terms of 

6 J.Lmoles/100 ml. Also included in Table 2 are the values for the total 

cholesterol content of each lipid extract. These values are based on the 

assumption that approximately 59.4% by weight of a cholesteryl ester (i.e., 

cholesteryl oleate) is composed of cholesterol. In Table 3 are presented. the 

fatty acid compositions of the cholesteryl ester·and glyceride fractions of 

the three major lipoprotein species before and after incubation. The values 

are expressed as percentages of the total fatty acid methyl esters and 

represent the average of two determinations. 

After incubation (see Table 1), there are reductions in free CS and PL 

and an increase in CSE. The TG/UFA and total lipid content reveal no 

significant changes. The 47% reduction in fr.ee CS is in good agreement with 

the values reported by other investigators (2,8,9). The molar changes, as 

computed in Table 2, are in accord with the hypothesis that an enzyme in human 

serum catalyzes the transfer of a fatty acid from PL to CS, yielding CSE. 

In Tables 1 and 2, marked changes are evident in the lipid composition 

of the Sf 20-105 lipoproteins after incubation. There is an increase· of 305% 

in CSE, a 78"/o decrease in· PL, and the c·s and TG/UFA each decreases by. 42%. 

In addition, the total lipid weight has increased by 30%. 

The molar changes.observed are not explainable in terms of esterifica

tion occurring within this lipoprotein species. The large increase in CSE can 

be accounted for only by .an influx of CSE from some other lipoprotein species. 

The only species that show a CSE content lower than expected are the Sf 0-20 

lipoproteins. It is reasonable to hypothesize, then, that incubation results 

in the liberation of CSE from the S~ 0-20.lipoproteins and that part of the 

freed CSE migrates: with the Sf20-10 lipoproteins. It is not known if these 

released CSE actually are incorporated into the structure of the Sf 20-10 5 

lipoproteins or if they simply migrate with them as separate molecular entities. 

Opalescence was observed in the isolated Sf 20-105 fraction following incubation. 

Rowen (18) has demonstrated that the opalescence in serum, caused by certain 

streptococcal extracts, is due to release of lipids (principally CSE) from 

high-density lipoproteins. This may indicate that the physical state of ~he 

released CSE in th~s expe.riment is similar to that in Rowen's experiment. 

Currently in this laboratory, we are investigating the actual molecular form 

of these released CSE. We also are attempting to determine if they are 

derived. initially from the esterification reaction. 



Table 3. Fatty acid composition of the cholesteryl ester and glyceride fractions of the 

three major lipoprotein species following incubation of human serum at 38 degrees c 

in vitro for thirty-six hours. (Values are expressed as percentages of .the total 

fatty acid methyl esters and represent the average of two determinations.) 

sf 20-10
5 

_sf o-20 HDL 

CSE TG CSE TG CSE TG 

0 h 36 h 0 h 36 h 0 h 36 h 0 h 36 h 0 h 36 h 0 h 

Class A 3.8 3~7 3.2 5.5 0.5 0.5 1.9 2.2 0.6 0.8 2.7 

16:0 9.7 11.0 27.1 26.9 8.5 8.3 24.6 24.8 7.3 7.7 24.4 

16:1 4.6 3.4 3.6 3.9 1.7 1.7 3.2 3.2 1.7 1.7 3.6 

Class B 2.0 1.7 0.7 1.2 0.3 0.3 0.6 0.7 0.3 0.4 0.9 

18:0 2.4 2.3 4.1 8.2 0.9 0.8 3.3 3.2 0.8 0.7 4.1 

18:1 20.8 18.2 43.9 37.6 16.1 16.2 45.6 45.1 13.7 14.1 41.1 

18:2 49.0 51.2 13.6 10.6 64.1 64.2 15.2 15.6 .65. 2 64.3 16.4 

Class C 4.3 4.7 3.0 3.3 2.5 2.3 3.0 3.6 2.6 2.5 3.3 

20:4 2.8 2.4 0.6 0.4 5.0 5.4 1.2 1.1 "7. 2 7.0 1.3 

Class D 0.7 1.4 0.2 2.4 0.5 0.4 1.5 0.6 0.6 0.9 2.3 

36 h 
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The PL fraction of this species shows a marked 7~/o reduction and a molar 

decrement twice that of free CS. This suggests either that transesterification 

is possible between different species or that during the incubation, part of 

the PL is transferred to other lipoprotein species • 

A significant reduction in the TG/UFA content is observed. ·If one now 

looks at the other two lipoprotein groups, corresponding increases in this 

lipid fraction are apparent. These observations are in agreement with some 

recent work in this laboratory by Nichols (7) , who noted increases in the 

glyceride content of HDL following the incubation of human serum with large 

amounts of Sf 20-10 5 lipoproteins. It is also apparent from these data (see 

Table 2) that.an uptake of glyceride in the Sf 0-20 lipoproteins exists. 

From Table 3 one can ascertain some changes in the fatty acid distribu

tions of the CSE and TG accompanying incubation. While a slight increase in 

linoleate and a slight decrease in oleate appear to be present in the CSE, 

these differences are below the level of statistical significance when based 

on the accuracy of the experimental techniques employed. Hence, these 

differences cannot be considered significant. In the TG, on the other hand, 

a 50% increase occurs in the percentage content of stearate, and decreases 

of 14% and 22% are found in the oleate and linoleate, respectively. These 

data indicate some fatty acid specificity in the transfer reaction. 

In the Sf 0-20 lipoproteins, as in the other two lipoprotein species, 

we found decreases in the CS and PL and an increase in the CSE. The increment 

in TG already has been discussed in the previous section; it is due, probably, 

to transfer of glyceride from the Sf 20-105 lipoproteins. The 8% reduction 

in the total lipid content is due, primarily,to the release of CSE from this 

lipoprotein species during incubation. Another possible contributing factor 

to the observed reduction in the total lipid weight is that part of the 

lysolecithin (formed during esterification) dissociates from the site of 

esterification and subsequently is associated with lipoproteins of density 

) 1.21 g/ml. This view is put forth by Glomset (8) and is based on some 

earlier findings of Phillips (19).who demonstrated that a large part of the 

lysolecithin in serum is associated with lipoproteins of density > 1.21 g/ml. 

The fatty acids of the CSE and TG of this species as well as those of 

the HDL reveal no significant alterations accompanying incubation. These 

findings neither confirm nor negate the suggestion by Glomset (2,5) that the 

fatty acids in the esterification reaction are derived mainly from the C-2 

position of lecithin. The lecithin fatty acid distribution was not determined 

in this study. It is quite conceivable that the fatty acid distribution at 

the C-2 position of lecithin is essentially identical to that which exists in 

the CSE fraction, and as a result no differences are observable after 
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incubation. If this is true, then it w9uld appear to be strong evidence for the 

hypothesis that lecithin is the major source of the CSE fatty acids in human 

serum. 

The changes occurring in the HDL already have been discussed in the above 

sections. The discrepancy in the molar decrement of CS is most probably due to 

the error in i t.s measurement, particularly when the CS percentage within the 

fraction is low (i.e., < 5%) . It would be desirable in the .future to utilj.ze a 

more sensitive technique to measure CS such as the one employed by Sperry and 

Webb (20). The change in molar concentration of CSE is larger than would be 

expected if it were just caused by the esterification of the CS on the HDL. 

The discrepancy is caused, apparently, by the uptake of some of the CSE that 

have been released from the Sf 0-20 lipoproteins. 

The increment·of TG is largest in this species and is in agreement with 

the findings of Nichols ( 7-) who has demonstrated the capability of HDL to ab

sorb quantities of glyceride when incubated with sf 20-10 5 lipoproteins. Our 

data show that TG/UFA are not involved directly in the transesterification 

reaction for two main reasons: no measurable decrease .is found in the molar 

concentration of TG/UFA in whole serum, and no significant alterations occur 

in the fatty acid distributions of the TG/UFA fraction in either the HDL or the 

sf 0-20 lipoproteins: The involvement of TG was reported from recent investi

gations of Nichols (7) who presented evidence indicating that CSE are displaced 

from HDL by glycerides during incubation. 

SUMMARY 
5 The major lipoprotein species (Sf 20~10 , Sf 0-20, HDL) have been iso-

lated ultracentrifugally and their lipid compositions determined, following the 

incubation of nonlipemic human serum (serum glyceride concentration, 49 mg%) at 

38 degrees c. In all three lipoprotein species, the molar concentrations of 

cholesterol and phospholipids were found to decrease, while those of the cho

lesteryl esters increased. The data indicate that during the·course of the in

cubation some of the cholesteryl esters are released from the Sf 0-20 lipo

proteins and, subsequently, are associated with the sf 20-10 5 lipoproteins and 

the high-density lipoproteins (HDL) . Although the t·otal glyceride content in 

the serum remains constant, it decreases in the sf 20-10 5 lipoproteins and in

creases in the HDL and the Sf 0-20 lipoproteins. The observed reduction in the 

Sf 20-10 5 lipoproteins is attributed to the transfer of glyceride to the other 

lipoproteins during incubation. The fatty acid distributions of the glyceride 

and cholesteryl ester fractions have been determined by_gas chromatographic 

techniques. Significant changes are observed only in the glyceride fatty acids 

of the Sf 20-10 5 lipoproteinS.· 
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Scintillation Camera with Multichannel Collimators 

Hal 0. Anger 

The scintillation camera is a .sensitive electronic instrument for taking 

pictures of the distribution of gamma-ray- and positron-emitting isotopes in 

vivo. The pictures are similar to those obtained from mechanical scanners, but 

t.hey are produced in much less time. No scanning is employed because the scin

_tillation camera is sensitive to all parts of its field of view during the ~n-

tire exposure time. 

In order to obtain an image of activity distribution, a collimator first 

projects a gamma-ray image of the subject onto a scintillator. The instrument 

described here uses a single sodium iodide crystal 1~.5 in. in diameter by 0.5 

in. thick. Coupled to the crystal through an optical light guide is a close

packed hexagonal array of 19 multiplier phototubes. -The_ phototubes view over

lapping areas in the scintillator so that light from each scintillation divides 

among the 19 tubes. The combination of scintillator, light guide, and·photo

tubes is called an image detector (1). The phototubes are connected to an ana

log computer that identifies the X and Y coordinates and the brightness of each 

scintillation occurring in the crystal. All photopeak scintillations are re

produced on an oscilloscope as point flashes of light in the same relative 

positions in which they occurred in the scintillator. The flashes are photo

graphed over a period of time, and an image of the subject results. 

To obtain the best combination of sensitivity and resolution for a given 

subject and radionuclide, the optimum collimation method should be used. A 

brief account of the three collimating methods--pinhole, multichannel, and 

positron coincidence--has been given (2). For positron emitters, coincidence 

collimation gives excellent sensitivity and resolution for both large and small 

subjects. For small subjects containing gamma-ray emitters, pinhole collimation 

is the method of choice. It is used to obtain high-resolution pictures of 

small subjects such as the thyroid gland. 

However, for large garruua-ray-emitting subjects, such as the brain.or 

liver, collimators with large numbers of parallel holes (2-9) give the best 

combination of sensitivity and resolution. A drawing of this type of collimator 

is shown with the scintillation camera image detector in Fig. 1. Parallel

channel collimators have properties that are different from those of other 
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Figure 1. Scintillation camera image detector with multichannel. collimator. 
MUB-2285 

collimators. ·one characteristic is the one-to-one size relationship between 

71 

the subject and the image produced in the scintillator. In addition, the size 

is independent of .the distance between the subject and the collimator. This is 

an advantage in diagnostic situations where an organ lies at an unknown depth . 

and its size is to be determined. Sharpest image resolution is obtained in the 

parts of the subject lying closest to the collimator. However, parallel-channel 

collimators can be designed to provide resolution equal to focused collimators 

in the deeper parts of the .• subj.ect. ~ The • .:'depth .. of. focus" .of_pa:r::alll'!.l:::.<;:hai).Jl€!_1 ______ ~-

collimators can be much greater than that provided by focused collimators. 

Parallel-channel collimators have substantially uniform "depth response," or in 

other words, equ~l sensitivity to activity at different depths in air. In tissue 
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the depth response is of course modified by tissue attenuation. Many combina

tions of hole diameter, length, and septal thickness are possible in multichannel 

collimators. Formulas are given in the next section to assist in designing col

limators that have maximum efficiency for a given resolution and maximum gamma

ray energy. The collimators are most efficient when they can be designed for 

use with low-energy gamma rays, because the septa can be thinner and more holes 

can be packed into a given area. However, even when the collimators are de

signed for use with gamma rays of 0.4 MeV or more, the overall sensitivity of· 

the camera is still considerably higher than that of focused-collimator mechani

cal scanners. 

DESIGN OF PARAllEl-CHANNEL COlliMATORS 
Mathematical analysis of the image produced by a parallel-channel colli

mator is rather complex compared with pinhole collimation or positron coinci

dence collimation. In the latter two methods, a point source in the subject is 

imaged as a disk on the image detector. With multichannel collimators, gamma 

rays from a point source may strike the image detector in several areas. because 

they may travel through more than one of the holes to reach the scintillator. 

The shape of the irradiated areas in the image detector depends on.the shape of 

the holes, their distribution pattern, and the placement of the point source 

relative to the holes. 

The mathematical analysis of this type of collimator is simplified if the 

assumption is made that the collimator moves sideways in the· manner of a Bucky 

filter during the exposure time. Formulas have been der.ived that give the sensi

tivity and resolution as a function of hole diameter, length, and septal thick

ness. They have been derived by 1. assuming that the collimator moves relative 

to the subject and image detector during the entire exposure time, 2. determin

ing the fraction of the time that a point source in the subject is visible to 

each element in the image detector and the solid angle of each element and 3. 

integrating to determine the overall counting efficiency. For example, consider 

a collimator consisting of a rectangular array of square holes as shown in Fig. 

2a. This section view shows a plane through the center of a row of ho~es. The 

width of the holes is d, the length is a, and the septal thickness is t. The 

distance from the radioactive subject to the near end of the collimator is b, 

and the distance from the central plane of the scintillator to the other end of 

the collimator is c. 

If the collimator is stationary, the distribution of gamma rays has the 

irregular shape shown at the top of Fig. 2a, but if the collimator moves in the 

direction shown_, the avera_ge d:i,stribution of gamma rays that strike the scin

tillator has a triangular shape. The intensity is then a maximum at point u 

directly above the point source, and it falls .linearly to zero, assuming opaque 

septa, ·at points q and q' . The distance oq, which is approximately equal to the 
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Figure 2. (a) Section view of parallel-channel collimator showing gamma-ray 
pathways and irradiated areas of scintillator_ (b) Path of minimum attenua
tion for gamma rays penetrating collimator septa. 

MUB-2381, MU-32493 

full width of the gamma-ray intensity curve at half maximum, is defined as the 

geometric resolution-distance R. 

1) 

From geometric considerations, it can be shown that 

R = d (a + b + c) 
a 

73 

As expect~d, the resolution-distance R is smallest or, in other words, the· image 

is sharpest, when the distances b and c are small. 

The geometric efficiency of the collimator is given· by the formula 
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2) 
[ 

Kd
2 

]

2 

g = a (d +. t) ' 

where g is defined as the number of gamma rays that impinge on the scintillator 

divided by the toti'll number emitted by the subject. Scattered gamma rays and 

any that travel through the septa are not included. It should be noted that g 

is independent of b, the distance between the subject and the collimator, pro

viding the subject is completely imaged within the boundaries of the scintilla

tor. Therefore the counting rate of a subject in air should be independent of 

the distance from the collimator to the subject. This has been found by experi

ment to be approximately true. The value of the constant K depends on the shape 

of the holes and their distribution pattern. It has been determined mathemati

cally and confirmed approximately by experiment that K = 0.282 for square holes 

in ~ square array and K = 0.238 for round holes in a hexagonal array· 

The shortest distance a gamma ray can travel through septal material when 

taking the unwanted path of minimum attenuation pr, shown in Fig. 2b, is w. 

From geometric considerations, 

3) w at 
2d + t 

or t =· 2dw 
a - w 

From experimental studies, it has been determined that acceptable images result 

when the· narrow-beam (Compton + photoelectric) attenuation of gamma rays taking 

the path pr is 95% or more. Assuming a given collimator material and gamma-ray 

energy, the distance w can be calculated. With w known, the minimum permissible 

septal thickness can be calculated for any hole diameter and length. 

The sensitivity S in terms of dots per minute: recorded on the picture per 

~c of activity in the subject is given by 

4) S = 2. 2 X 106 
€ f a a 2 (d + t) 

2 

where fa is the abundance factor of the gamma ray, or the average number of 

gamma rays of a given energy emitted per disintegration. The photopeak counting 

efficiency € is defined as the fraction of gamma rays incident on the scintilla

tor that produce a dot on the picture when the pulse-height-selector window is 

adjusted to accept nearly all the photopeak scintillations. Values of € are 

given in other papers (1,2,10). With the above equations, collimators that 

have optimum hole diameter, length, and septal thickness can be designed for a 

given subject-to-collimator distance, maximum gamma-ray energy and desired 

resolution. 

DEPTH OF FOCUS AND DEPTH RE~PONSE 
Decause clinical subjects are nearly always several inches thick, the 

"depth o"f focus," or the depth over which a relatively sharp image is obtuined, 

must be taken into account when evaluating any collimation method. The resolu

tion of focused collimators is best for the parts of the subject at the 
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geometric focus, which is usually 3 in. from the collimator. Its depth of focus 

is limited, and planes closer and farther away are less sharply resolved (11,12). 

In comparison, the resolution of parallel-channel collimators is best 

for the parts of the subject closest to the collimator, and the resolution·de

creases with increasing distance. However, a parallel-channel collimator can 

be designed to give as good resolution as desired at any depth. For instance, 

it can be designed to have the same resolution at 3 in. distance as a focused 

collimator. It will then have the advantage of greater depth of focus because 

it will sharply resolve all the closer planes, whereas the focused collimator 

will not. 

Both collimating methods have "uniform depth response" in air, or equal 

counting sensitivity for activity at different depths. However, neither has 

uniform depth response in tissue because of gamma-ray scattering and absorption. 

It might be thought that because a stationary focused collimator has a maximum 

response to a point source on the axis at a distance of 3 in. (13), it would be 

more sensitive to activity lying on that plane in an actual scanning situation. 

This is not the case, as indicated by others (12,14,15) and confirmed experi

mentally by the author. Under working conditions, the "depth response" of the 

two collimating methods is the same, each decreasing with distance only because 

of tissue attenuation. 

PARAMETERS OF TYPICAL COLLIMATORS 
Parallel-channel collimators with hexagonal arrays of round holes can be 

made by (a) drilling holes in a plate, (b) cementing together lengths of tubing, 

or (c) casting the entire collimator in a suitable mold. Rectangular arrays of 

square holes have been made by (d) cementing together strips of lead or tung

sten, (e) pressing sheet lead into W-shaped sections and cementing them together 

and (f) cementing alternate strips of lead foil and balsa wood, cutting them 

crosswise into strips, and cementing these alternately with lead foil. This 

last technique is used to make low-energy collimators. 

The parameters of eight typical collimators designed for maximum effi

ciency consistent with the stated geometric resolution and maximum gamma-ray 

energy are given in Table 1. The material is lead, and all have hexagonal 

arrays of round holes. The calculated overall sensitivity in terms of dots/ 

minute/~C takes into account the abundance factors of the principal gamma rays. 

The contribution of the high-energy components of I 131 was not included. 

The parameters of a ninth collimator., designated as "A," are also in

cluded. This collimator was constructed befo~e the formulas were derived, and 

has parameters that are slightly less than optimum, although its characteristics 

are similar to those of collimator No. 6. Collimator "A" has a nominal maximum 
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Table 1. Parameters of typical parallel-channel collimators with hexagonal array of round holes. Collimator 

material is lead and scintillator is 1/2-inch-thick sodium iodide. The calculated sensitivity is 

given for several radionuclides (All dimensions in inches) 

Collimators 

1 2 3 4 5 6 7 8 II All 

Resolution Med. High Med. High Med. High Med. High High 

Nominal maximum 'Y-ray energy 0.20 0.20 0.28 0.28 0.36 0.36 0.41 0.41 0.36 

Resolution-distance (R) at b 1 0.42 0.28 0.45 0.30 0.49 0.32 0.50 0.34 0.35 

Resolution-distance (R) at b 2 o. 57 0.39 0.60 0.40 0.62 0.41 0.63 0.42 0.43 

Resolution-distance (R) at b 3 o. 75 0.50 0. 75 0.50 0. 75 0.50 0. ~5 0.50 0.51 

Resolution-distance (R) at b 4 0.92 0.61 0.90 0.60 0.88 0. 59. 0.87 0.58 0. 59 

Hole length (a) 1.0 1.0 1.5 1.5 2.2 2.2 2.6 2.6 3.0 

Hole diameter (d) 0.167 0.111 o. 22 5 0.150 0.290 0.193 0.320 0.213 0.237 

Septum thickness (t) 0.045 0.030 0.094 0.063 0.133 0.089 0.160 0.106 0.075 

No. of holes in 11-in.-diam. 2480 5600 1090 2450 620 1400 490 1090 1165 

area 

Calculated sensitivity Cel39 1280 570 860 380 610 270 500 220 270 

(Dots/min/~c of radio- Hg 203 410 180 290 130 240 105 130 

nuclide in air) !131 180 78 145 65 78 
Aul98 146 65 

Ul 
() 
H z 
t-:3 
H 
t:"' 
5;: 
t-:3 
H 

~ 
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gamma-ray energy of 0.36 MeV. It was used for all the liver, kidney, and 

thyroid-area examples that follow. 

77 

A collimator identical to No. 3 has also been constructed and tested in 

clinical use. It was designed for a maximum gamma-ray energy of 0.28 MeV and 

was used to take the brain pictures in the examples that follow. It was not 

used for the kidney pictures because collimator "A" has greater depth of focus 

and gives better results in this application. Collimator "A" was made by tech

nique (b) above, and No. 3 was made by technique (a). Both have about 1,100 

holes in an 11-inch-diameter area. A collimator designed for gamma rays less 

than 0.20 MeV has been made by technique (f) above. It has a rectangular array 

of 4,000 square holes 0.11 in. wide by 1 in. long. It has performed satisfac

torily with phantoms containing ce139 (0.166 MeV) but has not yet been tested 

clinically. 

Calculations indicate that higher sensitivity can be achieved if the 

collimators are made of tungsten alloy. The improvement results from having 

thinner septa and therefore more holes of the same diameter per unit area. The 

increase in sensitivity varies from 21% for collimators designed for 0.28-MeV 

maximum to 30% for those designed for 0.41 MeV. 

PERFORMANCE OF COlliMATORS 

Since no material is completely opaque to gamma rays, the performance of 

the collimators is not exactly as predicted. The measured number of dots per 

minute per microcurie of radionuclide obtained from the existing collimators is 

larger than the calculated values at the higher gamma-ray energies. The in

creased count is caused by I. gamma rays that travel through collimator material 

near the ends of the holes, II. small-angle scattering of gamma rays by the 

channel walls and III . septal penetration . With some nuclides, part of the ex

cess is caused by high-energy components in the gamma-ray spectra that produce 

Compton events in the crystal. 

When collimator "A" is used with I 131 , about 85% more than the theoreti

cal number of counts are detected. A calculation indicates that about 1/3 of 

the excess is due to I. above. This calculation was made by assuming that the 

effective length of the collimator is equal to its geometric length less twice 

the mean free path of the gamma ray in the collimator material (16). Probably 

only a small amount of the excess is caused by II. (16). The rest is presumably 

due to III. When Hg 203 is used with the "A" collimator, the excess count is 

about 25%, nearly all of which is caused by I. Collimator No. 3 at its nominal 

maximum gamma-ray energy of 0.28 MeV gives an excess count of 35%. More than 

3/ 4 of the excess in this case is calculated to be from I. Although there is 

apparently a large amount of septal penetration at the higher gamma-ray ener

gies, its effects are not normally visible in clinical pictures. The effect 
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has been seen with the "A" collimator when small hot areas, such as the thyroid 

gland, are greatly overexposed. Then the "starfish" effect seen in focused 

collimators is visible (17). 

Septal penetration can of course be reduced by making the collimators of 

tungsten alloy. Calculations show that for most collimators the number of gamma 

rays taking the path pr in Fig. 2b would be 1/3 as great with the denser material 

if the dimensions in Table 1 are not changed. 

The equations and calculations can serve only as guides in the design of 

collimators. Their merit should be judged by the clinical results obtained. In 

the derivation of equations 1) through 4), it was assumed that the collimator 

moved during the exposure time to provide a smooth distribution of gamma rays 

at the scintillator. This technique has not been used in taking pictures, how

ever. The "collimator pattern" produced by stationary collimators is visible 

occasionally when small sources are imaged. With subjects larger than the thy

roid gland, the effect has not been visible with existing collimators. 

So far, only the theoretical geometric resolution of the collimator has 

been discussed. The overall resolution of the scintillation camera depends on 

the following factors: a) the actual resolution of the gamma-ray image projected 
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by the collimator, b) the translation of this image into a light image by the 

scintillator and c) the reproduction of the scintillator image on the oscillo

scope and the subsequent photographic image. The resolution lost in step b) ha& 

been calculated to be very small for 1/ 2-inch-thick sodium iodide (10). Some 

resolution is lost in step c) , but the amount is not large for gamma rays with 

more than 0.15 MeV (1). The major factor that determines the overall resolution 

of the scintillation camera is the performance of the particular collimator used. 

A demonstration of the overall resolution is shown in Fig. 3a. Five 

point sources of Ba133 were placed 1 in. from the "A" collimator and on the ax i s 

of certain holes shown in Fig. 3b. An enlargement of the central portion of the 

resulting picture shows the resolution obtained. Gamma rays traveling through 

adjacent holes produced adjacent white areas on the picture, while those sepa

rated by a blank hole in the collimator produced clearly separated spots. 

CliNICAL ILLUSTRATIONS 

The following examples of clinical pictures were taken with the scintilla

tion camera and two of the parallel-channel collimators. Three views of an 

adult patient with a brain lesion are shown in Fig. 4. The pictures, showing 

(a) left lateral, (b) back, and (c) frontal views, were taken 4 hr after the 

administration of 700 ~c of Hg 203 Neohydrin. The lesion is clearly visible in 

(a) and (b) , and is less clearly visible in (c) . The exposure time was 5 min 

with the No. 3 collimator for each of the three views. Marker sources of Ba133 

were placed at the corner of the eye and the lower margin of the ear lobe in the 

lateral view, and at the ear canals in the frontal and back views. The six 

images with graded density were obtained simultaneously with a six-lens oscillo

scope camera (2,18). 

A picture of an apparently normal adult liver, taken with the "A" colli

mator, is shown in Fig. Sa. It was taken 2 hr after the administration of 250 

~c of I 131 r~se bengal. The exposure time was 10 min. The gall bladder is 

shown at the center, and bowel loops are shown at the lower right. In Fig. Sb, 

the liver of another patient shows an apparent defect at the upper left. The 

exposure time in this example was 5 min, and the dose was 200 ~c. 

Multichannel collimators are used with the scintillation camera to take 

neck survey pictures of thyroid patients. The purpose is to show all active 

thyroid tissue within a 9- to 10-inch-diameter circle. Following the survey, a 

high-resolution close-up picture of the thyroid gland is taken with a triple

aperture pinhole collimator (2). Pictures of the neck area of two patients, 

taken 24 hr after the ingestion of 50 ~c of I 131 , are shown in Fig. 6a and b. 

The three graded-density images in each example were obtained with a three-lens 

oscilloscope camera. Exposure time was 5 min with the "A" collimator. A short 

extension of the uppe r part of the r i ght lobe is visible in Fig. 6a, but 
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F Ly ure 4 • Pictures of brain 
lesion taken with Hg20J Neo
hydrin showing (a) left late
ral view, (b) back view, and 
(c) frontal view. The six 
images of each view were ob
tained simultaneously by a 
5-min exposure. A prominent 
lesion and two marker sources 
are shown in each view, as 
well as an outline of the 
h e ad due to body background . 
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Figure 5. (a) Picture of 
adult liver taken after ad
ministration of 250 ~c of 
rl3 rose bengal. Exposure 
time was 10 min. (b) A 5-
min exposure of adult liver 
after administration of 200 
~c of rose bengal. A defect 
is visible at upper left. 

otherwise the pictures show that the area around the thyroid is clear of radio

active lymph nodes and substernal and thyroglossal extensions. The "collimator 

pattern" is visible in the left image of Fig. 6a. A 10-min exposure of a thy-
. d h . . 5 9 f k 131 . h . . 6 . ro1 p antom conta1n1ng . ~C o moe I 1s s own 1n F1g. c. A suggest1on 

of two cold nodules can be seen. These nodules are very clearly outlined in a 

10-min triple-aperture picture of the same phantom shown in an earlier publica

tion (2). 

Pictures of human kidneys taken with collimator "A" are shown in Fig. 7. 

All these examples were taken from the back, the patient lying face down. The 

first two, a and b, show a normal subject with an estimated 50 ~C of Hg 203 Neo

hydrin in the kidneys. The exposure times were 10 and 2 min respectively. Part 
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Figure 6. (a and b) Views of 
human thyroid nncl t .hyrni n .;>.rPa. 
This type of survey shows any 
r~hnnrmr~ ' l nrt-r~.lr<:> of radioiodine 
.i.u u. 9 Lu 10-inch di arne te r 
area. The three images with 
graded density were obta1ned 
in a single 5-min. exposure. 
(c) Ten-minute exposure of 
thyroid phantom conta1n1ng 5.9 
~C mock :rl31. 
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Figure 7. (a and b) Pictures 
of normad human kidneys taken 
with Hg 2 3 Neohydrin. Expo
sure times were 10 and 2 min. 
(c) Renal pelvis of niseased 
kidney shown in a 5-min expo
sure 20 min after administra
tion of 200 ~c of r 1 31 hippuran. 
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of the liver appears to the right in each of the examples. The picture shown 

in Fig. 7c was taken 20 min after the intravenous injection of 200 ~C of I 131 

hippuran. In this 5-min exposure, the hippuran is shown to be in the renal pel

vis of both kidneys. The patient had bilateral kidney disease, resulting in a 

slow clearing time. The high body background is due to hippuran that had not 

been cleared from the blood. The two small spots between the kidneys are radio

active marker sources at the eleventh thoracic and second lumbar vertebrae. 

Two sequences from a time-lapse motion picture of a patient with stenosis 

of the left renal artery are shown in Fig. 8a. Two hundred microcuries of I 131 

hippuran were given intravenously, and pictures were taken at the rate of two 

frames per minute with the "A" collimator. Although the degree of stenosis was 

mild, some delay in the filling of the left kidney is apparent, as well as a 

reduction in the peak uptake. 

. . . 8b h L'll b . . The t1me-lapse sequence 1n F1g. s ows I rose engctl 111 the l1ver 

and intestine of a 3-month-old girl. She had previous surgery for biliary 

atresia, in which a fistula was created between the liver and duodenum. Later 

she had recurrent fever and jaundice, and it was thought the fistula might have 

closed. The time-lapse pictures show patency of the surgically created duct 

because rose bengal is shown moving about in the intestine 1 hr after adminis

tration. The tracer dose was 50 ~C, and pictures were taken at the rate of one 

frame every 2 min with the "A" collimator. 

CONCLUSION 

The sensitivity of the scintillation camera when used with multichannel 

collimators is appreciably higher than focused-collimator mechanical scanners. 

The resulting greater speed with which pictures can be taken is a decided ad

v antage in clinical situations. A number of different views can be taken if 

desired, and the examination can still be completed in a relatively short time. 

Alternatively, the amount of radioactive tracer can be reduced to minimize the 

radiation dose to the patient. The scintillation camera has the further <:tdvan

tage that it is continuously sensitive to all parts of the subject within its 

field of view. Tracer compounds with short effective half-times can be used 

without the distortion inherent in scanners. Because of this and the high sen

sitivity, rapid sequences of still pictures or time-lapse movies can be taken 

to show the function of an organ. 

SUMMARY 
The design and use of parallel-channel collimators with the scintillation 

camera are described. Equations for calculating the optimum hole diameter, 

length, and septal thickness are given, together with parameters of a number of 

collimators designed for a given resolution and maximum gamma-ray energy. Exam

ples are shown of their performance with the scintillation camera in clinical use. 
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Figure 8. (a) Tim1
3

±apse 
sequence showing I hippuran 
going through human kidneys. 
Exposure time was 30 sec pP.r 
picture. (b) Time lapse se
quence showing excretion of 
rl31 rose bengal from liver 
of girl. Exposure time was 
2 min per picture. 
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A Gallium 68 .Positron Cow for Medical Use 

Yukio Ya no and H a I 0. An.ger 

The Ge 68-Ga68 positron cow (1,2) 
68 ( h 1 d' . . Ga -EDTA et y ene 1am1ne tetra-acet1c 

is a convenient and economical source of 

acid) . The parent isotope Ge 68 decays 

with a half-life of 280 days, providing a continuous supply of a daughter iso

tope Ga68 . The daughter is a positron emitter and has a half-life ·of 68 min. 

The cow, which makes use of the ion-exchange properties of activated alumina 

(Al 2o3), is "milked" of the Ga68 in a simple and rapid manner. It requires only 

the addition of the EDTA solution at the top of the column and collection of the 

effluent solution at the bottom. The Ge 68 is strongly retained by the alumina 

so that the contamination of the Ga68 -EDTA by the Ge 68 is extremeiy low. A re

liable separation of the Ga68~EDTA is obtained with little possibility of con

tamination due to faulty technique. The technique for obtaining a sterile and 

isotonic solution for intravenous injection is also rapid and simple. 

. . . 1 f 68 h 1 . 1 b t 350 c f 68 By ma1nta1n1ng me o Ge on t e a um1na co umn, a ou ~ o Ga 

can be obtained for injection after the collection and processing. The decay 

equilibrium in the cow is established in about 2 hr so that a near maximum 

amount of Ga68 can be obtained from the column every 2 or 3 hr. When the cow 

is used several times per week, the cost per dose becomes very low, because the 

usual charge for the isotope and the shipping charges are saved. The cost of 

the cow is prorated over several months. 

. 68 
The new tracer compound, Ga -EDTA, when used with the positron scintilla-

tion camera, has given a good record of brain tumor localization (3). To date 

more than 100 patients have been examined with only a small number of false 

positives and few known missed tumors. The radiation dose delivered to the pa

tient is very low compared to that given by other isotopes. For a dose of 250 

~C, the whole-body radiatio,n is less than 7 millirads, and the renal dose is 

less than 50 millirads. 

PREPARATION OF THE COLUMN 

The alumina column is prepared by a method similar to that previously 

suggested (4). A·glass column 25 mm in diameter, 10 em in length, and fitted 

with a medium porosity-fritted glass disc is loaded with 10 g of_Fisher's 

chromatographic grade alumina. The alumina in the column is held in place at 

the top with a filter paper disc and plastic ring. The alumina column is first 

87 
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washed with distilled water to remove ·fine particles and is then washed with 

0.005 !1 EDTA solution a17.a neutral pH. The washing of the column is contin.ued 

until the pH of the effluent is near 7. 

The alumina column is now ready for loading with Ge
68

. First, the column 

is placed in a box lined with Lucite and lead shielding (shown in Fig. 1). Then 

the Ge 68 , in ··a near neutral solution of EDTA, is added to the column. Finally· 

the column is washed w~th ~bout 60 ml of 0.005 !1.EDTA solution. Ga
68

-EDTA can 

now be milked from the column at.desired intervals with 0.005 !1 EDTA solution. 

The Ga68-EDTA collected .from the column is at a neutral pH. It is contaminated 
-·5 68 

with less than 1.4 x 10 ~ parts. of Ge . 
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STERILIZING AND COLLECTING APPARATUS 

h 68 . . 1' d f . . t. f 11 th 68 1 t T e Ga -EDTA ~s ster~ ~ze or ~nJec ~on as o ows. As e Ga e u es 

from the column, it is collected in a 10-ml syringe.barrel attached to a pre

viously autoclaved Millipore filter (pore size 0.22 ~) contained in a Swinney 

hypodermic adapter. The other end of the Swinney adaptor is attached to a 

sterile syringe needle. The needle is stuck through the rubber stopper of a 

sterile serum vial also fitted with a sterile venting needle. All the collect

ing and sterilizing apparatus is held in a vertical position above the' serum 

vial by a Lucite holder and shield. 

MILKING THE COW 

In order to milk the column, the collecting apparatus is first introduced 

into the shielded box and placed beneath the column. Then 10 ml of 0.005 M EDTA 

solution is added to the top of the column. The resulting Ga 68-EDTA solut~on is 

collected in the barrel of the syringe. The entire collection apparatus with 

its Lucite shielding is then removed and placed outside the shielded box. The 

10 ml of Ga 68 -EDTA are made isotonic by adding 0.5 ml of 18% sodium chloride 

solution. The pH of the solution is checked with pHydrion paper. A 100-lambda 
. . f . h 68 . . . 68 d d h al~quot ~s taken or assay~ng t e Ga act~v~ty aga~nst a Ge stan ar • T e 

plunger is now replaced in the syringe barrel and the Ga 68-EDTA is forced under 

pressure through the Millipore filter into the sterile serum vial. Finally the 

upper portion of the collecting apparatus is separated from the serum vial by 

disconnecting the Lucite shielding above the serum vial and withdrawing the in

jection needles from the rub~er stopper. 

The serum vial contains the sterile solution of Ga68 -EDTA ready for in

jection.. The total time required for the procedure is 20 to 25 min. 

PREPARATION OF Ga 68 1N OTHER CHEMICAL FORMS 

Because of the 

being made to produce 

many advantages associated with Ga 68 , attempts are now 

other chemical compounds labelled with Ga 68 and to be used 

for 

the 

other diagnostic purposes. 

following procedure. 

68 The Ga can be freed from the EDTA complex by 

1. The cow is milked with 10 cc of 0.005 M EDTA solution, and the Ga68 -

EDTA is collected in a 40-ml centrifuge tube. 

2. 10 to 20 mg of carrier Gac1 3 in HCl solution is added. 

3. Then 0.5 ml of saturated ammonium acetate solution is added. 

4. Concentrated NH40H is added dropwise (about 1 ml) to precipitate 

Ga(OH) 3 at pH 6.0. 

5. The solution is heated in a boiling water bath for 10 min to coagulate 

the Ga(OH) 3 . 

6. The solution is centrifuged, and the supernatant solution is discarded. 

7. The Ga(OH) 3 is dissolved with a minimum volume of hot 20% NaOH. 

8. The solution is acidified with about 1 ml of concentrated HCl. 
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The time required for the procedure is about 30 min. With 10 mg of 

carrier Ga about 60% recovery of Ga68 from the EDTA solution is obtained. With 

20 mg of carrier· 70% recovery is obtained. 

SUMMARY 

The positron cow described here provides a readily available supply of 

a short-lived positron-emitting radioisotope for medical ~se. Ge 68 decays with 

a 280-day half-life, producing a continuous supply of the daughter Ga 68 . The 

daughter has a half-life of 68 min and can be separated from the parent several 

times a day. When the cow is used several times per week, or more, the cost per 

dose becomes very low. The ease of operation of the cow enables a technician to 

prepare Ga 68-EDTA of high radio purity as a sterile solution ready for injection. 

Detailed descriptions of the construction and operation of the cow are given. 

The tracer 'compound is being used at the present time to localize brain tumors 

with 'the positron scintillation camera. 
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Response of Monkeys to Erythropoietin of Rabbit, 
Sheep and Human Origin 

Donald Van Dyke 

.. 

Although studies have shown that erythropoietin prepared from the serum 

of monkeys will stimulate erythropoiesis in monkeys (1) and that erythropoietin 

from human urine will stimulate erythropoiesis in monkeys (2) and man (3), no 

demonstration has been made so far of the effectiveness of erythropoietin from 

non-primate sources in primates. Because some species differences for erythro

poietin have been ~emonstrated (4), it was thought worthwhile to compare the 

effectiveness in monkeys of erythropoietin prepared from the plasma of rabbits 

and sheep and from human urine. 

MATERIALS AND METHODS 

Three young cynomolgous monkeys (3 kg. each) in which the three prepara

tions of erythropoietin were tested were first made polycythemic in a decompres

sion chamber at a simulated altitude ·of between 15,000 and 18,000 feet for 100 

days (15,000 feet for the first 14 days, increased to 18,000 feet for the re

mainder of the exposure) . The monkeys were then returned to sea level and the 

assay was begun when erythropoiesis had become almost completely suppressed, as 

judged by the near absence of reticulocytes in the peripheral blood. The same 

monkeys served as their own controls by being observed without erythropoietin 

administration after a second 100-day exposure to hypoxia done one yea.r follow

ing the initial study. To insure adequate iron for hemoglobin synthesis, 50 mg 

of Imferon were given prior to exposure to hypoxia. 

Rabbit. erythropoietin was provided by Dr. Geoffrey Keighley of the Cali

fornia Institute of Technology and was prepared from the plasma of phenylhydra

zine-treated rabbits by the method of Lowy et al. (5). Erythropoietin from the 

plasma of phenylhydrazine-treated sheep, prepared by the method of White et al. 

(6), step 4, lot #Kl47137, Al0566, was provided by the Hematology Study Section 

of the United States Public Health Service. Human erythropoietin was prepared 

by collodion adsorption (2) from the urine of a patient with aplastic anemia (7) 

When the reticulocyte counts of the· monkeys had fallen to near zero, 

eight days after removal from the altitude chamber, one was given rabbit ery

thropoietin, and two were given human urinary erythropoietin. When the effect 

of this treatment had completely subsided, as judged by the return of the 
91 
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RESPONSE OF MONKEYS TO ERYTHROPOIETIN 

Days a~er hypoxia 

Figure 1. Hematocrit and reticulocyte count of one monkey after 
return to sea level following 100 days exposure to a simulated 
altitude of 18,000 feet. Monkey received no treatment. 
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Figure 2. Reticulocyte re
sponse of post hypoxic monkey 
to human ~nd sheep erythro
poietin. The horizontal 
shaded area indicates the 
range of reticulocyte count 
in normal monkeys of the same 
strain. 
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reticulocyte count to a low level, the monkey that had first been given rabbit 

erythropoietin was then given human erythropoietin and one monkey which had 

first been given human erythropoietin was then given sheep erythropoietin. The 

third, which had been given human erythropoietin, was given a second and third 

treatment with human erythropoietin. In each instance the treatment was 70 

Standard A units/kg/day for four days. 

Microhematocrit determinations, reticulocyte counts, total leucocyte and 

leucocyte differential counts and platelet counts were done at frequent inter

vals throughout the study: Platelet counts were done with phase-contrast 

microscopy. 

RESULTS AND DISCUSSION 

At the time of removal from the decompression chamber the hematocrits 

were markedly elevated (81 to 88%) and the reticulocytes were 1 .to 3%. The 

reticulocyte count fell rapidly to neqr zero (O to 0.3%) by the eighth day post 

hypoxia where, when no erythropoietin was given, it remained for 80 days. 

Figure 1 shows the hematocrit and reticulocyte counts of one of the monkeys 

during the control post-hypoxic period when no treatment was given. 

For evaluation of the effectiveness of erythropoietin from the three 

sources, treatment was begun on the eighth day. From Figs. 2, 3 and 4 it can 

be seen that each four-day period of administration of erythropoietin was 

followed by a wave of reticulocytosis that was maximum six to eight days after 

the start of treatment. The magnitude and duration of the responses were some

what different for the seven treatment periods. The greatest and least re

sponses were obtained with identical dosage of the same preparation of human 

urinary erythropoietin in two different monkeys (Figs. 2 and 3), suggesting 

that individual variation rather than species specificity was the responsible 

factor. In two monkeys, Figs. 2 and 3, the second period of treatment with a 

preparation from a different animal source resulted in a lesser response, where

as in a third, Fig. 4, subsequent treatment periods with the same preparation 

resulted in an equal or slightly greater response, indicating no impairment of 

response as a result of prior exposure to the preparation. Keighley et al. 

have demonstrated continued responsiveness of mice to rabbit erythropoietin up 

to 200 days (8). 

From Figs. 1 and 4 it can be seen that the hematocrit returned to a nor

mal value by 70 days post hypoxia. Spontaneous reticulocytosis began on about 

the 80th day post hypoxia. 

An increase in platelet count in normal human beings given human urinary 

erythropoietin from the same source has been reported previously (3), and more 

recently an increase in platelet count in a normal human being acutely exposed 
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to a simulated altitude of 17,000 feet has been observed (9). No consistent 

change in platelet or· leucocyte count or leucocyte differential was related to 

the periods of erythropoietin administration in this study. 

In order to rule out the possibility that the reticulocytosis observed 

following erythropoietin administration was a non-specific response to foreign 

material, one post hypoxic monkey was given an amount of erythropoietically in

active material equal to that given in this study and prepared the same way 

from the urine of a normal human being and following the same experimental de

sign. The material was given for four days starting on the eighth day post 

hypoxia. No reticulocytosis was associated with the treatment, the results 

being the same as for the untreated control, Fig. 1. 

CONClUSIONS 
Monkeys in whom erythropoiesis was suppressed (post hypoxic) showed a 

significant reticulocyte response to the administration of erythropoietin of 

rabbit, sheep or human origin. These results indicate that erythropoietin of 

primate origin is not required for stimulation of erythropoiesis in primates. 
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Whole-Body Iron Loss in Normal Man, 
~·-C!·- .£'::::·~"""'-!0,---... 
Measured with a Gam rna s·-p-e-ct"""r ..... o-m_e_t_e_r 

Hiroshi Saito, Thornton Sargent, Howard G. Parker and John H. Lawrence 

The amount of daily loss of total-body iron in man has been difficult to 

determine, although many workers have measured radioa<.:tivity in the blood, 

stool, 'urine, sweat, and bile ( 1, 2) after intravenous radioiron injection. 

Measurement of this parameter is important for the clinical evaluation of iron 

balance· as well as in the basic study of iron metabolism in man. The best ap

proach has been that of Finch (3), who injected radioiron and then measured the 

activity of Fe55 in the red cells over a period of several years, assuming that 

radioiron was uniformly mixed after one year. The whole-body counter seemed to 

US, and also to Price and co-workers (4) at Brookhaven, an excellent instrument 

for measuring total~body iron loss. Although this was seemingly a simple meas

urement, a number of problems complicated analysis of the data. We would like 

to present our results and interpretations which differ somewhat from those of 

Price and co-workers and include several factors of geometry and metabolism 

that they did not take into account. 

MATERIALS AND METHODS 
Twelve normal male human subjects, 19 to 43 years of age, were used in 

this study. A history of previous health was taken from each, and blood volume, 

hemoglobin, hematocrit, and differential blood counts were performed in order 

to recognize and exclude subjects with abnormalities of iron metabolism. A low

background whole-body counter, having a 9- by 4-in. crystal of Nai(Tl) with a 

100-channel pulse-height analyzer, was used. The subjects were placed for count

ing on a special couch having a radius of curvature of 1 meter with the crystal 

at the center, i.e., the "1-meter-arc" geometry. The radioiron was administered 

intravenously as Fe 59 citrate at a specific activity of 10 to 20 ~C/~g. Ten 

subjects received a dose of 5 ~C, injected without having been incubated with 

plasma. The radioactivity was more than body and room background until 240 days 

after the 5 ~C injection. Two subjects received intravenous injection of 18 ~c 

of radioiron that had been incubated with plasma. Their stool and urine samples 

were counted by placing them on top of the crystal. 

RESULTS AND DISCUSSION 

Immediately after injection, all the radioiron is in a subject's plasma, 

but after 24 hr the plasma-radioiron level is less than 3% and most of the 

96 
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Figure 1. Subject T.L. scanned 
30 hr after iv injection of 18 
~c Fe-59. The radioiron concen
tration in vertebral, pelvic, 
sacral, costal and caput humeri 
regions are shown. Storage re
tention in liver and slightly 
in spleen is also demonstrated. 
Blood-radioiron level at the 
time of the scan was 3% of the 
zero time activity. 

JHL-3555 

radioiron has been taken up by red-cell precursors in bone marrow, as known by 

autoradiography (5,6) and shown in Fig. 1. It is then released gradually into 

peripheral blood over a period of days. In our study the whole-body count of 

a subject immediately after injection was related to the counts on the succeed

ing days, as shown in Fig. 2. The whole-body activity decreased rapidly during 

the first several hours. By the time the radioiron in the marrow was greatest, 

approximately 1 day after injection, the whole-body count had decreased to 90% 

of the initial value; thereafter it rose slowly as newly labeled red cells were 

released to the circulating blood. This transient decrease of whole-body count 

can undoubtedly be related to the change of localization of radioiron. The 

count returned to an average of 97% after 10 days, and stayed at this level al

most without change until 50 days. 

Loss of radioiron during the first 10 days is not large enough to account 

for this 3% decrease because activity found in stool and urine during this time 

amounted to less than 0.5%. Most of the radioiron is fixed in the red-cell 

mass; thus the whole-body count is influenced by the death of the labeled red 

cells. The whole-body curve is almost flat after 10 days (Figs. 2 and 3), but 

this does not mean that no radioiron is lost from the body. It can be explained 

by loss of radioiron compensated by the movement of radioiron from miscible 

tissue to red-cell mass, i.e., further utilization (7). As seen above, this 

movement increases the whole-body count. The daily stools showed constant 

radioactivity during this time. The initial radioiron injection can be con

sidered as equivalent to simultaneous death of one generation of labeled red 
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cells, causing the sudden appearance of radioiron in the circulating serum iron, . . 
after passing through the reticuloendothelial cells. This same situation can be 

expected to occur again approximately 120 days later, except that then the death 

of the red cells takes place over a wider time distribution. Therefore, the 

daily whole-body counts would again change as in Fig. 2, except that the spread 

in time of death of red cells would tend to make the dip wider and shallower. 

The average utilization of radioiron was 90%; this means that about 10% 

was retained in tissues. This redistribution ap·pears to account for most of 

the decrease of the whole-body count from 100% immediately after injection and 

the return to 97% 10 days after. This same effect should be observed again at 

the time of death of labeled r·ed cells. Although the capacity for utilization 

should be the same in the same subject, storage partition would be expected to 

result in appearance of less radioiron in the second generation of labeled red 

cells. This kind of stepwise decrease ought to be reflected in the whole-body 

count and to occur repeatedly until the radioiron in the body is uniformly 

mixed. It may take about a year (3} for virtually complete mixing. 

Figure 3a shows individual whole-body retention curves over JOO days, and 

the solid line of Fig. 3b shows an average curve obtained from Fig. 3a. Al

though the average curve is derived from widely varying individual curves, it 

does suggest the stepwise decrease expected. Because of the effect of changes 

in localization of radioiron on the counting rate, interpretation of loss 

curves obtained with whole-body counters by ourselves and others (4} has not 

been as straightforward as had been hoped. Nevertheless, we feel that by uti

lizing the known localization effects and known hematological processes, the 

data c·an be treated in such a way that useful information may be derived from 

them. Although a number of assumptions are required in what follows, none of 

them are unreasonable, and the results for average daily loss of iron are in 

good agreement with those obtained by the rather different method of Finch {3} 

A decrease of whole-body activity after 50 days does not necessarily 

mean a higher rate of loss of radioiron from the body. This decrease reflects 

death of the labeled population of red cells, in turn causing movement of radio

iron to miscible tissue iron. This radioiron is then incorporated into new red 

cells, but some fraction remains in tissues. A small loss of radioiron from 

the body may also occur at this time, as is discussed later. After the observed 

decrease, the curve was nearly flat again from 160 to 250 days. The combined 

effects of the death of the first generation of labeled red cells and of re

utilization by the second generation produce a decrease of who.le-body count. 

The effect of the redistribution after the initial injection was a 3% decrease 

in whole-body count, and the utilization of the first labeled red-cell genera

tion was 90%. The initial radioiron injection is comparable to red-cell death, 

exclusive of the route through the RE cells. However, the high reutilization 
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WHOLE-BODY IRON LOSS IN NORMAL MAN 

Cumulative excretion in stool and urine 

of intravenously injected Fe 59 .. ---~ 
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Figure 4.. Curnulati ve ex
cretion in stool and 
urine of in59avenously 
injected Fe • Subject 
J.Z. open circles; sub
ject T.L. closed circles. 
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( 7, 8) suggests that the effect. on the whole-body count of such radioiron re

tention ih RE cells -is negligible. Therefore. the effect of red-cell death 

should be 2.7% {90% of 3%). 

If, ·on the whole-body activity curve (solid curve in Fig. 3b) ,·we.draw 

a line from the first peak to the second peak, it shows a slope of 6.3% per 

120 days. (The 120-day period was chosen as a normal red-cell life span. The 

effect of. storage retention occurs once per red-cell life span, and this oc

curred between the peaks.) Therefore we can obtain the loss in 120 days by sub

tracting 2.7% (the effect of storage retention) from 6.3% (loss plus effect of 

storage retention). Thus 6.3%- 2.7% = 3.6%; 3.6% per 120 days= 0.030% per 

day. It:should be noted that even without the above allowances for redistribu

tion effects, simply by taking the average loss over the 300 days period, a 

value of 0.05% loss per day can be obtained. However, this is an unnecessarily 

rough approximation for obtaining a loss figure, inasmuch as redistribution and 

reutilization.are known to occur, and their effects on whole-body counting can

not be ·neglected. Thus we prefer to conclude that 0.030% per day is the most 

reasonable loss figure. 

The dotted line in Fig. 3b was constructed by adding the loss rate, i.e., 

0.030% per day; to the average whole-body activity curve (solid line). in Fig. 

3a. This dotted curve then represents the expected whole-body activity curve 

if no loss of radioiron occurred. If we subtract 5.7% (total of 3.0% and 2.7%) 

from 100% (at zero day), this level represents the decrease of whole-body acti

vity by the effect of storage retention and intersects the constructed curve at 

120 days. This serves as confirmation that the 120-day red-cell life span cho

sen for the calculation of loss and the 2.7% figure for the storage retention 
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were adequate. The radioiron loss in stool and urine was analyzed as follows. 

Total excreted activity (cumulative as of each day) was plotted as a function 

of days after injection. There were two components in the cumulative Fe 59 

excretion curve; the first prevailed until from 8 to 10 days and the second· 

component prevailed thereafter. Samples taken much later in subject J.Z., and 

somewhat earlier in subject T. L., showed losses at ·the same respective rates, 

as indicated in Fig. 4a. Radioiron excretion was larger during the first 10 

days than during the period of the second component. Subject J.Z. excreted 

0.66% and T.L. 0.45% of the total radioiron in the stool within 14 days. The 

first slope, ending within 10 days, coincides with the period of exfoliation of 

the mucous epithelia as described in the review by Leblond and Walker (9). By 

autoradiography, Saito (10) found that the radioiron injected intraperitoneally 

in the rat appeared in the serum and was incorporated in the gastrointestinal 

epithelia, which forms nonhemoglobin iron: hemosiderin and ferritin. There

fore, it can be concluded that the first slope represents the loss of non

hemoglobin radioiron occurring by exfqliation of mucous epithelia following in

travenous radioiron injection. 

A small quantity of radioiron may be lost with bile ( 11) ; however'· it is 

difficult to conceive of continuous loss of radioiron through bile when the 

serum-radioiron level is very low. Leblond found no sign of renewal of liver 

cells, pancreas cells, etc. (9) by which radioiron could be lost. It is there

fore concluded, on the basis of this circumstantial evidence and in the. absence 

of evidence to the contrary, that the loss of radioiron represented by the 

second slope means the loss of blood in the intestinal tract. Such a route of 

loss in normal subjects was suggested by studies by Ebaugh and Beeken (12) and 

by Harris and Belcher (13). However, they used the benzidine test, which is 

perhaps too sensitive to detect blood only; and in radiochromium studies the 

label is known to leak from red cells. The results presented here would imply 

daily intestinal bleeding at around 2.0 ml (1.0 mg) in subject J.Z. and 0.6 ml 

(0.3 mgr in subject T.L. According to the above interpretation, the peeling 

analysis of the radioiron-loss curves in the stool yields a ratio of hemoglobin 

iron to .nonhemoglobin iron of 10:1 in J.Z. and 3:1 in T.L. per red-cell ·life 

span of 123 days and 120 days respectively, which were obtained from the peri

pheral red-cell activity and whole-body activity curves (8). 

The loss of radioiron in the urine is shown in Fig. 4b. This has to 

represent iron loss by exfoliation of the urogenital epithelia, since it oc

curred in the same 10-day period as loss from the intestine, and hemoglobin is 

not ordinarily lost via the urine. The total amount lost within 10 days in 

urine was 0.018% for J.Z. and 0.039% for T.L. The fractional amount excreted 

into the urine in the form of nonhemoglobin iron was 0.035 for J.Z. of the 

amount excreted in the stool during 10 days after injection, and 0.083 for T.L. 

The radioactivity in the urine after 10 days was undetectable in a 24-hr count 
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Table 1. Loss rate per RBC life span 

RBC Loss in Loss in Total loss in Loss as shown 
Subject life stool & sampled stool, urine, and by 

span urine blood sampled blood whole-body count 
(days) (%) (%) (%) (%) 

J.Z. 123 3.8 2.0 5.8 5.5 

T.L. 120 1.6 1.0 2.6 2.9 

with urine at the center on top of the 9- by 4-in. crystal. One subject, not 

included in these data, showed a larger amount of urine radioactivity than did 

the subjects studied. Analysis of the gamma energy proved that this was caused 

by co60 , apparently a contaminant of the injected Fe59 (Abbott Laboratory, Oak 

Ridge, Tennessee). The whole-body activity curves of each subject showed a 

loss of radioactivity very close to that found in the stool and urine, as shown 

in Table 1. Therefore, it is concluded that the iron loss took place mainly via 

the stool. 

There may be a slight difference in the radioironiloss rate between the 

life span of the first labeled red-cell generation and the time when mixing of 

radioiron with body iron is complete. This difference would occur because loss 

of radioiron from the red-cell mass decreases, and loss from nonhemoglobin iron 

will therefore increase, as the 10 to 20% of radioiron moves from hemoglobin 

to stores in the course of mixing. However, the total change in loss rate 

after our experimental period would be very small, since the whole-body activity 

curve of Fig. 3b suggests that the mixing of radioiron was almost complete after 

the death of the first labeled red-cell population. Moreover, the decreased 

loss from hemoglobin radioiron would be mostly compensated by the increased 

loss from nonhemoglobin radioiron. 

The average hemoglobin iron, calculated from each subject's blood volume 

and hemoglobin concentration, was 2,364 mg, as shown in Table 2 (0.334% of 

hemoglobin as iron by weight) , and total miscible tissue iron was taken as 600 

mg (3). Therefore, miscible total-body iron was taken as 2,964 mg. The loss of 

radioiron at the rate of 0.030% per day from this total miscible iron gives an 

average total-body iron-loss figure of 0.89 mg per day. This is smaller than 

the absorption figure obtained from the same subjects when used for the loss 

study; 9% absorption for 15 mg of daily iron intake amounts to 1.35 mg per day 

(14). However, when iron is absorbed from food, the absorption is less than 

from the elemental iron (15-18). 

The loss figure obtained by Finch (3) was 0.61 mg per day, a figure 

smaller than ours. This may be due to differences in the subjects: the average 
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Table 2. Summary of experimental data. 

Miscellaneous data of 10 subjects (5 ~c group) and 2 subjects (18 ~C group) 

Wt Height RBC Ht Hb SI UIBC TIBC 
Name Age (kg) (em) (million) (%) (g) (~g/dl) (~g/dl) (~g/dl) 

c.o. 43 

R.G. 40 

K.K. 27 

R.M. 26 

M.M. 35 

H.P. 35 

T.Y. 19 

H.W. 32 

B.T. 31 

C.R. 29 

Aver
age 32 

J .z. 37 

T.L. 24 

81 

87 

51 

70 

62 

79 

54 

68 

77 

74 

70 

77 

74 

173 

180 

158 

177 

160 

171 

171 

180 

191 

170 

173 

173 

180 

5.37 

5. 72 

5.18 

5.35· 

4,.95 

5.01 

5.03 

5.02 

5.43 

5.19 

5.23 

5.06 

5.05 

46.0 15.0 68 

50 . 0 16. 5 114 

46.0 15.3 110 

47.0 15.0 75 

48.5 16.0 136 

45.5 

48.0 

47.5 

47.5 

45.0 

47.1 

46.5 

45.0 

14.8 

15.2 

15.3 

15.8 

15.2 

15.4 

15.6 

14.6 

85 

150 

1011 

107 

144 

109 

62 

138 

422 

374 

289' 

389 

334 

345 
.363 

205 

206 

155 

308 

411 

352 

490 

488 

397 

464 

470 

430 

513 

366 

313 

299 

417 

475 

490 

Sat. RCV PV BV Hb 
(%) (cc) (cc) (cc) iron 

(mg) 

13.9 2129 2571 4700 2355 

23.4 2487 25~6 5070 2794 

27.7 1350 2317 3667 1874 

16.4 2109 2516 4619 2314 

28.9 1935 2550 4485 2397 

19 .a 
29.2 

27.6 

34.2 

48.2 

26.9 

13.1 

28.2 

225i 

1773 

1836 

1927 

2053 

1985 

2238 

2142 

2413 

2475 

2559 

2814 

3050 

2585 

2644 

3118 

4664 2306 

4248 2157 

4395 2246 

4941 2607 

5103 2591 

4589 2364 

4882 2543 

5260 '2565 

age was 70 years for his and 32 years for ours; and total miscible iron was 

2,685 mg for his and 2,964 mg for ours. There may, of course, be variations 

because of d{fferences in method employed. However, the daily percentage loss 

rate found here, 0.030%, is in reasonable agreement with the 0.023% found by 

Finch in a study lasting 4.5 years. ·Price and co-workers (4), also using a 

whole-body counter, studied loss in patients with hematological disorders. On 

the basis of only 3 normal subjects studied over periods of from 20 to 100 days, 

they believe that a normal range of 0.103 to 0.182% loss per day is indicated. 

This is mu~h higher than our data or those of Finch and cannot be reconciled 

with daily iron absorption values. 

SUMMARY 
The average whole-body·iron loss of twelve normal subjects was analyzed 

and explained by the change of distribution and a small amount of radioiron 

loss. The normal radioiron loss occurred mainly in the stool, mostly as blood 

loss and partly as· the loss by exfoliation of mucous epithelia. A small quan

tity of radioiron loss in the urine from the exfoliation of urogenital epithelia 

was suggested. The average normal iron loss rate was 0.030% per day or 0.89 mg 

per day. This normal iron-loss figure is in reasonable agreement with the daily 

amount of iron absorption. Because the whole-body counter is capable of detect

ing a very minute amount of iron loss within a short period of time, studies 

with the counter are the simplest and most accurate approach for measuring the 

loss of body iron. 
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Renal and Retingl,_Y~cuLar: Chang~~s~ioJ1t~betes M~llitus 

John A. linfoot, larry W. McDonald and Thomas l. Hayes 

Since the discovery of insulin in 1922, vascular disease has become the 

most frequent cause of death in patients with diabetes mellitus, and renal dis

orders are the major cause of death among juvenile diabetics. During this• 

same interval there has been a· progressive increase in the incidence of retino

pathy and other ocular lesions, resulting in blindness among diabetics (1). 

Characteristic diabetic glomerular lesions were not reported until 1936, when 

Kimmelstiel and Wilson (2) described nodular glomerulosclerosis. Since 1936 a 

number of reports have appeared describing the histology of other renal lesions 

(3,4) in diabetes,and more recently renal biopsy and electron microscopy have 

shed further light on the nature of these vascular changes (5,6,7). Although 

retinal microaneurysms were first recognized more than 100 years ago (8) , few 

histological studies were made prior to 1943 (9) . A number of studies employing 

light and electron microscopy (10-13) have described the various pathological 

lesions in the diabetic retina. Unfortunately, norie of these studies have been 

able to demonstrate the pathogenic mechanisms involved in the formation of these 

vascular changes. 

Both the renal and retinal lesions appear to be part of a diffuse vascular 

disease, di"abetic microangiopathy, which is characterized by increased amounts 

of capillary basement membrane material (14,15). While the occurrence of the 

renal and retinal lesions, as well as the other vascular lesions, increases with 

the duration of the disease and these complications are usually thought to occur 

more frequently and severely in poorly controlled diabetics, recent studies have 

shown that the vascular lesions can be seen in pre-diabetics before a frank car

bohydrate abnormality develops (16), suggesting that the vascular and metabolic 

lesions. may be the result of a more fundamental metabolic defect. 

Unfortunately, the problems in the management of the vascular lesions in 

diabetes remain largely unsolved. The profound effects of potent diabetogenic 

factors (corticotropin, somatotropin) of the pituita:y on the diabetic state 

have been known for some time; however, it was not until the amelioration of 

retinopathy was observed in a diabetic who developed spontaneous hypopituitarism 

(17) that hypophysectomy was considered .as a therapeutic procedure (18). It has 

subsequently been demonstrated that pituitary ablation or partial ablation can 

be of palliative benefit in some patients with diabetic retinopathy (19). The 
. 105 
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greater degree of success with hypophysectomy as compared to adrenalectomy in

dicates that factors other than adrenal steroid hormones are involved. 

In 1958 heavy particles wer.e first employed in the suppression of pitui

tary function in diabetic retinopathy. Since that time, 92 patients have re

ceived pituitary irradiation in an attempt to palliate the progress of progres

sive diabetic retinopathy. A recent review of some of these patients (20) shows 

that patients with advanced cardiovascular and renal complications have obtained 

less benefit from treatment. Although there have been reports of improvement in 

renal function in patients with diabetic nephropathy who have undergone thera

peutic pituitary procedures (19), patients with advanced renal lesions have been 

found to have a high surgical morbidity and mortality, and their renal function 

cont.inues to deteriorate. The less advanced retinal lesions also appear to re

spond more favorably to suppression of pituitary function (19,20). 

Since the natural history of diabetic nephropathy and retinopathy is so 

poorly understood and our knowledge of the pathogenesis of the histological 

lesions is so limited, it is apparent that a comparative study of the vascular 

changes in the kidneys in conjunction with a detailed review of the diabetic 

retinal changes should prove valuable in determining the nature of the vascular 

lesions in patients with progressive retinopathy who are being considered for 

pituitary irradiation. Furthermore,it is hoped that such a study of diabetic 

nephropathy will prove to be of value in selecting patients for therapy and in 

evaluating any changes that might occur following therapy. The following report 

deals with our preliminary experience in 22 patients. 

MATERIALS AND METHODS 

The renal biopsies were performed using a modification of the percutaneous 

technique popularized by Muehrcke, Kark, and Pirani (21). The modification con

sisted of a renal localizing procedure that employed a grid and a standardized 

positioning technique described by Nugent and Stowell (22). All patients had an 

intravenous pyelogram befoL·e, or in conjunction with, the loc<!lizing procedure 

to assure the presence of bilateral renal function. Biopsies were successfully 

performed on 21 of the 22 diabetic patients. The tissue was longitudinally di

vided immediately after its removal from the biopsy needle in 12 of the cases; 

one portion was fixed in 4% buffered neutral formaldehyde for light microscopy 

and the other in cold buffered 1% osmium tetroxide for· electron microscopy. Tis

sues for light microscopy were embedded in paraffin and sectioned at 5 to 6 ~

Sections for all cases were stained with H & E and PAS. In addition, in many 

cases sec~ions were stained with Alcian blue and Mallory-Heidenhain stains. In 

one case LF, tissue was obtained for electron microscopy only. In cases DN and 

RS, tissue was examined only by light microscopy. In 7 ·cases tissue was quenched 

in liquid nitrogen and sectioned at 8 ~ in a cryostat. The sections were fixed 

in acetone ·and then stained in the same manner ·as the paraffin-imbedded material. 
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Figure 1. Fundus diagram . Circles 
indicate areas covered when serial 
retinal photographs are obtained in 
patients with diabetic retinopathy. 

MUB-2607 

F 

c 

Figure 2. Renal glomerulus of case DW by light microscopy (upper right hand 
corner, x420) and electron microscopy (x20,000). In light microscopy, area 
marked A) is the nodular lesion of diabetic glomerulosclerosis and B) is the 
capillary wall. In the electron micrograph, A) is the mesangial deposit, B) 
indicates the basement membrane, C) the capillary lumen, D) the nuclei of 
endothelial cells, E) the nucleus of a mesangial cell and F) a foot process 
of an epithelial cell. 
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This latter technique was tried in order that enzyme histochemistry could be 

studied. The tissue for electron microscopy was embedded in plastic after dehy

dration in graded alcohols. Ultra-thin sections were cut on a Porter-Blum micro

tome. All of the patients received complete ophthalmological and medical evalua

tions that included laboratory studies of renal function. In addition to a de

tailed funduscopic examination, retinal photographs were taken with a Zeiss fun

dus camera. Photographs were taken of as many visible areas of the retina as 

possible, as seen in Fig. 1, in order to record the various diabetic lesions; 

8 to 12 pictures were required in most instances. Seven common pathological 

changes were selected for comparison, and although each eye was evaluated sepa

rately, the determination of over-all severity of the lesions was based on a 

review of all of the retinal photographs taken on each patient. In 20 of the 

cases, six to 26 glomeruli were examined by light microscopy anu Lhe pathologi

cal lesions were graded in a manner simildr to that used by Gellman et ~- (7). 

In 10 of these cases three separate glomeruli were examined by electron micro-

scopy. 

Table 2. 

The changes that seemed to have the most significance are recorded in 

Typical light and electron photomicrographs obtained on patient DW are 

shown in Fig. 2 and the pertinent anatomical structures labelled. 

RESULTS 
The clinical data on the 21 patients are summarized in Table 1. With the 

exception of cases RC and ME, the patients were randomly selected for prospec

tive study of the renal lesions in patients with diabetic retinopathy. The two 

exceptions were selected because they had demonstrated stabilization of their 

retinopathy for 2 years following pituitary irradiation, but later showed fur

ther deterioration of their renal function. The patient's ages ranged from 22 

to 45 years, and the duration of overt diabetes varied from 9 to 36 years with 

a mean duration of 18.2 years. Retinopathy had been described in 1 patient 10 

years before the present evaluation and only within a few months in others. The 

longest duration of symptomatic retinopathy was 5 years, and in the majority of 

cases less than 3 years. Diabetic control was estimated on the basis of fre

quency of diabetic coma and hypoglycemia, attention to urine testing and medical 

supervision, and understanding of routine dietary management . Only one patient 

was considered to have good control. Diabetic coma was not a prominent feature 

in any of the patients, but frequent insulin reactions occurred in the majority 

of the patients. The blood pressure was slightly or moderately elevated in all 

the patients who had had diabetes more than 15 years. 

The laboratory studies show that 4 of the 21 patients had normal creati

nine clearances (N=90-120 ml/ min) whereas most of the remainder were moderately 

reduced. Slight to moderate elevation of serum creatine (N < 1.5 mg/ 100 ml) was 

found in 10 patients. The serum proteins were normal except in 5 patients with 

h e avy p r oteinuria. It was impossible to determine the duration of proteinuria 

or other renal abnormalities in most instances, but it had lasted for from 



Patient 

WH 

DW 

WM 

tRC 

MZ 

RK 

DN 

MS 

LF 

tME 

FW 

MC 

JV 

JW 

JC 

RW 

LJ 

PN 

WL 

RS 

Clinical Data 

Age Dura
and tion 
Sex of 

Dia
betes 
(yrs) 

23 " 18 
30 ~ 21 

42" 24 

29 " . 26 
31 9 21 

27 " 17 
39" 22 

33 " 27 
39" 24 

38 9 13 

45" 12 

45 9 36 

32 9 9 

23 !i! 14 

29" 14 

46" 14 

40" 19 

22 " 13 
35 Ci' 18 

33 " 21 

Dura
tion 
of 

retin.op
athy 

(yrs) 

2 

5 

10 

4 

1 

<1 
2 

10 

4 

3 

<1 
5 

1 

1 

1 

3 

3 

3 

1 

(1 

Dia- Blood Creat~ 
betic Pres- inine 

Contz:ol sure (mg/lOOml) 

p . 135/80 1. 5 

F 145/85* 2.0 

F 140/80 1.9 

F 160/110 2.6 

p 150/100 1.8 

G 

F 

F 

F 

F 

F 

F 

F 

F· 

F 

F 

F 

F 

F 

p 

105/75 0.9 

170/105 1. 5 

140/85 2.9 

110/70 1.2 

140/80 1.3 

150/90 1.3 

160/80* 1.4 

120/85 1.3 

120/85* 2.4 

160/95 1.9 

135/90 1.6 

140/90 1.9 

110/80 1.4 

190/110 2. 7 

140/90 1.4 

tBiopsied p pituitary irradiation 

*On antihypertensive drugs 

UP (mg7mi.n) 
:I:Ctp TP (mg ml) 

**~X 103 
cer 

Table 1. 

Creat. 
Clear

ance 
(ml/min) 

90 

38 

77 

38 

43 

95 

69 

45 

93 

50 

92 

57 

65 

26 

67 

48 

63 

70 

43 

63 

Choles
terol 

(mg/lOOml) 

222 

278 

190 

234 

188 

264 

270• 

278 

258 

268 

264 

249 

228 

192 

234 

242 

250 

206 

334 

310 

Laboratory Data 

Serum 
Protein 
(g/lOOml) 

7.6 

6.3 

6.6 

5.1 

5.8 

6.1 

7.1 

6.6 

6.2 

6.6 

6.0 

7.1 

6.5 

6.5 

5.8 

6.9 

6.9 

6.8 

5.7 

5.5 

Urine 
Protein 

(g/24. hr) 

1.9 

4.3 

0.6 

15.2 

2.9 

0 

1.1 

5.4 

0.5 

1.9 

1.3 

0 
·a 

1.1 

3.0 

0.9 

0 

0 

10.9 

10.8 

Urine 
Protein 

mg/min 

1.3 

5.8 

0.9 

8.1 

2.0 

0.8 

3.8 

0.4 

1.9 

0.9 

0.8 

2.1 

0.6 

. 7. 5 

7.5 

Renal 
Protein· 
Clear

ance 
ml/min:l: 

0.017 

0.100 

0.006 

0.220 

0.035 

0.011 

0.070 

. 0.006 

0.020 

0.015 

0.012 

0.037 

0.009 

0.130 

0.140 

.Glomer
ular 

Permea
bility 

Index** 

0.18 

2.5 

0.14 

12.2 

0.82 

0.17 

1.9 

0.07 

0.33 

0.16 

0.23 

0.66 

0.17 

3.2 

2.2 

1-' 
0 
1.0 
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2 to 4 years in 4 patients. Twenty-feu+ urinary protein excretions ranged from 

zero to 15.2 g per 24 hours. Heavy proteinuria was regularly associated with a 

reduced creatinine clearance. However, lesser degrees of proteinuria were seen 

in the presence of a normal creatinine clearance, and reduced creatinine clear

ance occurred in the absence of proteinuria. Renal protein clearances (CTP), 

N < .0013 ml/min, and glomerular permeability indices (P.I. = ~ x 103), 
· . cr 

N < 0.014, calculated as suggested by Shreiner (23), were abnormal in all pa-

tients with proteinuria but in general were lower than seen in patients with the 

nephrotic syndrome described by Schreiner. 

The anatomical pathology is summarized in Table 2. Abnormalities in the 

retinal veins and arterioles were the most common lesions observed. The severity 

of arteriolar changes tended to increase with the duration of diabetes. Hard, 

·waxy exudates and so-called "cotton-wool patches" were not evaluated separately 

but exudate was not a prominent lesion in any of the patients except RS who had 

extensive cotton wool exudates. New vessel formation, or neovascularization, 

was restricted to the retina in some cases and in others was associated with 

fibrosis. These two changes comprise the lesion of proliferative retinopathy. 

Microaneurysms and small pre-retinal or retinal hemorrhages occurred together 

frequently and were also often associated with neovascularization; They were 

seen less frequently in patients with marked fibrosis and extensive retinal 

hemorrhage, but then hemorrhage would tend to obscure these small lesions. 

Diffuse glomerular sclerosis was th~ most common change observed by light 

microscopy and was moderately advanced in all cases evaluated, except J.V. who 

had had the shortest duration of overt diabetes (9 years). Nodular sclerosis 

was only moderately advanced in 1 patient although some nodules were seen in 

12 others. Glomerular capillary microaneurysms were prominent in only 2 pa

tients while 12 others had lesser numbers of dilated capillary loops. These 

changes were not regularly associated with nodular lesions. There was little 

correlation between the frequency of retinal and glomerular microaneurysms. 

Glomerular basement membrane thickening was seen in all 10 ca::;es in which 

electron microscopy was performed. Since there was significant variability in 

the thickness of the basement membranes, multiple measurements were made in each 

patient, and the mean value is recorded in Table 2. The mean thickness of the 

basement membrane for all the patients was 0.58 ~· Mesangial deposits were 

present in all cases, but the largest deposit was seen in patient D.W·. with 

moderately advanced nodular scle~osis·. Small deposits were seen. in some pa

tients, in whom no nodular lesions were seen by light microscopy. This dis

crepancy is most likely due to the inability to select the same glomerulus for 

examination by both light and electron microscopy. The foot processes were pre

served in all the glomeruli examined by electron microscopy, and fusion of these 

processes was not seen even in the patients with heavy proteinuria. 



Table 2. 

Retinal Pathology Renal Pathology 

Glomerular Lesions Electron Microscopy 

Veins Arte- Micro- Neo- Herner- Exu- Fibre- Nodular Diffuse Micro- Me- Mean 
rioles aneu- vascu- rhage date sis Scler- Scler- aneu- sangial Basement 

Patient rysms lariza- osis osis rysms Deposits Membrane 
tion Thick-

ness 
{IJ.) 

WH +++ ++ + ++ +++ 0 ++ 0 ++ +++ + 0.50 
* DW ++ ++ + 0 + + 0 +++ +++ + ++++ 0.40 
* 

WM ++ ++ + + + 0 + ++ +++ +++ ++ 0.40 

RC +++ ++ + ++ +++ + --- ++ +++ + --- ---
MZ + ++ +++ 0 ++ + + ++ +++ ++ + 0'.48 
RK ++ 0 ++ +++ ++ + ++ 0 ++ + ++ 0.95 

* DN +++ +++ --- +++ +++ --- +++ + +++ + --- ---
* 

MS + ++ + ++ + + ++ + +++ 0 +++ 0. 76 

LF +++ ++ + + + 0 +++ --- --- --- + 0.64 

ME ++ + + ++ + + +++ ++ ++ ++ +++ ---
FW ++ ++ +++ + ++ ++ + + +++ + ++ 0.50 

MC ++ +++ + + 0 + +++ 0 +++ + ++ 0.66 

JV + b + ++ 0 + 0 0 + 0 ++ 0.50 

JW +++ +++ +++ +++ ++ + + + ++ + --- ---
* 

JC ++ ++ +++ + +++ + 0 0 +++ + --- ---
RW +++ ++ ++ ++ ++ + ++ ++ +++ 0 --- ---

* 
LJ ++ ++ ++ ++ 0 + + + ++ + --- ---
PN +++ + +++ +++ +++ + + 0 ++ ++ --- ---
WL +++ +++ +++ 0 +++ + 0 + +++ 0 --- ---
RS +++ ++ +++ + +++ +++ + ++ +++ 0 --- ---

*One eye obscured·by vitreous hemorrhage 
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DISCUSSION AND SUMMARY 

A comparative study of the renal and retinal lesions in patients with 

diabetic retinopathy was undertaken in order to determine the relationship be

tween vascular changes and clinical findings in 20 patients who had been select

ed to undergo heavy-particle pituitary irradiation for progressive diab.etic " 

retinopathy. In examining the retinal lesions by fundus photograpny and the 

renal lesions by light and electron microscopy, a clear-cut correlation was 

found between retinal, venous and arteriorlar changes and diffuse glomerular 

sclerosis, these lesions being present in all of the patients examined. Nodular 

sclerosis wa·s prominent in only 1 patient. Electron microscopy in 10 patients 

revealed basement membrane thickening and mesangial deposits in all patients; 

the most prominent deposits were seen in the patient with nodular glomerulo

sclerosis. ,The electron microscopic findings could not be correlated with reti

nal lesions or changes in renal function probably because of the limited number 

of glomeruli that can be examined by this technique. The lack of fusion of foot 

processes in the presence of proteinuria appears to be a somewhat distinctive 

feature of diabetic nephropathy when compared to other causes of the nephrotic 

syndrome (23). 

No correlation between the presence of retinal microaneurysms and glo

merular microaneurysms was found. Large amounts of retinal exudate were strik

ingly absent in this series of patients. The abnormal renal function tests cor

relate best with the presence of diffuse glomerulosclerosis, which is in agree

merit with other workers ( 7) . Heavy proteinuria \Jas associated wi.th a markedly 

reduced creatinine clearance; however, lesser degrees of proteinuria occurred 

with normal or only slightly reduced glomerular filtration rates; reduced creat

inine clearances were also seen in the absence of·proteinuria. 

These preliminary studies indicate that there may be certain patterns to 

the retinal and renal vascular damage in diabetics with progre9sive retinopathy. 

Further data will be required to satisfactorily distinguish these patterns, 

however. Such studies should add to our understanding of the nature of these 

lesions and be of assistance in selecting and following patients in our pitui

tary irradiation program. 
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On the Dosimetry of Negative Pions . -with a View Toward TheirTrialin Cancer Therapy 

Chaim Ric~man, Henry Aceto, Jr., Mudundi R. Raju, Bernard Schwartz 
and Mitchel Weis.sbluth ·. 

. \ 

Classical radio_therapy began with the use of low-voltage X ray~; it pro

gressed to X rays ·in the hundreds of kilovolts range until we today have· ·avail

able super-voltage machines that produce ·hfgh..:·energy X rays and 'Y rays. 'These 

quanta give greater depth:_dose a~d at the same time have a skin-sparing effect. 
60 137 . . 

In recent years Co and Cs un~ ts have become common tools in radiothe'rapy. 

In addition, a ·variety of m~~hines in the super-voltC:.ge region, such as linear 

accelerators and betatrons, produce not only'~ rays but high-energy electrons 

that cari also''be used ther"apeutically: With these radiations, One can: deliver 

gre!3-ter do_ses to tumors, or to the tumor bed, than was previously possible with 

conventional x' irr-adiation, arid it. i's expected that improved end results in the 

treatment of cancer will be 'achieved. 

For over twenty-five years J. H. Lawrence and c. A. Tobias, and their co

workers, have investigated the therapeutic applications of heavy particles, in

cluding neutrons, protons, alpha particles and various accelerated ions up to 

those as heavy as argon. These high-energy, heavy-particle beams have the ad

vantageous qualities of small multiple scattering, great penetration, and the 

production of dense ionization at the end of their track in 'tissue (Bragg_-peak 

effect) , which has been shown to have a relative .biological effect 2 to 3 times 

that of X rays or gamma rays. It has also been shown that the biological effect 

of these beams is less dependent on the oiygen envir.onment than in the case of 

electromagnetic radiations (1), an important factor in the treatment of neo

plasms, which are generalJ,y poorly vascularized and are, therefore, relatively 

anoxic. 

In 1938, neutron beams were first used in the treatment of advanced can

cer patients (2), but the results of these early attempts were not successful, 

probably owing to the scattering and lack of penetration of th~se heavy particles 

of rela~ively low energy. In 1948, Tobias, Anger and Lawrence (3) first used 

Bragg-peak irradiation to treat successfully mammary carcinoma in mice, demon

strating that it is possible to pass the heavy-particle beam through the animal's 

body and treat a tumor o·n the opposite side of the body at t.he location of the 

Bragg peak. Later, Larsson and co-workers. (4), .and Kjellberg and co-workers (5) 

also studied the use_of high-energy protons as biological and therapeutic tools. 

114 
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During the past 10 years Lawrence et al. have used both the plateau and Bragg 

peak portions of the heavy-particle beam for pituitary suppression in the treat

ment of metastatic breast carcinoma, diabetic retinopathy, acromegaly, Cushing's 

disease and malignant exophlhalmos; in addition, the Bragg peak has been used 

for treating brain tumors directly (6). Investigators have also demonstrated 

that localized lesions can be produced in the brain without scarring (7). 

It has been shown for many cells irradiated with X rays and gamma rays 

that the absence of oxygen may lead to a much lower response to radiation (the 

response being lowered by a factor of about 2.5). Consequently, aggressive ef

forts have been made to treat radio-resistant tumors by raising the oxygen ten

sion around the tumor and, hopefully, in the tumor during the irradiation. 

Churchill-Davidson and his co-workers (8) place the patient in an environment of 

two or three atmospheres of oxygen for this purpose. 

Pions are relatively new particles, discovered only about fifteen years 

ago. There are positive, negative, and neutral pions. In this work we are in

terested in the charged pions and most of all in the negatively charged pion, 

often called the ~--meson. The mass of the pion is in between that of the elec

·tron, a light particle, and the proton, generally called a heavy particle. In 

passing through matter, the charged pion behaves accordingly. It is scattered 

less than the electron and more than the proton; at the same time, it produces 

less ionization per centimeter of tissue than the heavy proton. For a given 

energy, pions have a definite range in tissue like a proton; however, the pions 

distinguish themselves by the fact that at the end of their range new phenomena 

take place which have no counterpart with either electrons or protons. We have 

begun, in this work, the experimental investigation of the dosimetry of pions 

to see if these unusual particles could be used to improve on the present methods 

of irradiating tumors. 

Pi-mesons have been suggested for use in radiotherapy because when nega

tive pions come to rest in tissue they are captured by the heavier elements, 

mainly carbon, oxygen and nitrogen, causing the nuclei to explode into short

range and heavily ionizing fragments that are capable of delivering a large 

localized radiation dose. This capture can be caused to take place in the tumor 

by selecting the energy of the pion of the required range, so that the pion will 

pass through the healthy tissue and stop in the tumor. This simple idea must be 

considered critically, and in great detail, in order to discover what the advan

tages of such a technique would be. 

Fowler and Perkins (9) were the first to make detailed calculations of 

the dosage that could be expected from negative pions in tumors as well as in 

the surrounding healthy tissue. They found that, depending on the amount of 

energy released in the capture process in ionizing particles, there is an 
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excellent possibility of improv ing on the ratio of dosage to the tumor versus 

that to the healthy tissue. Howeve r, the real interest of rr -mesons does not 

117 

lie here, but on a different point: the short-range fragments produced in the 

tumor have very high linear energy transfer (LET) , and it is likely that such 

particles could overcome the radioresistance present in a great many tumors be

cause of the lack of oxygen. The LET of X rays and gamma rays is of the order of 

1 keV/~, whereas these fragments have a range of LET around 50 keV/~. Such a 

difference in LET can have important effects on the oxygen sensitivity; in some 

systems the "oxygen effect" is less and the radioresistance decreases markedly 

for radiations of higher LET. 

THE BEHAVIOR OF CHARGED PIONS IN TISSUE 

Charged pions have a mass equal to 276 times the electron mass, so that 

they are much heavier than the electron and about 1/ 6 the mass of the proton. 

The pion, unlike the electron and proton, is unstable and will decay in free 

space into a mu-meson and a neutrino with a lifetime of ~2·10-8 sec. This life

time means that for any pion beam we produce, a certain fraction of the pions 

will be lost in this decay process. This fraction is usually small, but it 

leads to a contamination of mu-mesons in the beam. 

Positive and negative pions traverse tissue like any particle of unit 

electronic charge, and for a certain energy they stop after traveling a given 

range; e.g., a 50-MeV pion will travel through about 10 em of tissue. In our 

work we usually make beams of energy around 100 MeV having a range of around 

25 em of tissue. 

When the rr+-meson comes to rest in tissue, it does not interact with the 

nuclei in tissue because of the Coulomb repulsion between the positive charges. 

It goes through two decay processes: 
+ + 

rr - ~ + v 
+ + 
~ -e + v + v 

v and v are neutrinos and do not contribute to dosage. The ~+ is a short-range 

4-MeV mu-meson which contributes a small dose. The positron in the second equa

tion comes off in a three-body decay process. It has a ~-spectrum energy distri

bution with a peak around 30 Me~, and it extends to a maximum of around 54 MeV. 

Examples of this type of decay are shown in Fig. 1. 

The negative pion behaves differently from the positive pion. After it 

comes to rest, having a negative charge, it is captured by an atom in the tissue, 

and it cascades down the atomic levels of the atom in a time short compared to 

its lifetime. From the lowest atomic level, it is captured by the nucleus and 

causes the nucleus to explode into a-particles, protons and neutrons. A few 

examples of this capture and resulting explosion are shown in Fig. 2. These 

photographs we re made of pions in nuclear emulsions (10). 
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Two important points must be noted: First, there is a large energy re

lease here which has been estimated to be around 30 MeV per pion. Second, the 

fragments in the so called "star" are heavily ionizing and therefore of high LET. 

In these experiments we are trying to measure this average energy release for a 

beam of negative pions. We are also studying the energy distribution of the 

stars formed,to get some idea of their range of LET. Later in our work we will 

determine the effect of these stars on oxygenated and anoxic cells to see how 

well this radiation can overcome the effect of the absence of oxygen in cells. 

It is clear fr9m our pictures that we have here at our disposal a radiation that 

traverses healthy tissue with a low dose and low LET and gives to a tumor a high 

dose with a high LET. Such a radiation offers a most unusual possibility for 

therapy. 

THE OXYGEN EFFECT IN RADIOTHERAPY 

It has been known for more than 50 years that the blood supply has a 

great effect on the sensitivity of tissue to radiations. Clinically, it has 

been found that tumors with a good blood supply are more radiosensitive than 

similar tumors growing in scarred or otherwise ischaemic regions. This phenom

enon has been found to be due to the oxygen in the blood, and experiments have 

shown it to be present in a number of different kinds of cells including mouse 

and rat sarcomas in vitro and broad bean roots (Vicia faba) . This is a most im

portant effect, and it may be said that in all types of neoplasms there are 

likely to be cells deficient in oxygen due to various environmental conditions. 

Such cells would be so insensitive to radiation damage that they would survive 

the usual forms of radiotherapy and could very well cause the recurrence of the 

growth. At the present time, a great deal of effort is going into methods of 

raising the oxygen tension around the tumor (8) . Our approach to this same 

problem is to go to high-LET radiations. The star fragments produced by the 

capture of the ~--mesons are of high LET and there is now substantial evidence 

that the "oxygen effect" diminishes considerably for high-LET radiations (11). 

THE PRODUCTION OF 7T- AND 7T + MESONS 

The ~-mesons are secondary particles and in our experiments they were 

produced by the Berkeley 184-inch synchrocyclotron. This machine produces an 

intense beam of 732-MeV protons that in their outer orbit strike a 2-inch thick 

beryllium target. When these protons collide with beryllium nuclei, ~ 0 , ~+ 
and ~--mesons are produced. The experimental arrangement is shown in Fig. 3. 

The ~--mesons are bent out of the cyclotron by the cyclotron fringe field it

self and after leaving the cyclotron tank through a window, they go through a 

small quadrupole focusing magnet. The pions then go through the main cyclotron 

shielding, which, at this point, is about eight feet thick; this is accomplished 

by means of a channel inside of a large movable wheel in the shielding proper. 

At this point, the pions enter a large room called the meson cave. Here, var

ious arrangements of magnets are used to bend and focus the pion beam. We used 
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Figure 3. The production of a negative ·pion beam: For the production of a 
positive pion beam all the magnetic fields are reversed and the proton beam is 
rev~rsed. The positive pions are then taken off backward to the proton beam. 

an arrangement that was already in place: it consisted of a bending rnagnet 

called "Orion", and after this magnet, another quadrupole focusing magnet. The 

bending magnet removes particles of different Hp than the pions that are being 

used. The cyclotron produces pions having energies of hundreds of MeV. In the 

experiments, we used pions of 90 MeV, an energy much higher than would ever be 

needed for therapy. These have a range of about eight inches of tissue. Anum

ber of exposures were made with X-ray film inside a lucite phantom in two places 

in the cave. The first place was at the cyclotron shielding, and the second 

place was between the two magnets in the cave. It was found that the background 

radiations were high in both places, and that work there would be difficult. All 

the useful data were obtained behind a second concrete wall ~n the meson cave. 

We used a 3-inch diameter iron collirnater to take the beams through this second 

concrete wall. 



CHAIM RICHMAN, ET AL. 121 

The negative pions that come off in the direction of the proton beam are, 

of course, bent oppositely to the protons and out of the cyclotron. The posi

tive pions that come off backward to the proton beam are used to make the posi

tive pion beam. In general, their intensity is lower. When we change from a 

negative to a positive pion beam, all the magnetic fields are reversed, includ

ing that of the cyclotron. The magnetic lens system remains unchanged for pions 

of the same energy. The radius and azimuth of the target were adjusted slightly 

to maximize the beam intensity. The target settings were taken from the paper 

of Astbury et al. (12); we found their data reliable and helpful. 

The negative pions are produced in the reaction of the beam with the 

neutrons in the Beryllium nucleus: 

P + N P+P+7T 

The positive pions are produced in two ways: 

P + N N + N + 7T+ 

p + p p + N + 7T+ 

The charged pions have the same lifetime "'2 ·.10 - 8 sec so that a fraction 

decays in flight from the targeL to the phantom. Neutral pions are also pro

duced in our target; these have a very short lifetime, "'10-16 sec and decay into 

two ~-rays in the target. These ~-rays convert in the target and give rise to 

electrons and positrons which are mainly forward. 

PRELIMINARY EXPERIMENTS AND RESULTS 

Our first experiments were made using a lucite phantom with sheets of 

X-ray film layered in between the slabs that made up the phantom. Each slab of 

lucite was 12 by 12 in. and 1 in. thick. The phantom consisted of about ten of 

these slabs and was of conventional design. The exposures eventually took only 

a few minutes, and we changed over to the simple arrangement of piling up the 

lucite with the film in between the slabs and lead bricks on top. Astbury et 

al. (12) give a maximum yield of pions for a momentum of 180 MeV/C which cor

responds to an energy of around 90 MeV. This energy is too high for therapy, 

but there was no point in stopping the beam down before it entered the phantom. 

An ionization chamber 7 in. in diameter was placed in front of the phantom to 

maximize and monitor the beam. It was filled with a mixture of 96% Argon and 

4% co2 . The pressure was kept at about two psi over atmospheric. Three of 

these chambers were used at various times. The voltage was around 980 volts 

and the chambers were checked to make sure that all the ions were being collect

ed. This is not important with the phantom, but becomes important in our later 

work. Figure 4 shows a print of the negative pion beam taken with Type KK X-ray 

film. This is a very fast film and it was not a happy choice. The film shows 

that the beam goes about 8 in., as expected. There is no evidence of a Bragg 

peak or of the stars produced at the end of the range. It seems therefore that 

films of Type KK are poor indicators for heavy-particle dosimetry. We also see 
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Figure 4. Figure 5. 

on this film the electrons and muons that go beyond 8 in . of lucite. These 

show up again with the ionization chambers. 

It occurred to us at this point that we could get rr+-mesons of the same 

energy through the same magnetic system by reversing the polarities of all the 

magnets and reversing the proton beam in the cyclotron. This would show how 

the film responded to the positive pion that produces entirely different phenom

ena at the end of its range. The geometry is the same: The meson wheel angle 

was 17.5° for both beams. The radius for the target was 8 2 in. and the azimuth 

of the target was around 250 degrees for both beams. Figure 5 shows a print of 

the rr + beam taken with the same film. Again, we see that there is no evidence 

of the Bragg peak; however, there is a sharp increase in response at the end of 

the range extending through about 3/4 in. of lucite. We believe that this is 
+ due to the positrons that come from the decay of the rr -meson. The positive 

pion decays into a short-range mu and a neutrino. In turn, the mu decays into 

a positron and two neutrinos. There is a good deal of energy in the spectrum of 

these positrons. These results show that with a particle like the pion, which 

produces both heavy and lightly ionizing tracks, film is a poor indicator of 

dosage. 
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Figure 6 . 

We studied the pion beams with the Argon-co 2-filled ionization chambers 

in the classical fashion of using one chamber as a monitor followed by different 

thicknesses of luci te absorber and then using the secon·d ionization chamber as 

a detector. In.this way one would observe the usual Bragg curves for particles 

that had ~o events at the end of their ranges. With pions the capture phenomena 

at the end of the· ranges changes the usual Bragg curves. Figures 6 and 7 show 

the results of these experiments where the pion beams.in the first chamber have 

both been normalized to unity. Figure 8 is a comparison of the data with the 

backgrounds subtracted. This subtraction is highly tentative. The electron 

background is appreciable and we plan to measure it. 

There is a very clear Bragg curve here both. for the 1r and the 7T+beam. 

The question arises, however, why the peak with the 7T--meson beam isn't much lar

ger,as was expected. It could be explained in several ways. For example, it is 

well known that as the energy spread of the beam gets larger the peak does go down 

rapidly with respect to the plateau region. The effect of the electron and muon 

backgrounds also needs careful study. The dose to be expected .from pions of dif

ferent momentum spreads is being calculated on an IBM 1401, and these calculations 

together with experiments with different types of detectors will clarify the size 

and nature of the peak produced by the events at the end of the range of pions. 

DISCUSSION OF RESULTS AND FUTURE EXPERIMENTS 

The·se preliminary experiments havo;, shown that the presently· available 

pion beams, both positive and negative, can be used for dosimetric evaluations; 

and·indeed there is much that can be learned about the dosimetry of these 
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particles. We feel that the rr+-beam should not be neglected in medical prob

lems. The high-ent:!rgy posi.tron, resulting from the rr+ particle when it comes 

to rest., could be used to tell where the rr--beam would stop and therapy would be 

accomplished. 

It has been observed by many workers that the Bragg effect. with protons . 
loses much of its advantageous character when many peaks are used to cover a 

large tumor because the dosage in the healthy tissue is also raised: The cal

culations of Fowler and Perkins {9) show that this situation ·should be improved 

with pions. We are encouraged to continue the study of these _phenomena to see 

if significant improvements can be made in therapeutic problems. Sometime in 

the future, when the pion beams have been studied and their dosimetric proper

ties are knoWn, it will be possible to undertake the radiobiology of pions, 

using different kinds of cells, under oxygenated and anoxic conditions. We are 

now preparing the instrumentation to count the pions with scintillators, and in 

this way not just the ionization but also the number of particles producing the 

dosage will be known. 

Ther.e has been a gradual appreciation of the importa.nce of the oxygen ef

fect for radiotherapy in recent years. When applied to human cancer the oxygen 

effect can prevent the destruction of cells, any one of which could regrow the 

tumor under suitable circumstances. ·workers in Britain (13) have gone back to a 

reevaluation of neutrons since the rec.oil protons have much higher LET than X 

rays. They have shown that for their runge of LET (~20 keV/~) there is an appre

ciable improvement for oxygen-poor tumors. Needless to say, a great deal of work 

needs to be done to elucidate these questions for neutrons as well as for pions. 
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The Relative Efficiency of High-LET. R_g.diations_ 
(Bragg-Peak Lithium Ions) pn NofJFaf Rabbit Skin, 
Using Integral Dose as a Basis f~ompari~on 

Giulio J. D'Angio, John H. lawrence, Alexander Gottschalk and John T. lyman 

The greater relative bio"logical effectiveness (RBE) of accelerated par

ticles was first demonstrated by the brothers Lawrence (1,2) in experiments 

using neutrons generated by the Berkeley 37-in. cyclotron in 1935. Since then, 

numerous investigations using heavy, charged particles as well as neutrons have 

explored the special properties of particulate radiations. These studies were 

reviewed and summarized recently (3). It has been found in a variety of exper.i

mental systems, varying in complexity from the inanimate to the living mammal, 

that radiations of higher linear energy transfer (LET) have greater RBE's than 

such emanations of lower LET as orthovoltage roentgen rays (4,5,6). Associated 

with the relative oxygen independence of high-LET radiation, these observations 

have potential significance for man in many fields including space biology and 

heavy-particle therapy (3,7,8). 

This article reports on the biologic effectiveness of a very heavy, 

charged particle with a relatively high LET on a specific tissue: the skin of 

the normal.. rabbit ear. 

METHOD \ 
The ionization curve of a beam of heavy charged particles can be divided 

into two chief portions as first described by W. H. Bragg (9): a relatively 

long initial "plateau" and a short terminal hump, the Bragg peak (Fig. 1). The J 
rate of energy loss or linear energy transfer (LET) (10) is different for these 

two components of the beam, being higher at the Bragg peak. The present experi

ment was designed to exploit the finite ranges and LET's of two heavy particle's 

at their Bragg peaks. 

Five groups of rabbits, 7-1/2 weeks old, were used. Each group consisted 

of ten animals, the average weights of the animals in the groups ranging between 

3 lb. 8 oz. and 3 lb. 12 oz. Radiation was given at the HILAC, Lawrence Radia

tion Laboratory, Berkeley, California (11), utilizing beams of Lithium (Li 7 ) and 
. 2 

deuteron (H ) ions. The beams were monitored using a parallel plate ionization 

chamber, described by Brustad, et al. (12). Degrading foils were placed after 

the ionization chamber to adjust the range of the particles ·so that they would 
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Figure 1. Sample Bragg curve . 
Ionization produced in tissue by 
140-MeV protons. The peak to 
plateau ratio is about 4 to 1. 

MU-29072 
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stop within the skin and short of the cartilage of the ear. Histologic studies 

showed that in animals of this size, the inner skin surface averages 300~ in 

thickness. The experiment was planned so that equal volume doses at the Bragg 

peak would be delivered within the epidermis and dermis with each of the two 

ions. The inner surface of the rabbit ears was placed against the degrading 

foils eliminating air interfaces. The portion of the ear toward the tip, at 

the level of the arterial· arcade, was irradiated. In some animals a longitu

dinal folding of the ear _could not be prevented with the method used, as the ear 

folds readily because of gaps normally present in the car-tilagenous lamina. 

This resulted in a discontinuous circular area being exposed. 

The energy of the Li7 and H2 ion beams incident on the ears was 35 MeV 

and 6. 3 MeV respectively. Table 1 gives the range and the LET. of these parti

cles at entry and within the skin of the ear .. The. average LET values were ob

tained by dividing the incident particle energy by the range. 

Each animal had the inner surface of one ear exposed to radiation by 

6.3-MeV Bragg-peak deuterons and of the other ear to. 35-MeV Bragg-peak lithium 

ions. Within each group, half of the rabbits had the right ear treated with 

deuterons and the left with lithium; the sides were reversed in the other half. 

The volume-dose in the skin was doubled from one group to the next so that group 

V rabbits received 16 times the dose of group I. The amount of radiation re

ceived by group I is shown in Table 2. Volume doses for the two ions were not 

precisely equal, as planned, because of a technical error during irradiation. 

The integral dose was slightly higher for the deuteron-irradiated groups. Since 

the deposition of energy is not uniform throughout the range of the.particles, 

the amount of radiation has been expressed in. several different units. The 

estimated ratio of maximum dose to surface dose for the Li7 and H2 ion beams is 

3.0 and 1.6 respectively. 



GIULIO J. D'ANGIO, ET AL. 

Table l. Physical characteristics of treatment beams 

Ion 

r~i 7 H2 

Residual energy 
at entry (MeV) 35 6.3 

Residual range 
at entry (microns) 287 352 

LET (KeV/~) 
at entry 64.8 11.2 

within skin 122.0 17.9 

"Entry" denotes the superficial skin surface. 
The thin skin of the rabbit ear has been assumed to 
be of water density for calculation purposes. To 
obtain the 2ange and LET i~ the density-independent 
units mg/cm and MeV/g-cm- respectively, the values 
for the ranges given above must be divided by 10, 
and those for the LET must be multiplied by the same 
factor. 
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The rabbi.ts were randomized in their numbering sequence and their cage 

assignments throughout the experiment. One observer made all examinations in 

the first two months after irradiation; ,the later reactions were studied by a 

second observer. None of the codes were available. to either examiner at the 

time the examinations were made. These procedures were adopted to exclude bias 

and laterality as factors in assessing radiation responses. All the rabbits 

were examined three times a week during the first four weeks after treatment, 

twice a week for the next two weeks, and at progressively longer intervals 

thereafter, but never less than.once a month. Some of the animals died during 

the period of the experiment, but at least seven animals survived in each group. 

ACUTE REACTIONS. Responses were graded subjectively on a 1 to 4 plus 

scale, the observer taking into account the usual criteria of radiation reactions 

such as.erythema, edema, desquamation, keratosis, tanning, thinning, etc. In 

the days shortly after treatment, estimates were based on an overall impression 

of the acute reaction. Later, certain specific changes appeared and were as

signed score equivalents as follows: desquamation, pigmentation or atrophy 

were given a value of 2+; keratosis, 3+. Each score was then assigned a weighted 

value, taking into account the following considerations. Confusion in scoring 

~ould arise at either end of the severity scale because animals without true 

reactions might occasionally be assigned scores of "1+". On the other hand, 

"3+" versus "4+" designations were hard to assign accurately because discrimi

nation between severe and maximum responses is difficult. Two plus responses 

were unequivocal by definition so that this score was more valid than the bor

derline l+ category. Similarly, the difference between "2+" and "3+" was made 
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Table 2. Doses received by group I animals 

Ion Incident energy 
flux (MeV/cm2) 

Li 7 1.90 X 109 

H2 2.17 X 109 

Reaction 

Minimal 

Mild, but definite 

Severe but not maximum 

Maximum 

Scarring 

Necrosis 

Average Integral 
dose (rads) dose (g-rads) 

1,060 86.5 

988 98.8 

Table 3. 

Score .weighted value 

1+ 

2+ 

3+ 

4+ 

1 

3 

6 

8 

9 

10 

real by definition. The criteria for scoring and ass.igning weighted values are 

summarized in Table 3. The total weighted value assigned a rabbit was based on 

the highest figure resulting from any one of the reaction categories observed. 

For example, an animal showing a one plus response, pigmentation, atrophy and 

keratosis was given a weighted value of 6 because of the keratosis. Scarring 

and necrosis were considered separately and were classified as dominant reac

tions superseding all others in importance. Scarring was given a value of 9; 

necrosis, 10. If both were present, only the necrosis value was counted. Thus, 

if the hypothetical animal described above showed in addition both necrosis and 

scarring, the.total weighted figure was 10. This system of scoring was contin

ued until peak reactions had been achieved in all groups. As acute responses 

waned and healing appeared, the method became inappropriate because· the criteria 

for scoring were based on responses seen shortly after treatment. Accordingly, 

a new system was adopted ·for chronic reactions 6-1/2 weeks after irradiation. 

CHRONIC 'REACTIONS. Various degrees of pigmentation, atrophy and'telan

giectasia were scored on a 1+ to 6+ basis with equivalent weighted values. 

Scarring and necrosis were considered to be accentuations of these responses, 

but in the case of the chronic reaction they were not the dominant factor. The 

values assigned to these reactions (2 for scarring and 5 for necrosis)' were 

therefore added to the score. For example, a 3+ response ~ith scarring was 

assigned a ·total weighted value of 5. The weighted values for all animals 

were tabulated, averages -for each group calculated, and the v·alue--hereafter 

the "Skin Reaction Index"--charted. 
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Table 4. Acute skin reaction index 

Group Ion Early Days Maximum Days 
reaC'tion after reaction after 

index therapy index therapy 

I H2 0.0 2 0.7 31 

Li7 0.3 2 1.0 31 

II H2 0.0 2 0.3 23 

Li7 0.1 2 6.6 34 

III H2 0.1 2 5.0 31 

Li 7 0.8 2 7.3 34 

IV H2 0.4 2 8.7 34 

Li7 2.4 2 8.6 23 

v H2 2.9 2 9.3 25 

Li7 4.3 2 8.7 20 

Average skin reaction indices for each ion are shown for 
the period shortly after treatment and at the time maximum ef-
fects were attained. 

RESULTS 
The results are shown in Table 4 and Figs. 2 and 3. Four patterns of 

acute response correlated with the dose delivered are apparent: 

l) The highest dose (group V) caused a prompt response that increased 

steadily, reaching a maximum for both deuterons and lithium ions by 

the third to fourth week after treatment, the deuteron group con

stantly lagging slightly behind. 

2) Group III and IV, lithium-irradiated animals reacted promptly; the 

response waned and then recurred rapidly after the second week to 

reach maxima by the third week or later. 
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3) Other animals showed no reaction initially but then responded during 

the second week, at a time when group V rabbits had passed the peak 

of reactivity and were in a subsiding phase. 

4) The lowest dose of both high- and low-LET radiations produced minimal 

reactions if any at all. These appeared three to four weeks after 

treatment. 

The reactions faded progressively up to the sixth week and thereafter 

changed little up to the sixth month when the experiment ended. The Skin 
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Figure 2. Group IV rabbit, three weeks after treatment. Right ear, lithium 
ions, left ear, deuterons. Comparable volume doses were given th7ough circular 
ports. Note the pronounced reaction after high-LET radiation (Li ) while low
LET (H 2) led to only a faint response. The unirradiated central strip on the 
right results from a longitudinal folding of the ear during treatment. (On the 
day this photograph was taken, the right ear was scored 1+, and the left, 3+. 
The assigned weighted values were based on these scores and the ancillary 
changes also present; e.g., early pigmentation on the left.) 

JHL-3697 

Reaction Indices shortly after subsidence of the acute reaction and at the end 

of six months are shown in Table 5. The responses remained stable except for 

healing in Group IV and possibly in Groups III, Li 7 rabbits. 

Gross examination during the acute and chronic stages revealed neither 

qualitative differences in the effects produced by the beams nor evidence for 

a dissimilar distribution of damage in the various layers of the ear. These ob

servations were substantiated by histologic study of sample ears. 

CONCLUSIONS 
ACUTE REACTIONS. The results demonstrated that: 

1. At equal times after therapy, responses uniformly were more severe 

in Li 7 -irradiated animals for each group. For example, there was a 

distinct "early" (Group IV) and "maximum" (Group II) response of Li 7 

treated rabbits, whereas deuteron-irradiated counterparts responded 

little if at all. (Student's "t", p (.01 and p (.001 respectively). 

2. The overall patterns of response before maximum reactions developed 

were consistent and indicate that the average reactions in Li7-treated 

ears were: a) equal to or slightly greater than those observed in ears 
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Figure 3. Rabbit ear skin reac~ions after high- and low-LET 
radiation. Skin-reaction index for all groups plotted against 
time. Two lines are shown

7
for each dose level. The heavier 

indicates the high LET {Li ) animals. The volume dose was 
doubled for ea9h successive group. In reacting groups, the 
response to Li irradiation consistently appears earlier. 
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receiving a little more than twice the integral dose of H2 , and 
2 . 

b) not so pronounced as H -treated ears receiving about four times 

the integral dose. 

133 

3. Dose-response curves for the maximum Acute Skin Reaction Indices ob

obtained with both beams are distinctly different in the low-dose 

regions. The curve for deuterons is clearly sigmoid whereas that for 

Li 7 ions has a low-threshold or no-threshold configuration {Fig. 4). 

CHRONIC REACTIONS. Pronounced, but not disproportionately severe, late 

post-radiation changes became apparent in some of the animals receiving high 

doses of either H2 or Li 7 ions. There was no suggestion in any animal at any 

time of a progressive or abrupt deterioration of the chronic response towards 

complete necrosis or catastrophic damage. 
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Table 5. 

Chronic skin reaction index 

Group Ion Two months after therapy Six months after therapy 

I H2 0.0 0.0 

Li7 
0.7 0.7 

II H2 0.0 0.3 

Li7 1.4 1.0 

III H2 1.0 1.2 

Li7 3.1 2.0 

IV H2 2.5 1.8 

Li7 4.'0 1.9 

v H2 3.5 3.7 

Li7 4.1 4.7 

Chronic skin reactions, averages for each ion, determined 
differently from the acute responses shown in Table 4. The rela
tive severity of r.:esponse in lithium- and deut,eron-irradiated 
ears remains unchanged when early and.late chronic reactions are 
compared. 

DISCUSSION 
Falkmer and his co-workers have studied the reaction in rabbit ears, 

produced by high-energy protons at the Bragg peak (13). No increase in RBE 

was obtained by them: The experiments reported here differ in design from that 

of Falkmer et al. in several respects. In our study: 

A. All rabbits were of a single sex and age. 

B. It is known that the entire width of the Bragg peak of both beams 

was conta~ned within the substance of the ear. 

C. Only the skin of the inner surface of the ear was exposed, the under

lying cartilage and opposite skin surface being e'xcluded from the 

·beams.' 

D. 'comparable· integral doses of radiation with high- and low-LET parti

cles were given to the entire thickness. of the skin. Falkmer and his 

colleagues used 185-MeV protons degraded to about 40 MeV at entry into 

the ear. The dose was specified at this plane. The dose of X rays 

was "determined by means of an ionization chamber . . ; in the same 

p;,sition as the .. ears; i.e.·, fixed to a wooden support, 1.5 em thick". 

E. In our work, the LET of the 'Li 7 ions was 122 KeV/~, or within the 

range where. high RBE's relative to X rays have been observed (7,14). 
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Figure 4. Dose-response curves for H2 and Li 7 ions. A skin reaction 
index of 10 represents a maximum response in all animals. Differences 
in reactions at dose levels II (p (.001) and III (p (.02) lead to 
curves· of different configuration in their low-dose portions, with con
sequent rapid changes in relative effectiveness. 
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Reactions to Li 7 irradiation were compared with those produced by 

-Bragg-peak deuterons, the LET of which (18 KeV/~) is low relative to 

that of Li7 . 

The RBE for 600 rads of deuterons with LET 17 KeV/~ compared to 200-Kv 

X rays (average LET approximately 2.5 KeV/~) is about 1.3 according to tissue 

culture data published by Barendsen et al. (15). This RBE is in keeping with 

an experiment conducted in this laboratory, in which the efficiency of Bragg

peak alpha particles relative to high-energy alphas (integral dose comparison) 

in an in vivo mammalian system has been found to be about 1 (16). Since the 

average LET of Bragg-peak alphas is greater than that of Bragg-peak deuterons or 

protons, the efficiency obtained by us for Li 7 relative to H2 is probably not 

very different from that to be expected relative to X rays. Similar considera

tions may possibly help to explain the RBE of about 1 for Bragg-peak protons 

found by Falkmer and co-workers. For Bragg~peak deuterons and lithium ions with 

energies of 10 MeV per nucleon, marked differences in the isodose distributions 

have been found in the final few fractions of a millimeter of their ranges. If 

the dose at the peak is made equal for each, a considerably greater amount of 
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energy will be deposited within any given volume irradiated with the deuteron 

beam than with the lithium beam. This would be acceptable under certain ·cir

cumstances, for example, if it was known that the reaction was governed by a 

band of sensitive cells, that these cells would be encompassed exactly by the 

width of the Bragg peak for each particulate beam and that the. response of cells 

outside such a hypothetical band was unimportant. 

In our experiment, an entire tissue--the skin--and only this tissue, was 

included within the beam. The skin thickness is considerably wider than the 

Bragg peaks here employed, and no narrow zone such as that mentioned above hypo

thetically is known to exist. It therefore seemed more meaningful to equate the 

volume doses of each particle and compare the relative effects produced. Under 

these conditions, it is perhaps imprecise to speak of "relative biological ef

fectiveness" in the usual sense. This term ordinarily denotes a comparison made 

on the basis of the dose at some plane of reference for each experimental beam. 

In our studies one might therefore more pL·operly speak of the integral-dose

effectiveness ratio. Strict adherence to definitions will avoid confusion which 

might otherwise result should beams capable of delivering high-LET radiations 

relatively homogenously through tissues.become available. 

On the other hand, it sho.uld be noted that such irradiation given to· ob

tain an "RBE", which term could properly be used under such conditions) would 

at the same time yield equal, or nearly equal volume doses. Thus, while it is 

important to distinguish between RBE as usually derived and the comparison made 

in this experiment, it is quite possible the two methods will result in the 

same numerical figure in practice. 

The dose response curves (Fig. 4) are of some interest although, because 

of the nature of the test system, subjective and semiquantitative as it is, anal

ysis cannot be extended far. The shapes of the curves obtained for a specific 

tissue in the living mammal tend to be the same as those found in tissue culture 

experiments. Barendsen (17) and Barendsen et al. (15) found a.distinct thresh

old in the dose-response curve,using 3.5-MeV deuterons of LET f7 KeV/IJ.. and 

none with alpha particles of 86 and 140 KeV/IJ.. 

The well~known rapid change in relative efficiency as dosage is increased 

is seen in F~g. 4. In this case, the variation is from about 5 to 1 as dosage 

is doubled. It is to be recalled that these curves are representations of the 

maximum reactions obtained with both beams wi tho.ut regard to the time when they 

developed. The relative effectiveness of between 2 and 4, quoted elsewhere in. 

this article, relates to the more sustained general patterns of response with 

time and before maximal reactions were attained. The importance of the time 

factor in assessing relative radiation responses is .emphasized by these results. 
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The rabbits of our study were followed six months or about 1/ 8 of their 

estimated normal life span in a natural environment. No major shift became ap

parent in the relative efficiency for any of the dose levels for the two quali

ties employed. That is, our animals irradjated with single doses of high-LET 

very heavy particles showed no tendency to develop disproportionately severe 

late reactions as compared to rabbits irradiated with a low-LET beam on the 

same treatment schedule. 

SUMMARY 
Reactions in the skin of rabbit ears irradiated with single doses of 

Bragg-peak lithium ions of high linear energy transfer (LET) were contrasted to 

those produced by Bragg-peak deuterons with a comparatively low LET. Comparable 

volume doses were given with each. The dose-response curves for the two beams 

differed in configuration in the low dose regions. An RBE of between 2 and 4 

was obtained for both acute and chronic reactions. Furthermore, dose-response 

curves indicated a sigmoid type curve for the low-LET radiations and a non

sigmoid curve for those with high LET's. These results on the skin of the living 

animal have reference to the greater RBE of high-LET radiations in the living 

animal and make, along with the relative absence of the effect of oxygen in such 

high LET radiations, these findings of interest with reference to the use of 
• heavy particles in therapy of neoplastic and other diseases. 

APPENDIX 

An objective, quantitative method for studying low-dose effects in skin 

is needed. Abortive attempts to devise such a method proceeded along two lines. 

Both systems were designed to exploit the hyperemia and edema of radiation in

jury. The first, an outgrowth of suggestions made by Van Dyke, et al. (18), was 

as follows: 

Fluorescein USP (Uranine) dissolved in saline (100 mg/ cc) was injected 

intramuscularly in the dose of approximately 50 mg/ kg. Fluorescence of super

ficial tissues under ultra-violet light was found to reach a maximum about 15 to 

20 min after the time of injection. The irradiated zones fluoresced more bril

liantly than the remainder of the ear. Reactions that were considered equivocal 

at best when inspected in the ordinary way were found to be easily identifiable 

when the fluorescein technique was used (Fig. 5). The fluorescent ears were 

then photographed and the negatives scanned densitometrically to detect differ

ences in fluorescence between the ears, quantitate them, and correlate them with 

dose-response differentials. Instrumental and technical difficulties that could 

not be resolved in the time available were encountered. Nonetheless, initial 

results were such that we believe the method has promise for: 1) the detection 

of reactions earlier or at a lower level, or both, than is possible by other 

means and 2 ) the quantitation of acute radiation reacti ons. 
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Figure 5. The reaction on the left, 
barely appreciable on routine exami
nation becomes definite under ultra
violet light illumination after the 
injection of "fluorescein". 

JHL-3695 

The second method was an adaptation of the isotope technique described by 

Anger and Gottschalk (19). Ga 68 -EDTA (an extracellular space, positron tag) (20) 

was injected into test animals, and sclntiphotos of the ears were made with the 

positron scintillation camera. Although increased isotope uptake in the irradia

ted portal could be seen in some instances, the results were not consistent. 

Perhaps a microscintillation probe would provide the sensitivity necessary to 

detect differences within the portal as compared to surrounding tissues. 
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Bone-Growth Disturbance as an 
~"~"'""' -
Preliminary Observations 

Index for R.B.E. Investigations -
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Giulio J. D' Angio, Alexander Gottschalk and John T. lyman 

Since the early work on accelerator-produced heavy-particle tissue ioniza

tion demonstrated the greater biological effect per unit dose of neutrons 

( 1-5) there has been increasing interest not only 'in 'the mechanisms of action of 

ionizing radiation as related to LET, but also to the potential use of high-LET 

radiation.in therapy of neoplastic and other diseases. The great penetration, 

the Bragg effect, and the relative independence of ·the high-LET radiations to 

tissue oxygen concentration have led to their use in therapy, which has been 

summarized recently (6i. investigators of the relative biological eff~ctiveness 

(RBE) of radiations of higher LET have used many test systems. These have ranged 

from the irradiation ·of the whole bodies of mice to neoplasms in mice, in vitro . 

or in vivo, to enzymes (7) and single-cell systems of varying complexity (yeasts 

(8,9), bacteria (10), and mammalian cell-tissue cultures (11,12)). Much valuable 

data regarding basic radiobiological mechanisms have been derived from studies of 

this kind that lend themselves to objective, quantitative analysis. Such analy

sis is difficult to achieve when the living mammal is used for these experiments. 

In some investigations, several tissues with disparate radiation sensitivities 

have been irradiated simultaneously, complicating the interpretation of results 

(13): in others, the criteria for radiation damage have been semiquantitative, 

subjective evaluations (14); in still others, the structures chosen for study 

(e.g., the lens (15)) have had special physiological attributes that do not in 

general pertain to other organs and tissues within the body. Growing bone, on 

the other hand, provides a relatively simple in vivo system involving predomi

nantly a single tissue that (a) yields prompt results after irradiation yet can 

be followed for long-term effects, (b) can be studied while local environmental 

conditions such as oxygen tension and temperature are varied (16), and (c) lends 

itself to objective, quantitative evaluation. 

It was recognized early in clinical radiotherapy that normal long-bone 

growth is easily disturbed by radiation injury. Perthes, as long ago as 1903, 

exploited this effect experimentally (17), and many clinical and laboratory 

studies have been made since then, regarding the effect of roentgen and gamma 

radiations on bone growth. These have been reviewed recently by Parker (18). 

With few exceptions (19,20), investigations of this kind have been concerned 
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· .-~~:· '·>with bone shortening as an index because more or less uniform irradiation of the 

/.ends of long bones was easy to achieve with the radiations under study. Gall 

--and colleagues (21) more than 20 years ago used this effect in their studies of 

the comparative effectiveness of ortho- and super-voltage roentgen rays. How-
' ever, machines are not as yet available with sufficient energy to deliver homo-

geneous doses of particulate irradiations of high LET across any but the small

est epiphyses, although it is easy to do so with very energetic particles of 

low LET, for example, 910-MeV alpha particles. Hence, simple bone shortening 

does not lend itself readily as the criterion for investigations of these ef

fects. It is suggested another manifestation of bone growth disturbance, viz., 

angulation deformity, might be adapted for this purpose. 

Irradiation of one edge of the juvenile spine has long been known to pro

duce uneven development of the vertebral bodies (22), and Arkin et al. (23) and 

Engel (24,25) suggested this as a method for correcting scoliosis. Angular de

formities of long bones have followed ~he inhomogeneous roentgen and radium ir

radiation of children with lesions close to joints (26). Experimental irradia

tion of the margin of the distal radius of young mongrel dogs produced a per

manent metaphyseal deformity resulting, in a tilt of the radial epiphysi ( 19) . 

Genu varum deformity was produced in the course of a recent investigation, in 

which young rabbit knees were irradiated from the medial side with an electron 

beam (20). Since bone-growth effects are known to be dose-dependent (20,27,28), 

mensuration of the bowing resulting after asymmetric irradiation provides a 

method for detecting any difference in radiation effectiveness following compara

ble doses of high- and low-LET radiations. This was done in the experiment here 

described, using low-velocity alpha particles (at the Bragg peak) for the former 

and 250-kV roentgen rays for the latter. 

METHOD 

Twenty male albino rabbi·ts approximately 4 weeks of age were employed. 

They.were randomly divided into two groups of ten animals each: the first group 

to receive alph.a-particle treatment, the second, X radiation. The average weight 

of animals in both 9roups was 1 lb. 9 oz. Group-I rabbits were anesthetized with 

veterinary sodium pentobarbital ("Nembutal"), given intravenously. They were 

then placed in a specially designed plastic immobilizing device, and alignment 

and positioning were adjusted using fluoroscopic and radiographic control. The 

field was 2.6 em square and encompassed the entire knee, including the distal 

femoral and proximal tibial epiphyses. Figure 1 is a schematic representation 

of the experimental setup. Since the soft tissues of the region are rounded and 

taper sharply, an adjustable cylindrical water column, consisting of a collapsi

ble plastic container connected to a water reservoir, was interposed between the 

end of the collimator and the skin· surface. This insured a uniform and constant 

path length in water or water-equivalent materials to the reference point at 

depth in all animals. The beam axis was perpendicular to the limb axis and 
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Figure 1. Schematic representation of experimental set-up, demonstrating inter
position of water-containing jacket between the face of the secondary collimator 
and rabbit leg. 

MU-31813 

entered at the medial side of the knee. A specially.constructed aperture of 

copper and epoxy resin placed the final beam-defining collimator close to the 

tissue to be irradiated, minimizing "mushrooming" of the isodose distribution 

at the Bragg peak. Both this piece of apparatus and the water bag described 

above were made so as to exclude air gaps at all interfaces. The path length 

was adjusted so that a point 3 mm deep to the most medial portion of the ossified 

growth center lay at the 98% of peak-dose point on the decreasing slope of the 

Bragg peak. Each animal was given a single dose of 1,600 rads (as expressed at 

the peak) using 910-MeV alpha particles from the 184-in. cyclotron at the 

Lawrence Radiation Laboratory. 

The density of the bone irradiated was determined by weighing the distal 

medial femur, including the condylar portion of the ossification center, the 

epiphyseal plate and the metaphysis of a 4-week old rabbit, measuring the volume 

of. water displaced by the specimen, and making the appropriate calculation. The 

value obtained-1.22 g/cc i~ intermediate_ between densities determined by Haas and 

Sandberg (29) and Spiers (30) (or adult bone (1.65 g/cc and 1.85 g/cc 
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respectively) and that given by Jacobson and Knauer for cancellous bone (1.15 

g/cc) (31). For the penetration of alpha particles near the Bragg peak, we have 

here considered bone to be equivalent to soft tissue since the range in muscle 

and in bone for particles of this energy differs by less than 3% (32). 

The release of energy at the Bragg peak of the 910-MeV alpha-particle 

beam after it had passed through the special aperture and absorber is shown in 

Fig. 2. The increase in ionization at the Bragg peak is relative to the ioniza

tion at the plateau, as determined by the integrated charge collected by a par

allel plate ionization chamber located in the alpha-particle beam upstream from 

the aperture. The ·ionization chamber was continually flushed with dry nitrogen 

gas. 

The calculated energy of the beam entering the water bag was 188 MeV. 

A range spread on the order of ±3 mm at the Bragg peak is the result of energy 

straggling due to the statisticai nature of rate of energy loss. The rate of 

energy loss or linear energy transfer in this region varies from about 100 to 
-2 2,500 MeV/g-cm in wet muscle tissue (32). 

Three days after irradiation of group I,. each of the group-II rabbits was 

anesthetized with intravenous veterinary sodium pentobarbital ("Diabutal"), 

placed in a specially constructed plastic immobilization device and X-ray films 

in the postero-anterior projection vtere made of the right knee. AU-shaped 

moveable lead limiting diaphragm, 1.4 mm thick, along one edge of which a 2.6-cm-
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wide channel had been cut, was adjusted so that included in the beam was an 

amount of soft tissue comparable to that of group I animals, 2.6-cm in length and 

excluding all but 3 mm of the ossified portions of the femoral and tibial epi

physes as before. The immobilization device and animal were then transferred as 

a unit to the treatment table where the rabbits were to be X irradiated. The 

positioning of a few unselected animals was checked by roentgenograms exposed 

with the therapy beam. These check films showed n·o appreciabie change in posi

tioning as a result of the transfer. A Philips Tu-1 (constant.potential) X-ray 

machine was used. The factors were: 250 kV, 1 mm Al added filter (h.v.l.-

approximately 0.7 mm Cu), 15 rnA, 35-cm target-to-skin distance, exposure dose 

rate 280 r/min. The beam was defined by a treatment cone that gave a 4- by 6-cm 

field at 30 em, and by the lead shield mentioned above. The animals were shield

ed against back-scatter and stray radiation by lead sheets positioned appropria

tely. The roentgen-beam axis was 90° to that of group I and entered posteriorly. 

The centr.al beam was directed so as to coincide with the limiting edge of the 

lead diaphragm, i.e., ·there was no divergence of the beam at depth along this 

margin. The soft-tissue dose at the midplane of the femur and tibia at the knee 

under these conditions was approximately 75% of the exposure dose or 1,200 rads. 

The dose at the level of the bone posteriorly was estimated·to be 1,280 rads and 

anteriorly 1,040 rads. The scatter to the side was low because of the small vol

ume of tissue included in the beam. 

Epiphyseal plate cartilage is also irradiated by sc~ttered electrons 

originating from the bony surfaces above and below the plate. 

zone in rabbits of this age has a total width of about 600 ~

lage cells is difficult to calculate from the data available. 

The cartilagenous 

The dose to carti

The dose at the 

midplane of the plate at any level is little •. if any, different from that cal

culated for the soft tissues. The dose becomes greater as the bone is approach

ed, becoming about twice that for soft tissue at the interface for a beam of 

this quality (effective kV = 75) (33). The ·dose in cartilage therefore ranged 

from approximately 2,560 rads to 1,040 rads. 

Several of the animals, perhaps because of abrupt weaning developed 

diarrhe~ in the post-irradiation period, and three died during the first 4 weeks. 

As a precaution, Terramycin (Pfizer) was added to the drinking water in the 

amount 1.5 g/1 for a week, and the usual rabbit diet was supplemented with a 

milk substitute ("Calf:..manna", Albers Milling Company, Los Angeles) during the 

first 2 post-irradiation months. Otherwise the animals received standard rab

bit fare (Purina "rabbit chow"). 

The animals were weighed and examined clinically for evidences of radia

tion dilmage at frequent intervals. Roentgenograms of the hind limbs in exten

sion with the animals prone were made initially and 5 weeks post-irradiation. 

They were examined for evidence of shortening, genu varum or other growth 
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Table 1. Varus angulation in irradiated rabbit knees 

Group No. of animals Mean angle 

Normal 17 184° + 50 

Bragg peak 8 98° ± 11° 

X ray 9 137° ± 24° 

Note: The treated groups are different from 
the normal (p < .001) . 
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disturbance, and appropriate measurements were made. The animals were followed 

for 3 months, at which time the average weights of survivors in groups I and II 

were 5 lb. 12 oz. and 6 lb. 4 oz. respectively. All animals were then sacrificed 

and the legs preserved. 

RESUlTS 

All irradiated limbs developed genu varum readily detected clinically 

within 2 weeks of the time of treatment. A roentgenogram of dn animal, illus

trating the type of deformity produced 5 weeks after treatment, is shown in Fig. 

3a. Figure 3b demonstrates the method used for determining the angles. The de

formity was significantly more pronounced in rabbits treated with the Bragg peak 

(Table 1). The growth deformity became progressively worse. Group I rabbits 

again showed the more pronounced changes; most of them developed marked internal 

rotation of the leg (to 90°), limitation of extension (to 110°) and genu varum 

(to 90°). 

The irradiated skin of all animals developed a transient erythema and 

epilated, but no breakdown occurred. The early reactions were comparable in 

both groups. Later manifestations such as skin atrophy and fibrosis, epilation 

and telangiectasia 4 months after treatment were slightly more severe in the 

"Bragg-peak rabbits," in which the average score (based on clinical examination) 

was 3+ on a scale of 0 - 4+ compared with 2+ in group II. 

DISCUSSION 

Bone-growth suppression following irradiation varies inversely with age 

and dose. When the growth centers are treated asymmetrically, as was done here, 

the width of the epiphyseal plate included in the beam also becomes a factor. 

The age of the rabbits used and the exposure doses were the same in both the 

high- and low-LET groups. The nominal width of epiphysis irradiated in all 

animals was 3 mm. However, it was expected irradiation would extend slightly 

more deeply in group II animals despite the technique employed because of penum

bra; while in group I rabbits, penetration of alpha particles into depths beyond 
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b 

Figure 3a. Prone roentgenogram, male rabbit , 5 weeks after medial irradiation 
of the right knee with Bragg-peak alph a particle s. Note the notched defect 
with sclerotic margins in the distal femoral me taphy ses. This represents the 
zone of growth disturbance produced by irradiation. JHL-3794 

Figure 3b. Drawing illustrating the method of ang l e measurement. The axes of 
the femur and tibia are defined by l i nes tangent to the inner cortical margins 
of the mid-shafts of both the femur and tib ia . Angle A (189°) is normal for 
the rabbit. Angle B (160°) represents post-radiation genu varum. 

MU-31698 
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the peak would also account for irradiation of a greater width. On the other 

hand, at the Bragg Peak, there is radial spread of the beam and reduction of 

dose at the margins, resulting in a mushroom-shaped isodose distribution. The 

special collimator would be expected to reduce, but not completely eliminate, 

such "mushrooming." Since the central beam axis entered at the level of the 

joint, 98% of peak-isodose contour would be expected to cut across the cartila

genous plate at a point short of the 3 mm reference level. It was estimated 

that these several factors in the two groups would result in very similar effec

tive-dose distributions. This estimate was confirmed by study of the post

treatment roentgenograms of groups I and II and of a third set not heretofore 

described. 

Three additional rabbits entirely comparable to those of groups I' and II 

were treated at the same time as the others. One thousand six-hundred rads 

were given the right legs· of these animals in a manner similar to that of the 

X-irradiated group but using the high-energy portion of the 910-MeV alpha

particle beam instead. Precise placement of the portal was achieved with radio

scopic and radiographic control, and it is known that no more than 3 mm of ei

ther epiphysis was included in the useful beam of any of the three rabbits. 

Very little side-scatter occurs along the edge of a high-energy particulate beam 

of this kind. Points 0.5, 1.0 and 1.5 mm beyond the edge of the useful beam re

ceive doses 30%, 20% and 10% of maximum values {32). 

Most of the irradiated animals of both groups and the control rabbits 

just described developed a clear notch-like defect in the femoral or tibial 

metaphyses, or both {Fig. 3a). The dimensions and sharp margins shown on the 

X-ray films correlate well with histologic findings in sample bones. The notches 

were most sharply defined in group I animals where the average width in the ti

bia was 5.4 mm; in group II, the average was 4.8 mm, as it was in the one con

trol rabbit with a lesion sufficiently sharp for measurement. The average genu 

varum deformities in group II and control animals were essentially the same 

{141° and 137°). Hence, it would seem that the width of the epiphyses was the 

same for group II and for control animals receiving radiation sufficient to pro

duce grossly detectable damage. 

The notches were wider after one month than the nominal 3 mm irradiated 

in all animals. This can be attributed to at least two factors: 1) irradiation 

in doses sufficient to produce this gross defect extended deeper than 3 mm, and 

2) the total width of the part increased in the interval. Barnhard {19) found 

that irradiation with 2,000 r produces no alteration in the roentgen appearance 

of the ossification center. This was confirmed by us for the distal femoral 

ossification center, which increased in size equally on the irradiated and non

irradiated sides during the 5-week interval under discussion. The same held 

true for the tibial ossification center. Since the edge of the notch in each 
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rabbit is very sharp, it serves as a biological marker for a threshold isodose 

contour. It would appear on the basis of this and the foregoing that all ani

mals received a very similar dose distribution within the volume in question. 

The animals were anesthetized during the period of treatment to insure 

accurate placement of the beams. Some of the rabbits.became distinctly cyanotic. 

It had earlier been observed that mice under "Nembutal" anesthesia appear rela

tively resistant to the affects of roentgen irradiation of the skin (34). It 

was considered possible the respiratory depression following use of the anes

thetic agent was sufficient to lower arterial oxygen saturation to the point 

that the oxygen effect bec.ame manifest, as has been shown in growing bone under 

controlled conditions by Howard-Flanders and Wright (16). Since radiations of 

high LET are relatively independent of. oxygen concentrations, whereas those of 

low LET are not, some of the difference noted between the two groups could stem 

from this factor. 

Arterial oxygen saturation determinations were made on.four rabbits, while 

awake and while anesthetized. Two methods were employed: ear-oximeter deter

minations and gas analysis of blood samples obtained from the central ear artery. 

Although the results of multiple determinations were not entirely consistent, 

there did appear to be a reduction in -arterial oxygen to levels as low as 85% of 

cap~city by both methods. 

In order to assess whether any difference in bone-shortening could be 

detected between unanesthetized and anesthetized rabbit~ irradiated with low-LET 

(roentgen) irradiation, an experiment was performed. Two groups of 4-week-old 

white male rabbits were used. Group A of eight animals (average weight. 1 lb. 

15 ozJ was anesthetized.with intravenous veterinary pentobarbital sodium ("Dia

butal"). The seven animals in group B (average weight 1 lb. 15 oz.) were not 

anesthetized. The right knees of both groups were irradiated with an exposure 

dose of 1, 600 r usi11g 250-kV (CP) X rays (half-value-layer approximately 0. 7 mm 

Cu). Prone roentgenograms of both hind limbs were made initially and 8, .15 and 

32 days after irradiation, at which time group A rabbits weighed an average of 

4 lb. 4 oz.; and group B, 4 lb. 6 oz. Leg lengths were measured, and regression 

lines of right on left drawn for both groups. These demonstrated shortening of 

the right legs of animals of both groups, but no difference in the degree of 

shortening between groups A and B. It is concluded the "oxygen effect" was not 

manifest under these conditions and did not account for any of the difference 

noted between groups I and II above. 

CONCLUSION 
Angulation deformity of bone as a biologic index has been shown to be a 

relatively simple and quick means of assaying radiation effects quantitatively. 

Growing bone is sensitive to low doses of irradiation and to small increments 
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.Table 2. Deformities 2 and 4 months after radiation of the right knee. 

The deformity index ia the ratio of angles LT/RT (see Fig. 4). 

The threshold dose for genu varum deformity is at or near 600 rads. 

Average deformity index 
No. of animals Dose (rads) 2 months 4 months 

3 0 1.00 1.00 

3 300 1.00 1.00 

3 600 . 1.03 1.04 

3 1200 1.18 1.24 

2 2400 1.27 1.51 

of dose. When growing bone is irradiated asymmetrically, even small linear al

terations in growth of a part of the epiphyseal plate become manifest because of 

the translat~on of effect into angular deformities. This tends to magnify the 

response and should make it possible to discriminate between small differentials 

in dose. The angles resulting can readily be measured and compared. Further,. 

when the knee is irradiated, differences in responses to given doses are doubled 

since two rapidly growing centers--the femoral and tibial--are affected. Table 

2 is meant to illustrate the kind of data that can be accumulated with this tech

nique. The .number of animals employed was too small for the results to be ac

cepted with confidence. 

It is not possible as yet to irradiate growing bone homogeneously with 

high-LET irradiation, not even very small joints, such as the tail of the young 

mo~se, used by Howard-Flanders and Wright (16) when studying the oxygen effect 

in relation to low-LET radiation. When asymmetric irradiation is· the aim, un

avoidable experimental errors in placement of the beam amounting to fractions of 

a millimeter would be expecteq to produce major errors if small laboratory ani

mals wPre to be employed. The rabbit knee is sufficiently large so that this 

factor is minimized. The feasibility and quantitative nature of this technique 

together with the accuracy to be expected have been demonstrated in the preli

minary study here described. The difficulties inherent in the use of 250-kV X 

rays and concerning differential absorption within dissimilar materials, scatter, 

and dose fall-off can be avoided by employing "supervoltage" X rays or high

velocity heavy particles. A definitive RBE experiment based on what was learned 

in these preliminary investigations, has been conducted recently. The high

energy portion of the 910-MeV alpha particle beam was used for the low-LET treat

ments, and the Bragg peak of the same beam for higher. LET therapy. Results of 

this experiment are now being analyzed. 
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SUMMARY 
A simple quantitative method for the study of radiobiological.responses 

in living mammals is described. Asymmetrical irradiation. of growing bone leads 

to .angulation deformities that are dose-dependent. Mansuration of ·the angles 

resulting after such .radiation can be used as an index of relative effects. In 

an illustrative preliminary experiment the deformity produced by Bragg peak 910-

MeV alpha particles was found to be greater than that resulting after 250-kV 

roentgen irradiation. 

ACKNOWLEDGMENTS 

We acknowledge with gratitude the assistanee of the cyclotron crew, 

Jerry Howard and David L.'?ve in irradiating the rabbits, of Way Pratt in con

structing specialized apparatus and of Dr. Edward Manougian with the statistical 

analysis. 

This work was supported by the Atomic Energy Commission through the 

Lawrence Radiation Laboratory. 

REFERENCES AND NOTES 

1. Lawrence, J. H.; Aebersold, P. C., and Lawrence, E .. 0.; Proc. Natl. Acad. 

Sci. U.S. 22:543, 1936. 

2. Lawrence, J • H., arid Tennant, ·R.; J. Exptl. Med. 66:667, 1937. 

3. Lawrence, J. H.; Horn, R., and Strong·, L. C.; Yale J. Biol. Med. 10:145, 1938. 

4. Axelrod, . D.; Aebersold, P. c., and Lawrence, J. H.; Proc. Soc. Exptl. Biol'. 

Med. 48:251, 1941. 

4a Zirkle, R. E.; in Radiation Biology, Vol. 1, edited by A. Hall'aender, 

5. 

6. 

7. 

New York, 

Sillesen, 

Radiation 

D'Angio, 

McGraw-Hill Book Co., 1954, p. 315. 

K.; Lawrence, J. H., and Lyman, J. T.; Semiannual Report, Lawrence 

Laboratory, UCRL-11033:139, 1963. 

G. J., and Lawrence, J. H.; Nucleonics 21, No. 11:56, 1963. 

M.; Gray, L. H., and Meredith, W. J.; Trans. Roy. Soc. (London) A 

242:33, 1949. 

Dale·, w. 

8. Sayeg, J. A.; Birge,·A. C.; Beam, c. A.; and Tobias, c. A.; Radiation Res. 

10:449-461, 1959. 

9. Zirkle, R. E., and Tobias, C. A.; Arch. Biochem. Biophys. 47:282, 1953. 

10. Brustad, T.; in Advances in Biological and Medical Physics, Vol. 8, New York, 

Academic Press, 1962, p. 161. 

11. Barendsen, G. W.; Nature 193:1153, 1962. 

12. Deering, R. A., and Rice, R., Jr.; Radiation Res. 17:774, 1962. 

13. Falkmer; s.; Larsson, B., and·Stenson, S.; Acta.Radiol. 52:217, 1959. 

14. D'Angio, G. J.; Lawrence, J. H.; Gottschalk, A., and Lyman, J. T.; this 

report, seep. 127. 

15. Von Sallman, L.; Tobias, C. A.; Anger, H. 0.;. Welch, G. P.; Kimura, s. F.; 

Muncy, c. M., and Drungis, A.; A.M.A. Arch. Ophthal. 54:489-514, 1955.· 

16. Howard-Flanders, P., and Wright, E. A.; Brit. J. Radiol. 30:593, 1957. 

17. Perthes, G.; Arch. Klin. Chir. 71:955, 1903. 



I 

I 

. _, 

• 

GIULIO J. D'ANGIO, ET AL. 151 

18. Parker, R. G.; in Progress in Radiation Therapy, Vol. 2, New York, Grune & 

Stratton, 1962, p. 42. 

19. Barnhard, H. J., and Geyer, R. W.; Radiology 78:207, 1962. 

20. D'Angio, G. J.; Jung, J.; Wright, K. A., and Cohen, J.; Am. J. Roentgenol. 

Radium Therapy Nucl. Med. 91:1132-1137, 1964 •. 

21. Gall, E, A.; Li~gley, J. R., and Hilchen, J. A.; Am. J. Pathol. 16:605, 1940. 

22. Neuhauser,· E. B. D.; Wittenberg, M. H.; Berman, c. F., and Cohen, J.; Radi

ology 59:637, 1952. 

23. Arkin, A.M.; Simon, N., and Siffert, R.; Proc. Soc. Exp•tl. Biol. Med. 69: 

171, 1948. 

24. Engel, D.; Brit. J. Radiol. 11:779, 1938. 

25. Engel, D.;· Am. J. Roentgenol. Radium Therapy and Nucl. Med. 42:217, 1939. 

26. Dejardins, A. V.; Radiology 14:296, 1930. 

27 .. Bisgard, J.D., and Hunt, H. B.; Radiology 26:56, 1936. 

28. Barr, J. S.; Langley, J. R., and Gall, E. A.; Am. ,J. Roentgenol. R~dium 

Therapy Nucl. Med. 49:104, 1943. 

29. Haas, L. L., and Sandberg, G. N.; Brit. J. Radiol. 30:19, 1957. 

30. Spiers, F. W.; Brit. J. Radiol. 19:52, 1946. 
' 31. Jacobson, L. W., and Knauer, J.; Radiology 66:70, 1956. 

32. Lyman, J. T.; unpublished observations.· 

33. Nat. Bur. Stand. (U.S.) Handbook 78, p. 8. 

34. D'Angio, G. J.; Maddock, C. L., and Brown, B.; unpublished observations. 

Present address of Dr. Giulio J. D'Angio is the University of Minnesota 

Medical School, Minneapolis, Minnesota. 

Received April, 1964 . 



Isolation and Estimation of· Serum Organica11y Bound Iodine. II. 

An Application for the Determination of 
Protein-Bound Iodine (PBI) or Non-Anionic Iodine (NAI) 

Gilles La Roche, Dorothy Carpenter and Ann Coxworth 

Certain observed facts indicate that the use of I 131 determinations alone 

may give a less accurate diagnosis.of thyroid hormone production than when in 

combination with chemical estimates. For example, Silver, Yohalem, and New

burger (1) found that in a group of 113 patients, 33 had elevated. I 131· uptakes 

and normal PBI131 ·levels, 51 had normal uptakes but elevated PBI131 levels, and 

29 had both high uptakes and high PBI131 levels. In the two latter groups, the 

great majority of the patients had been previously cured of hyperthyroidism. 

More recently, Reilly, et al. (2) observed that in hyperthyroid patients, the 
. 127/ 131 k h' h . h h 'd 11 'd . h. . rat~o I I upta e appears ~g er ~n ypot yro~ or co o~ go~ter t an ~n 

normals. This could possibly suggest a preferential concentration of I 127 by 

thyroid tissue in hyperthyroidism. Other studies of Werner and Block (3)., Stole 

(4), and Block and Mandl (5) , showed marked discrepancies between the distribu

tion of iodine in human serum or thyroid digests when estimated by I 131 and I 127 

determinations. These workers determined the distribution of both the radio

active and stable serum iodine on the same paper chromatogram. In serum, for 
. 131 

instance, Werner and Block (3) found that whereas the I was either 

organically-bound or present as iodide (even 10 days after injection of 100 ~c 

of I 131 ) the I 127 measurements showed that the circulating iodine was organ

ically bound with virtually none existing as free iodide. Such studies indi

cate that the. chemical determination of protein-bound I 127 is still a useful 

diagnostic procedure by itself and may furnish the means of obtaining specific

activity values in the course of· isotopic iodine-turnover studies. In view of 

this and in the hope of being able to fractionate the iodinated products of the 

thyroid gland or plasma without denaturing the circulating protein, the isola

tion described in Part I was applied to human serum, La Roche et al. (6). This 

method, which expedites the entire procedure of protein-bound iodine isolation 

and quantitation, combines an ion exchange fractionation used for PBI131 esti

mates, Scott, Reilly (7), Reilly et al. (8), Zieve et al. (9), Fields et al. 

(10), Bl~nquet ~ al. (11), and Slade (12), with a micro-iodine determination 

modified from Bodansky et al. (13). In order to verify the de~endability of 

this procedure, we undertook to show that the values obtained were correlated 

by PBI estimates carried out through precipitation with 5% trichloroacetic acid 

as seen in this report. 
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MATERIALS AND METHODS 

REAGENTS AND SAMPLING. Double Distilled Water. .The distilled H20 used 

for preparing reagents and rinsing glassware is redistilled from potassium hy

droxide solution in a specially designed apparatus, La Roche et al. (6). 

Purity of Reagents. Samples of th~ reagent brands quoted have been 

checked for iodine content or interfering contaminants and have been found sat

isfactory. However, before a new bottle of any reagent is used, it is checked 

for the presence of iodine or contaminants by using it in the preparation of a 

reagent blank or by a spot test. 

Spot Test for Iodine Contamination. Ten milliliters of arsenious acid 

reagent and 1 ml of eerie ammonium sulfate reagent, prepared as described under 

Iodine Determination Procedure, are mixed in a test tube. The yellow color of 

the mixture will be stable for at least 1 hr if- neither reagent is contaminated. 

Blood Collection and Serum Separation. Fifteen millimeters of blood are 

collected without anticoagulants, using a clean syringe and a disposable needle. 

The blood is introduced into a 15-ml centrifuge tube, care being taken to avoid 

'hemolysis. The tube. is covered with a piece of aluminum foil and is kept at 

~4°C until it is centrifuged. The serum is separated, and it too is kept in the 

'iref~igerator if there is any delay in starting the analysis. If more than one 

fday elapses between blood sampling and the determination, the aliquot to be 
' ?nalyzed is stored at -2Q°C. 

Isolation of Protein-Bound Iodine. 

1. By Trichloroacetic Acid (TCA). The entire content of a freshly open-

ed and tested 1-pound bottle of reagent grade trichloro.acetic acid is dissolved 

in 1,816 ml of water. This gives a 20% stock solution which is diluted to 5% 

as needed for use. One half milliliter serum is pipet ted into a 40-ml heavy-

walled, graduated centrifuge tube equipped with a lip for pouring. To this, 

10 ml of 5% TCA are added, followed by shaking. After standing for 30 min, the 

tube is centrifuged at 2,250 rpm for 10 min. The supernatant is discarded and 

the precipitate washed with an additional 10 ml of 5% TCA. After centrifugation 

and decantation of the supernatant, the precipitate is ready for digestion. 

2. By Ion-Exchange Resin. The resin used in this work is Amberlite CG-45, 

Type 2* (described in Part I). A simple glass. column made from 8 mm O.D. (6 mm 

I.D.) pyrex tubing, 11 em in length,has one end drawn to 3 mm O.D. in 2.5 em 

(Fig. 1). The narrow end is plugged with glass wool, and a suspension of the 

resin in double-distilled water is added. Under a positive nitrogen pressure, 

the water is forced through, and the resin (0.175 g of resin, 0.87 milli-

*Recent lots of this resin were found to be contaminated, and weak anionic 
zirconium crystals supplied by Bio-Rad Laboratories (32nd and Griffin, Rich~, 
Calif.) as HZ0-1 ( 100-200 mesh 1.1 meq/g) are presently employed. -..... ·----
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Figure 1. Ion-exchange colurnn·used 
for routine non-anionic iodine (NAI) 
fractionations. 

MU-21679 

equivalent exchange capacity) is packed to a height of approximately 1.5 em 

(.Table 1) .. A thin layer of water is allowed to cover the upper surface of the 

resin before 0.5 ml of the serum is introduced on the column and slowly pushed 

through under nitrogen pressure. Small volumes of double-distilled water are 

added to wash down and force the se·rum through the ·resin. A total volume of 

approximately 2 ml is usually sufficient. The effluent is collected directly 

into a digestion tube (40-ml graduated centrifuge tube). 

Before use, every ion-exchange resin of a specific character and lot 

number is always tested for iodine, iodomimetic or inhibiting contaminants as 

well as anionic ·retaining power. A column double the size of that used for 0.5 

ml·of serum is packed in the usual manner. A 5-ml aliquot of 0.85% iodide-fr~e 

NaCl is forced through the resin and the eluate, including the usual double

dist·il.led water washing, is saved for micro-iodine determination. Half of one 

milliliter of a known number of counts (as carrier-free I 131-iodide in 0.85% 

NaCl) is forced through the resin followed by double-distilled water washings. 

A test is'made on half of the first eluate, which should not catalyze the oxide~ 

reduction of arsenious acid-eerie sulfate. The other half with added iodide 

standard should-give an expected iodide recovery. Finally, the resin is con

sidered adequate for use if none of the I 131-iodide is found in the second 

eluate. The resin itself is also tested by digestion followed by iodide·colori~ 

metry on a weighed amount of the resin. This last test ascertains the possible 

content of contaminants which might be liberated in the course of deionization 

of unknown specimens. 
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Table 1. Characteristics of the anion-exchange resin used (CG-45) 

(a) (a) {b) 
Column Column Column Mi lliequi valent 
height volume weight exchange 

em cm3 mg capacity 

0.5 0.14 58 0.29 

1.0 0.28 117 0.58 

1.5 0.42 175 0.87 

2.0 0.56 233 1.17 

2.5 0.70 292 1.46 

(a) Packed we.t resin 
(b) Dry weight 

Serum Total Iodine. 0.5 ml of serum was introduced directly into a 

digestion tube. 
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Standards and Blank. One milliliter of each of the standards, contain

ing respectively 0.06, 0.04, 0.03, 0.02, and 0.01 IJ.g of I (as iodate), is pi

petted into 40-ml calibr·ated centrifuge tubes. A sixth tube, containing 1 ml 

of double-distilled water, is carried through with the rest of the standards -as 

a reagent blank. 

MINERALIZATION. (Zak et al. (14,15) and Bodansky et.al. (13)). 

Sodium Chromate. Baker and Adamson reagent grade, 0.5% in water. 

· Chloric Acid Reagent. Fifteen hundred grams potassium chlorate 

(Mallinckrodt Analytical Reagent)* are dissolved in 2,700 ml water in a 6-liter 

Florence flask by boiling over a flame. To this boiling saturated solution, 

1,125 ml of 70% perchloric acid (Mallinckrodt Analytical Reagent)* are added 

slowly with constant stirring. The resulting mixture is refrigerated overnight 

and filtered by suction through Whatman No. 1 paper. The filtrate {approximately 

3 liters), which is approximately 28% chloric acid, is stored in dark bottles in 

the refrigerator. 

Procedure. To each of the samples prepared as above, exactly 0.2 ml 

sodium chromate is added, followed by approximately 6 ml of chloric acid reagent. 

*Several reagents were used to make this acid. The only ones found 
satisfactory were: Mallinckrodt's Analytical Reagents: Potassium chlorate 
granular (Code No. 6854) and Acid Perchloric 70% (Code No. 2766) . 
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The tubes are heated in a hood in either a sand bath* kept at ll5°-120°C or a 

thermostatically controlled (140°C ± 1°C) aluminum blockt fitted to receive 20 x 
40-ml tubes described above. After 1-1/2 hours .in the sand bath or 10 min in 

the aluminum block, one drop of chloric acid is added to each tube .. This is 

repeated at 15-min intervals (two drops every 10 min in the block) until the 

volume of liquid is down to slightly less than 1 ml. At this time the tubes are 

removed and allowed to cool. The digestion step is completed when the volume of 

liquid remaining is around 1 ml and reddish chromate crystals appear on cooling. 

If these fail to appear, another drop of chloric acid is added and heating is 

continued (all tubes must receive an identical total volume of chloric acid). 

When digestion is complete, the volume of liquid in each tube is made up to 2.0 

ml with double-distilled water. 

THE IODINE DETERMINATION. (Chaney (16), Bodansky et al. (13) and Lein 

and Schwartz (17). 

Arsenious Acid Reagent. 9.6 g o~ arsenious oxide, As 2o 3 (Baker Analyzed 

Reagent) and three pellets of NaOH (Baker Analyzed Reagent) are dissolved by 

heating in approximately 1,500 ml of water. After dissolving 17.4 g NaCl (Baker 

and Adamson Reagent), 88 ml of concentrated H2so4 (Merck or Baker and Adamson 

Reagents) is added. When cooled the volume is made up to 2 liters with double 

distilled water. 

eerie Ammonium Sulfate. Twelve grams (NH4 )4ce(so4 ) 4 ·2H 2o (G. Frederick 

Smith Reagent) are dissolved in 1 liter of 1.80 N H2so4 . 

Procedure. Ten milliliters of arsenious acid reagent are added to each 

tube, followed by thorough shaking to mix the contents. The tubes are placed 

in a 27.6°-27.8°C water bath for 30 min. Meanwhile,· a series of Beckman cylin

drical cuvettes (15 mm O.D.) are prepared. Each cuvette contains 1 ml of eerie 

ammonium sulfate reagent, except for a blank containing double-distilled water 

only. At 1-min intervals, the reaction mixtures in the centrifuge tubes and the 

eerie ammonium sulfate samples are mixed by first pouring the former into the 

cuvette, then pouring the mixture back into the centrifuge tube, and finally 

back into the cuvette. Some white crystals may remain in the tube (Cl04-?), 

however, it is not necessary to transfer these to the.cuvette. Each cuvette 

is placed in the water bath immediately after mixing, and the transmittance is 

*The sand bath mentioned above consists of a double-walled, open, stain
less steel tank, approximately 14 x 21 in. in base area. The double wall forms 
a jacket which is filled with high boiling white oil. The. tank rests on a hot 
plate of the same area and is filled to a depth of about 4 ln. with fine sand. 
Thus a fairly uniform temperature is maintained. 

t.Made by Research Specialties Company, 200 South ·Garrard Blvd., Richmond, 
California. 
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read ori a Beckman Spectrophotometer {Model B) at 420 m~, using a blank of 

double-distilled water. The time is accurately noted. Now the transmittance is 

approximately 30% and should be recorded accurately along with the time. The 

cuvette is maintained in the water bath, and timed readings are taken at sub

sequent intervals, which may be from 2 to 10 min apart,depending on the rapidity 

of color disappearance. It is soon apparent whether the reaction is fast or 

slow {i.e., if iodine level is high or low), and the frequency of readings is 

adjusted so that about four or five values are obtained in a transmittance 

range 38% to 70% for each sample. 

Calculation. For each sample, a plot of transmittance, T, versus time, 

t, in minutes is made. This graph should be a straight line whose slope, 6T/6t, 

is calculated. The 6 T/6 t values for the standards, including the digestion 

blank, are plotted against their respective iodine content. Under the condi

tions described above, this gives a linear standardization curve that is then 

used to determine the iodine content of the unknown samples from their respec

tive ~T/~t values. It is necessary to redetermine the standard curve with every 

series of determinations. 

Alternate Method of Calculation. In order to avoid the long and tedious 

computation of iodine values by hand-plotting, the experimental readings can be 

transferred to punched cards and processed through an IBM 650 or an IBM 7090 

program. The various "electronic plots" are in this instance derived from 

least square fittings. 

Radioactivity. All counts were obtained through a scintillation counter 

equipped with a sodium iodide crystal. 

RESULTS 
Two series of recovery experiments were conducted. In one series 2 ~c 

of I 131 {carrier-free iodide) were added to a sample of rat serum prior to 

mineralization, to test for possible loss of iodine during the procedure. Table 

2 summarizes these results which were obtained from a single rat-serum pool. In 

all instances a quantitative recovery of the counts can be obtained. It can 

also be noted that PBI's isolated by the conventional procedure are, on the 

average, equivalent to those obtained through anion-exchange resin {NAI). On 

the other hand, prior to a rigorous standardization of the procedure a greater 

spread of values may be obtained by TCA precipitation than by deionization. 

Table 2 would hardly· be sufficient to support this point, but numerous estimates 

done on several species substantiate this observation {Tables 3 and 4) . In 

another series, known amounts of I 127 {as iodate, iodide or organically bound 

iodine) were added to known samples prior to mineralization. Recoveries in 78 

individual determinations were 99% {range 96-101%) . From this it can be con

cluded that iodine is quantitatively recovered from the process of mineralization, 
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Table 2. Recovery of I 131 from rat-serum analysis 

% % .Total % 
Determination NAI* Recovery PBI* Recovery iodine* Recovery 

1 3.5 98 3.5 97 9.3 99 

2 3.4 96 3.1 95 9.3 97 

3 3.5 97 3.8 98 9.2 101 

4 3.4 100 3.2 101 9.4 98 

5 3.6 98 3.9 99 9.2 99 

6 3.4 99 3.1 99 9.1 101 

Average 3.5 90 3.4 98 9.3 99 

*Expressed as IJ.g I/100 ml of serum. 

and that little if any inhibition of the colorimetry can be attributed to re

agents used in this procedure. In a series of 380 single PBI determinations and 

a corresponding number of NAI on various human serum samples, it is shown that 

the average deviation between these groups of values did not exceed 0.03 1-Lg, 

which is within the method's inherent error of approximately 5%. To establish 

the amount of ion exchange necessary for an efficient retention of the serum 

ionic iodine in 0.5 ml, a group of 10 different human samples were studied 

(Table 3) . Samples were submitted to at least three separate determinations on 

five different amounts of ion-exchange resin (Table 1) . A similar number of PBI 

and total iodine values were also obtained on these samples (Table 3) . From 

these results it would seem that a column 1.5 em in height (exchange c.apacity: 

0.87 meq) give~the most consistent results. It would also appear that PBI 

. determinations on a given sample may show greater variations than those obtained 

by passage through an anion-exchange-resin (Table 3). 

A variety of other vertebrate species were also studied and, as shown on 

Table 2, Table 4, Table 5, and Table 6, it would appear that NAI values are 

quite comparable to PBI's. These determinations are always made in duplicate, 

or quadruplicate and accompanied by estimates of total serum iodine, in order to 

ascertain the size of the circulating iodine pool, which undoubtedly reflects 

the amount of ionic iodine available through ingestion or recirculation. Table 

4 furnishes values on young intact rats maintained on·what can be ·considered as 

an adequate iodine supplement. .It is possible to. notice the close agreement 

between NAI and PBI. In chickens (Table 5) purposely maintained on a low-iodine 

diet the circulating iodine "pools".are indeed quite low, and in this instance 

larger volumes of serum were utilized to reduce the error associated with deter

mination· of such levels. Table 6 represents the results obtained on several 

species of mammals. 
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Table 3. Iodine content of human serum 

(all values are expressed as J..Lg I/100 ml) 

Spec. 
No. 0.5* Ave 1.0* Ave 1.5* Ave 2.0* Ave 2.5* Ave PBI Ave Tot Ave 

3.2 3.1 3.1 2.5 3.1 2.9 3.1 
3.4 3.3 3.2 3.4 3.3 3.3 3.2 
3.4 2.7 3.2 3.4 3.6 3.3 2.4 

,. 1 3.1 3.0 3.0 2.9 2.9 3.1 2.8 3.0 2.4 2.8 2.9 2.9 2.8 3.1 
3.0 2.8 3.2 3.1 2.7 2.9 3.2 
2.9 3.2 3.1 3.0 2.8 2.7 3.2 
2.5 2.7 2.8 2.7 2.6 2.6 3.2 
2.8 2.7 2.9 2.7 2.3 3.3 

3.9 3.2 3.2 3.3 3.3 3.4 3.4 

2 3.4 3.6 3.6 3.5 3.4 3.3 3.3 3.3 3.2 3.1 3.6 3.4 3.8 3.7 3.8 3.9 3. 5' 3 •. 7 3.4 3.3 3.8 
3.2 3.4 3.2 3.0 2.6 3.3 3.6 

3.5 3.4 3.4 3.2 2.7 3.6 4.5 

3 3.1 3.2 3.4 3.2 3.5 3.6 3.7 . 3. 5 3.6 3.3 3.2 3.4 4.5 4.6 3.2 3.5 3.7 3.7 3,3 3.2 4.5 
3.2 2.7 3.7 3.6 3.5 3.7 4.7 

4.6 4.5 4.6 4.0 4.0 4.5 4.7 

4 4.9 4.6 4.7 4.6 4.4 4.6 4.3 4.2 4.3 4.2 4.3 4.4 4.7 4.9 4.3 4.5 4.6 4.3 4.1 4.5 4.8 
4.7 4.4 4.7 4.3 5.5 

5.1 5.1 5.0 5.1 4.8 4.8 5.5 

5 5.3 5.1 4.9 4.9 4.9 4.9 4.9 4.8 5.0 4.8 4.7 4.6 5.3 5.4 
5.2 4.9 4.8 4.5 4.9 4.4 5.6 
4.9 4.8 4.7 4.7 4.4 5.4 

5.3 4.7 4.9 4.7 4.5 4.3 5.3 

6 
5.2 5.1 4.7 4.7 5.0 4.9 4.7 4.8 5.3 4.7 4.6 4.5 5.5 5.5 
4.7 4.8 4.7 4.8 4.6 4.7 5.4 
5.2 4.8 4.9 4.9 4.5 4.2 5.8 

4.7 4.5 4.9 4.9 4.5 5.3 5.2 
4.8 4.7 4.9 4.7 4.7 4.8 4.6 4.7 4.5 4.5 4.9 4.8 5.8 5.5 

7 4.6 4.6 4.9 4.9 4.2 4.7 5~8 
4.9 4.9 4.6 5.0 4.5 5.1 

4.7 5.0 4.8 4.5 4.7 5.4 5.9 

8 4.7 4.8 4.9 5.1 5.0 4.8 4~3 4.5 4.8 4.7 4.5 4.9 6.0 5.9 
4.9 5.1 .4.8 4.4 4.4 4.5 5.9 
4.7 5.4 4.7 4.6 4.9 5.1 5.8 

7.2 7.5 6.8 6.9 7.3 6.9 8.5 

9 6.9 7.0 7.3 7.0 6.7 7.0 6.7 6.7 7.2 7.2 6.5 6.7 8.6 8.6 
6.6 6.7 7.2 6.9 6.9 6.6 8.4 
7.5 6.6 7.2 6.6 7.4 6.6 8.8 

12.7 12.1 11.2 11.2 11.1 11.2 13.7 

10 11.5 11.8 12.0 11.7 11.1 11.1 11.2 11.1 10.6 10.9 11.0 10.9 13.7 13.7 
10.9 11.5 11.2 10.9 11.2 10.7 13.5 
12.4 11.2 11.0 11.0 10.8 10.6 13.7 

*Column height of CG-45 resin in em . 

• 
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Table 4. Serum iodine in adult intact rats* (IJ.g I/100 ml serum) 

NAI PBI TOTAL 
Rat Individual Individual Individual ,, 
No. values Average values Average values Average 

1 3.6 3.7 3.3 3.5 4.1 4.2 
3.8 3.8 4.3 

I 

' 
2 

3 .·2 3.3 3.7 3.7 4.0 3.9 
3.4 3.7 3.9 

3 3.3 3.2 2.9 3.1 4.0 3.9 
3.1 3.3 3.9 

4 2.8 2.9 3.0 2.9 4.1 4.2 
2.9 2.8 4.2 

5 3.2 3.3 3.0 3.0 4.0 3.8 
3.3 2.9 3.5 

6 2.8 2.6 3.3 3.0 3.4 3.5 
2.5 2.7 3.5 

7 3 .• 9 3.9 3.4 3.4 4.6 4.4 
3.9 3.4 4.3 

8 3.8 3.9 3.5 3.5 5.1 5.0 
4.0 3.5 4.8 

9 
3.1 3.0 3.1 2.9 3.5 3.5 
2.9 2.6 3.5 

10 3.2 3.1 2.9 3.0 3.9 3.9 
3.1 3.1 3.8 

11 3.3 3.2 3.0 2.9 3.9 3.9 
3.1 2.9 4.0 

12 2.5 2.6 3.1 3.1 3.1 3.3 
2.7 3.0 3.4 

13 2.7 2.8 2.5 2.5 3.0 3.1 
3.0 2.5 3.2 

14 2.8 2.9 2.5 2.5 3.6 3.7 
2.9 2.5 3.9 

15 3.0 3.1 3.1 3.1 3.5 3.6 
3.1 3.2 3.7 

16 2.9 3.0 2.7 2.9 3.7 3.6 
3.1 3.1 3.6 

range average range average range average 
•l 

2.5 - 3.8 3.1 2.5 - 4.0 3.2 3.0 - 5.1 3.8 

*Maintained on a diet containing 1.06 IJ.g I/g of diet. .. 
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Table 5. Serum iodine in chickens maintained on a low-iodine diet* 

(~J,g I/100 ml serum) 

NAI PBI TOTAL 

Chicken Individual Individual Individual 
no. values Average values Average values. Average 

1 0.3 0.5 
0.4 0.3 0.5 0.4 0.7 0.7 

0.5 
0.4 
0.4 

2 0.4 0.4 0.6 0.6 0.7 0.7 0.4 0.6 0.7 

3 0.6 0.6 0.7 0.7 0.9 0.9 0.6 0.7 

4 0.4 0.4 0.5 0.5 0.7 0.7 0.4 0.4 0.6 

5 0.2 0.2 0.4 0.4 0.5 0.5 0.3 0.4 0.5 

6 0.3 0.4 0.4 0.4 0.7 0.6 0.4 0.4 o·.6 

7 0.2 0.2 0.3 0.2 0.3 0.3 0.3 0.2 0.3 

*This diet was found to contain 0.14 ~J,g I/g of diet. 

DISCUSSION 
The cha~ges, from the Bodansky method (13), introduced in this work ap-,. 

peared to increase the accuracy and reproducibility of the determinations. For 

instance, when the digestion is complete, the volume is made up to a constant 

value with double-distilled water to avoid unnecessary errors caused by dif

ferences in dilution of the reaction mixtures. Among other changes, the most 

important is the increase in the ratio of arsenite to eerie ions in the reaction 

mixture. In the Bodansky method, this ratio, expressed on a molar basis, is ap

proximately 1.5:1. It has, however, been demonstrated by Lein and Schwartz (17) 

that with such a low ratio, the reaction rate is very sensitive to small dif

ferences in initial arsenite concentration. The use of very high arsenious 

oxide concentrations is limited by both the solubility and the iodine contamina

tion that are both invariably present in this reagent. However, we have been 

using a 24:1 molar ratio, achieved by increasing both the volume and the concen

tration of the arsenite solution. On the other hand, the eerie ion concentra

tion and the total volume of the reaction mixture are unchang'ed, so that the op

tical density is in a convenient range for spectrophotometric readings. The 

arsenious acid re.agent is made up using 17.4 g of sodium chlqride.per liter. 

Thus each reaction mixture contains 87 mg of NaCl. This insures. a linear rela-· 

tionship between the iodine concentration and reaction rate. In the absence 
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Table 6. Serum iodine in several species of mammals (~g I/100 ml serum) 

NAI PBI TOTAL 

Individual Individual Individual 
Species values Average values Average values Average 

2.0 1.9 2.6 

Horse 1 2.2 2.0 1.9 2.0 2.5 2.4 
1.8 2.2 2.4 
1.8 2.1 2.2 

1.~ 1.7 2.3 

Horse 2 1.8 1.6 1.6 1.5 2.7 2.4 1.6 1.5 2.4 
1.5 1.3 2.3 

1.8 2.4 3.2 

Cow 1 1.8 1.9 2.4 2.2 3.2 3.1 1.9 2.2 ·3. 2 
2.0 2.0 3 .·o 
3.0 2.4 4.5 

Cow 2 3.2 3.1 3.0 2.8 4.4 4.4 3.0 2.8 4.4 
3.3 3.0 4.4 

Sheep 1 3.2 3.2 2.8 2.8 4.0 4.0 3.3 2.8 4.0 

Sheep 2 6.1 6.0 5.4 5.6 7.5 7.3 5.9 5.9 7.1 

2.4 2.2 3.9 

Sheep 3 2.4 2.3 2.1 2.4 3.8 3.8 2.2 2.6 3.7 
2.1 2.5 3.7 

2.9 2.9 3.5 

Goat 2.8 2.8 2.5 2.7 3.6 3.5 2.8 2.7 3.6 
2.7 2.7 3.4 

of NaCl, at low iodine concentrations, the curve relating these two is not 

linear, probably because of reagent impurities that react with iodine. Various 

workers use quantities of NaCl ranging from 0 to 100 mg per sample. The chlo

ride ion itself has a slight catalytic effect, so that the reaction rate is 

somewhat elevated. As this effect is present in all samples, it introduces no 

difficulties. 

The method of timing the colorimetric reaction was also changed here from 

the Bodansky method that uses one single optical density value. Time is taken 

when a given arbitrary difference occurs in optical density between the 0.06-~g 

standard and the digestion blank. At this time all the samples are read, and 

the optical density is assumed to be proportional to the iodine concentration, 

regardless of whether the transmittance is high or low. We have found that more 

repro~ucible results are obtained by taking a series of readings (between 30% 

and 70% transmittance) for each sample, plotting the transmittance against time 

and using the rate of change itself as a measure of iodine concentration. This • 
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eliminates the uncertainty of a single measurement and permits the handling of a 

wider range of values as the readings need not be taken at any particular time. 

I 

In the p~esent method, the main difficulties are associated with the 

linearity between ~T/~t and iodide {or iodomimetic products) concentration, 

which is primarily restricted to: a) certain, upper and lower, limits of iodide, 

b) a given ratio of arsenous and eerie ions, and c) a certain level of NaCl. 

These three factors appear most important to verify for anyone planning to use 

this method. What effects iodomimetic or inhibiting agents would have on this 

linearity is poorly understood. Therefore, it is felt that variations in colo

rimetric recordings that may result from stopping the color disappearance at a 

specific time could introduce major errors in the final estimates. ·These, of 

course, would become all the more prominent if contaminants found in an unknown 

sample defy the linearity between ~T/~t and [I-]. Thus, the principal points to 

be satisfied in this analysis are those of the above mentioned·linearity that 

can be expected to result from a strict selection of reagents and their ideal 

concentration in combination with a minimum of three transmittance {%) readings 

at recorded intervals. This procedure represents tedious manipulations that be

come difficult to automate, but it furnishes at least the means to ascertain the 

ultimate reliability of the answers. 

The study carried through on severa.l serum pools covering a broad spec

trum of iodine conten~s {Table 3) , combined with increasing amounts of deioniz

ing resin, reveals that a column 1.5 em high {0.87 meq according to Table 1) ap

pears ideal for this range of ionic-iodine contents. This amount of resin is ap

parently adequate to remove all the ionic iodine, and yet little if any of the 

non-anionic iodine is retained after the usual double-distilled water washings. 

Column heights below or above 1.5 em seem to yield more erratic results as shown 

through many observations {Table 3) . On the anionic-exchange resin studied, io

dide is retained far more strongly than chloride. For that matter, iodide will 

displace chloride, and it is thus quite evident that a column height of 0.5 em 

{exchange capacity: 0.29 meq for CG-45) could theoretically retain as much as 

36.7 mg of iodide, which ca~ hardly be expected in 0.5 ml of normal serum. Thus 

it is suspected that the inefficient iodide retention on columns shorter than 

1.5 em is primarily due to physical effects: either one of column channeling or 

of unavailability of the resin ionic residues for the trapping of the passing 

ionic iodine, or both. For columns longer than 1.5 em, difficulty in obtaining 

reproducible results would primarily be caused by a higher degree of nonionic and 

nonspecific retention of proteins filtering through a larger amount of resin. 

SUMMARY 
A simple method for the isolation of serum organically bound iodine by 

deionization on an anionic-exchange resin is presented . 

a modified micro-iodine method is presented in detail. 

Stepwise description of 

The purity and testing 
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of reagents used in these procedures are supported by an extensive and varied 

compilation of determinations. 
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Studies on Chromosomes b~ means of 

~.ort ~ !;E~ ~Y!llP..QP.~Y..te_C_ul!!!!:.~ 

William D. Loughman, H. Saul Winchell and Myron Pollycove 

In order to fully assess the ultimate value of methods used.in obtaining 

homologous organ transplants, the relative degree of chimerism obtained _in mam

mals must be known. Particularly, it is desirable to know whether the circulat

ing lymphocytes are of ·donor or recipient origin. It is also desiraple to know 

·the time sequence of establishment or disappearance of donor lymphocytes, com

pared to the time sequence of clinical manifestations. This may be done by 

using donors whose sex is different from that of the recipient, and performing 

serial karyological studies. 

We have established facilities for short term in vitro culture of lympho

cytes, and these are bei~g expanded for culture of other tissues. The karyotype 

of the dog, a principal experimental animal, has so far been established. We 

found 78 chromosomes in both sexes. Seventy-six are acrocentric of varying 

sizes, with one pair (#1) significantly larger than the rest. The female has 

two metacentric chromosomes about the size of #1, whereas the male has only 

one such metacentric. Scoring of cells as male. or female (donor or recipient) 

is eas~ly done by counting large metacentric chromosomes in intact cells. In

vestigation of the t.ime seq·uence of proliferation of intraperi toneally trans

planted spleen cells in dogs is now being attempted. 

Using the same short term culture technique, the lymphocytes of human 

patients with hereditary hemochromatosis have also been karyotyped. In three 

patients studied, no obvious deviation from a normal karyotype was seen. Addi

tional cases studied were familial spastic paralysis, acute lymphoblastic leuke

mia post-irradiation and polycythemia vera (one case each) . No obvious devia

tions from a normal karyotype were seen. Karyotyping of both dogs and humans is 

continuing, to permit statistical comparison of lab normals with experimentals, 

and to describe more accurately the chromosomes of the dog. 
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