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I. INTRODUCTION

A. DEFINITION OF PROBLEM

The actions of radiation on biological materials are presently at­

tributed to what are called, "direct" effects, "indirect" effects, or a 

combination of the two. Damage to the target resulting from "direct" ef­

fects is caused by a direct transfer of energy from the radiation to the 

target molecule. Damage to the target resulting from "indirect" effects 

is caused by alteration of the target molecule via intermediate chemical 

species (principally free radicals). The intermediates are generated by 

the primary radiation absorption event, in any molecule other than the 

target molecule. The labels "direct" and "indirect" are meant to desig­

nate the site of radiation interaction with respect to the target, rather 

than to describe a specific event. In the work reported here, the target 

will be considered to be an entire cell and not a given molecule within 

the cell. Hence, in applying the labels "direct" and "indirect" the con­

cept used is whether the event is intra or extra-cellular.

In general, radiation damage studies on biological material have as­

sumed that the spectrum of damage and the absorbed dose both parallel the 

macroscopic absorption cross section of the radiation. This study is an 

attempt to demonstrate a particular type of direct interaction in which 

the damage resulting from a given dose does not parallel the macroscopic 

absorption cross section of the target, but instead parallels the absorp­

tion cross section of some microscopic part of the target.

1
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Since the target has been defined as an entire cell, the type of 

damage spectrum described above could result from two distinctly differ­

ent events :

1. The target (cell) may contain a discrete component, which is at 

the same time both highly radiosensitive and indispensible to normal cell 

functions. In this case damage to this one component could override 

damage to all other components. Hence, observed damage to the target 

would parallel damage to this particular radiosensitive component.

2. The target may contain atoms whose atomic absorption cross sec­

tion varies in such a manner, that small changes in radiation wavelength 

produce large changes in the amount of energy absorbed in that atom. Hence, 

at certain wavelengths there will be concentrated biological damage around 

the site of this atom, even though the total amount of energy absorbed in 

the target remains constant.

It is the second of these two possibilities which is of interest in 

this study. This mode of interaction rests on the hypothesis that radia­

tion with photon energies just equal to the energy for characteristic x- 

ray absorption in a given atom will be more effective in damaging a mol­

ecule containing that atom, than radiation either more or less energetic. 

This investigation will be primarily concerned with the damage to a bio­

logical system as a function of radiation wavelength for a fixed absorbed 

dose, rather than damage as a function of dose at a fixed wavelength.

B. CHARACTERISTIC X-RAY ABSORPTION

The following discussion is a brief and simplified description 
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of the mechanism of characteristic x-ray absorption in an atom. This 

process occurs in all elements, but for the purposes of this type of 

study, only the following elements are of particular interest : iron, co­

balt, copper, manganese, zinc, and molybdenum. These elements are chosen 

because they occur in "trace" but indispensible quantities in many mam-' 

mailan cells.2® The element iron was chosen only for illustrative pur­

poses in this section, but the discussion in subsequent parts of this sec­

tion will show the special significance of iron in this study.

Figure 1 is a simplified energy level diagram for the iron atom. 

The fine structures of the various energy levels are omitted from the 

diagram as such refinements are not necessary for this study. The en­

ergy level diagram illustrates that an amount of work Wr must be done to 

remove an electron from the K shell of the atom. The atom is then singly 

ionized and in the K energy state. Similarly, Wl and represent the 

work necessary to remove an electron from the L and M shells respec­

tively. If an impinging photon has an energy less than W%, where:

.. , heWK = hvK = —

and

vR = frequency

= wavelength

h = Planck’s constant 

c = velocity of light
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then this photon is incapable of removing an electron from the K shell. 

However, when h^ is only slightly greater than W% the impinging photon 

has a very high probability for interaction with, and subsequent removal 

of a K electron. This sudden change in reaction probability or cross 

section is known as the K absorption edge and is shown in Figure 2. Sim­

ilar absorption edges occur at photon energies equal to and W^.

The purpose of this study is to determine whether or not the damage 

spectrum of a biological system containing a trace element (such as iron) 

can be shown to parallel the absorption cross section of the trace ele­

ment. If such a response occurs, irradiation of the system with photon 

energies just above and just below the K absorption edge of the trace el­

ement should produce markedly different effects.

C. EXAMPLES OF PREVIOUS WAVELENGTH DEPENDENT INVESTIGATIONS

Prior to describing the test system used' in this study, it seems 

pertinent to discuss briefly two other studies which provide a large part 

of the rationale for choosing a mammalian cellular system and for deter­

mining the measurements to be made on this system. Section I-E is a 

more comprehensive review of the pertinent literature. In 1957, a very 

brief study of the effects of nearly monochromatic x-radiation was done 

by Manoilov.He irradiated isolated frog hearts with x-rays of 6.40, 

6.95, 7.47, and 8.05 kev and found that for energies below the.charac- 

teristic iron absorption edge (7.11 kev), the heart continued to function 

much as an unirradiated heart; but for the two energies greater than 7-11 

kev the heart ceased to function rather quickly (5-15 min). Manoilov
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attributes these results to damage to the iron containing cytochrome 

enzymes. Although the total dose delivered at each energy was constant, 

one criticism of this study is the manner in which the nearly monochro­

matic x-radiation was produced. Standard x-ray tubes with iron, cobalt, 

nickel, and copper targets were used and operated at 30 kvp. Thus, not 

only the characteristic line of the plate material was produced, but also 

a continuous x-ray spectrum up to 30 kev. Also, although the total in­

tensity from each tube was the same, the relative intensities of the 

characteristic lines would not be the same owing to differences in the 

fluorescent yield from different elements.

The second study, which has a direct bearing on the investigation 
n L reported here, was done at this laboratory by A. H. Emmons, who irra­

diated the iron—containing enzyme catalase with nearly monochromatic 

x-radiation. He used both crystal diffraction techniques and character­

istic fluorescent radiation to obtain x-ray beams containing a very nar­

row range of photon energies. The results of the experiments using dif­

fracted x-rays indicate that for a given number of photons absorbed, more 

molecules of catalase were inactivated by photons with energies greater 

than the iron K absorption edge, than by photons with energies less than 

this characteristic absorption energy. The experiments in which charac­

teristic fluorescent radiation was used indicated that catalase is suscep­

tible to radiation damage by x-rays of energy roughly equal to the emis­

sion line energies of iron.
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D. DESCRIPTION OF BIOLOGICAL TEST SYSTEM

In view of these two studies, the author choose a system intermediate 

between the entire organ studied by Manoilov^ and the purified enzyme

ohstudied by Emmons. The experimental system chosen consists of mouse 

fibroblast cells grown as monolayers of single cells. These cells are 

20commonly designated as strain L, clone 929, and originated from normal, 

subcutaneous, connective tissue of an adult C3H strain mouse.This 

system is far less complicated than an entire organ, but unlike a puri­

fied enzyme, still retains the properties of a living biological system.

In this investigation two effects were measured ; the gross survival 

of the cells as a function of radiation dose, with radiation energy as a 

variable parameter, and the effect on glucose metabolism as a function 

of photon energy for a fixed dose. The former was chosen primarily to 

determine whether or not the survival of cells irradiated with monoen- 

ergetic x-rays would show any discontinuities as a function of energy (as 

did Manoilovs' frog hearts). The latter.was chosen to determine whether 

or not damage to a particular enzyme system in vivo could be observed 

in the response of the cell and whether or not such damage would show any 

discontinuities as a function of energy (as did Emmons' catalase).

The first of these measurements involves determining the cell via­

bility by cloning techniques.v A known number of cells is put into 

petri dishes and incubated for two weeks. The number of clones visible 

at the end of the incubation period theoretically corresponds to the num­

ber of viable cells originally deposited in the dish and the percentage 



9

survival can then be directly determined. In practice, however, control 

plates must be run simultaneously to correct for the failure of normal 

cells to plate with 100^ efficiency.

The second measurement, involving glucose metabolism, rust consider 

two possible chemical pathways. It should be noted at this point that at 

least one other pathway is available for glucose metabolism (i.e., the 

pentose phosphate shunt) but it generally accounts for only a small per­

centage of the total glucose metabolized.The cell can extract energy 

from the glucose either aerobically or anaerobically and apparently uses 

the less efficient anaerobic process interchangeably with the aerobic 

process.During aerobic metabolism (respiration) the six carbon atoms 

of glucose are enzymatically split into two three—carbon molecules of 

pyruvic acid. Each molecule of pyruvic acid is then passed through a 

cyclic chain of chemical reactions and each carbon atom is successively 

oxidized to form carbon dioxide. The energy released during these oxida­

tive steps is transformed into high energy phosphate bonds (adenosine- 

triphosphate), which are the common currency of energy storage within the 

cell. During anaerobic metabolism (glycolysis) the two molecules of 

pyruvic acid are converted into two molecules of lactic acid, which ac­

cumulates in the cell and surrounding nutrient. No carbon dioxide is 

produced and no oxygen is required during this process. However, much 

less energy is liberated since only one carbon-carbon bond is broken 

rather than the six which are broken in aerobic metabolism. •
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The cyclic chain of chemical reactions necessary for respiration is 

called the tricarboxylic acid cycle^ and the oxidation-reduction enzymes 

connected with this cycle include the iron-containing enzymes called 

cytochromes. The tricarboxylic acid cycle generates free hydrogen atoms 

which are oxidized to water by the cytochrome enzyme chain. If these 

enzymes are damaged, the tricarboxylic acid cycle must stop since there 

will be no pathway for the hydrogen to be oxidized. However, cytochrome 

damage does not affect glycolysis and the cell can still metabolize an­

aerobically.

The cytochrome chain functions as an electron carrier to provide a 

means of oxidizing the hydrogen produced during cell metabolism. The cyto­

chromes are iron-porphyrin compounds containing one iron atom per mole- 

cule;^ the ferric and ferrous states of the iron atoms act as electron 

acceptors and donors respectively. It has been well established that a 

large proportion of biological oxidations in higher animal tissues is 

stopped by the action of cyanide on the enzyme cytochrome oxidase.$5 

Cyanide inhibition of the cytochrome oxidase prevents reoxidation of the 

reduced state of cytochrome C, and hence stops further oxidations within 

the biological system. On the basis of this evidence, it seems reason­

able to assume that direct damage to cytochrome C will also stop a major­

ity of the biological oxidations.

In order to obtain a complete picture of radiation effects on the 

cytochromes and hence on glucose metabolism, measurements should be made 

on both the aerobic and anaerobic metabolic paths. The metabolic meas­
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urements will be made by feeding the cells uniformly labeled glucose 

and then collecting and counting the carbon dioxide and lactic 

acid produced by a known number of cells. These two measurements of me­

tabolism should give a reasonably good picture of the effect of radiation 

on cell respiration and any unusual effects which may be apparent at en­

ergies just greater than the iron K absorption energy will strongly sug­

gest interference with the cytochrome enzymes.

E. REVIEW OF PERTINENT LITERATURE

This section contains examples of literature references which de­

scribe work similar to the investigation reported herein, or which con­

tain information that might be useful in interpreting the results of this 

investigation. It is not meant to represent a comprehensive survey of 

the entire literature on mammalian cell culture, nor is it presented in 

the form of a historical background. It does represent a comprehensive 

cross section of the type of work which has been done in the narrow areas 

which are of particular interest to this study.

In addition to the two papers already disbussed in Section I-C, three 

other studies of wavelength dependent radiation effects have recently 

been performed at this laboratory.

The first investigation was done by J. Garsou in 1959•He inves­

tigated the effects of x-rays on several organic halogenated solids and 

liquids. The x-rays used in his experiments were obtained by diffraction 

of a "white" beam from a sodium chloride crystal. The diffracted x-rays 
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were used to irradiate the sample with photon energies in the region of 

the K absorption edge of the halogen in the organic compound.

Garsou reported that greater damage was produced when the energy of 

the impinging x-rays was slightly greater than the K absorption edge of 

the halogen. Although subsequent studies^ have raised some questions 

about the energy resolution and dosimetry of the x-radiation used in his 

study, the work which Garsou did still seems to indicate the possibility 

of the existence of an energy dependent effect occurring in the vicinity 

of a K absorption edge.

In i960, M. Atkins^ performed a study of the radiation damage to an 

organic mercury compound, as a function of incident photon energy. In 

his investigation he utilized fluorescent radiators for the source of 

monochromatic x-rays and used calorimetric measurements of the radiation 

as a primary measure of beam intensity. Atkins concluded that the mercury 

compound which he studied (x-acetoxymercuri-p-methoxy-hydrocinnamic ethyl 

ester) shewed no energy dependent effects in the vicinity of the mercury 

L absorption edge.

Finally, W. R. Glendinning-^ studied the free radical yield produced 

in a bromine compound (1-bromobutane), when irradiated with x-ray en­

ergies near the bromine K absorption edge. The methods of x-ray produc­

tion and measurement were the same as in Atkins work. Glendinning con­

cluded that within ±10%, the radical yield per unit of energy absorbed 

is independent of the wavelength of the incident radiation.
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A summarization of these three studies plus the two reviewed in Sec­

tion I-C, yields the results that two studies show an energy dependence, 

two show no energy dependence^’and the results of a fifth^ are some­

what questionable. It is interesting to note that the two studies which 

claim energy dependence were done on relatively complex biological systems, 

and the two which claim no energy dependence were done on much simpler, 

relatively small organic molecules.

In 1956, T. T. Puck, et al., published a paper describing the clonal 

growth in vitro of normal human tissue cells.5^ The nutrient used con­

tained 30% mammalian blood serum and the plates were incubated in a moist 

atmosphere of 5$ carbon dioxide in air. They reported plating efficien­

cies of 50-100$.

Also in 1956, Puck and P. Marcus53 published on the action of x-rays 

on mammalian cells. The cells were irradiated with 230 kvp x-rays at 

dose rates of 100-200 r/min. They reported that He La cells (human cer­

vical carcinoma cells) have a 63$ reduction dose (57$ survival) of 96 r 

and that the survival curve exhibits a definite "shoulder" in the region 

of 75 r« Some of the irradiated cells produced smaller clones than the 

controls, while some grew into single giant cells. The authors consider 

the primary damage to be of genetic origin and present arguments, to sup­

port their hypothesis.

D. C. White and P. C. Saunders^ found similar giant cell formation 

after irradiation of HeLa cells with cobalt-60 gamma rays. They found 

that x-rays produced somewhat greater numbers of giant cells than did 



14

cobalt-60 gammas. A study done by Basest in 1959, indicated that irra­

diated cells showed no permanent change in growth rate. In his paper he 

expresses the opinion that while growth curves may serve to give some 

preliminary evidence concerning the effect of various agents, the abil­

ity to form clones is a more exact criterion of the effect of such agents 

on the ability of cells to reproduce.

Strain L mouse fibroblast cells were irradiated with 186 kvp x-rays, 

by T. R. Reid and M. P. Gifford in 1952.They found that 1000 and 2000 

r killed all the cells, while 250 r apparently had little effect. They 

also found an initial mitotic delay in the irradiated cells with subse­

quent divisions occurring at the same rate as the control cultures.

Several other studies were done by S. L. Rood,( HeLa cells irra­

diated with 24 kvp x-rays), G. W. Barendsen^ (human cells irradiated with 

01-, p-, and x-rays) , and M. M. Elkind and H. Button^ ( Chinese Hamster 

cells irradiated with x-rays) using cell plating measurements to deter­

mine the effects of radiation.

All of these studies indicate the feasibility of using plating tech­

niques to study the effects of low energy x-rays on strain L mouse fibro­

blast cells. Some of the above references are referred to in more de­
I • 

tail in the final discussion section of this paper.

In 1961, Till^ irradiated L cells with cobalt-60 gamma rays and 

found that the mean lethal dose was 280 rads and that the extrapolation 

number (zero dose intercept) from the straight line portion of the sur­

vival curve was slightly less than two. (Both of these values are quite 
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similar to those found in this study and presented in Appendix A. ) He 

also found that within experimental error, the 37$ survival dose did not 

depend on the number of chromosomes in the cell. This is interpreted by 

Till as indicating that nongenetic damage may play a role in cell death.

Barendsen® has recently published an article on dose-survival curves 

of human cells and finds that as the linear energy transfer of the radia­

tion increases, the survival curves tend to become more nearly exponen­

tial. He interprets this as indicating that a "single event" type of ac­

tion is relatively more important with low energy radiation (20 kev) than 

with 200 kev x-rays.

The results of the two studies described above are of direct interest 

in the interpretation of the results of this investigation.

In .1929, H. Crabtree^ published a paper concerning the carbohydrate 

metabolism of tumors. He used slices of tissue and measured the carbon 

dioxide and lactic acid production by chemical methods. He concludes 

that : "Glycolytic activity of tumours may act as a partial check on 

their respiratory powers." This effect of the inhibition of respiration 

by glycolysis has come to be known as the "Crabtree effect" and constantly 

recurs in studies concerning the relative rates of aerobic and anaerobic 

metabolism of glucose.

Several studies have recently been reported which tend to substan­

tiate some of the metabolic results reported in Section III of this study.

Suschny, et al.have reported on the carbon dioxide and lactic 

acid production of chicken fibroblasts and He La cells, measured as a func­
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tion of glucose concentration. They find that as the glucose concentra­

tion is increased, the production of carbon dioxide and lactic acid de­

creases, and the ratio of lactic acid to carbon dioxide increases. These 

measurements were made by measuring the radioactivity contained in the 

carbon dioxide and lactic acid produced from glucose. Their paper 

contains a statement which is of some importance to the study reported 

herein.

"In principle, incorporation of radioactive carbon from carbon 
dioxide must also be expected. However, in practice no signif­
icant activity of the carbonic acids of the tissue was found 
after incubation of fibroblasts or HeLa (cells) with radioactive 
bicarbonate for 24 hours."

In a later paper,this group also reports on the production of car­

bon dioxide and lactic acid per cell. They found that as the available 

glucose per cell decreases, the total energy released per cell also ap­

parently decreases. They also found that the ratio of carbon dioxide to 

lactic acid increases as the total number of cells per sample increases. 

Again a quote from their article is of interest to the study reported 

herein.

"Apparently the relative importance of glycolysis, which is 
wasteful as regards the utilization of the glucose, is enhanced 
if the supply of glucose per cell is improved."

Finally, they found that the relative rates of production of lactic acid 

and carbon dioxide were dependent on the pH of the nutrient solution.

Phillips and Feldhaus^ found that under aerobic conditions, strain 

L cells formed significantly less lactic acid when carbon dioxide was pres­

ent in the nutrient. They also found only a very small amount of respira- 
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tion in the absence of glucose. Their findings concerning the influence 

of carbon dioxide indicate that to maximize the amount of carbon dioxide 

produced as compared to lactic acid, the cells should be grown with carbon 

dioxide present in the nutrient. "

Pace and Phillips-^ found that strain L cells possess a type of res­

piration which is sensitive to cyanide poisoning in a manner similar to 

other mammalian tissue cells. They found that the amount of cyanide nec­

essary to inhibit respiration was approximately the same as for other 

tissues.

Danes and Paul^7 have recently published a paper on the environmental 

factors which influence the respiration of strain L cells. They found 

that the respiration of these cells is quite labile and can be system­

atically altered by (1) "conditioning" of the medium, (2) glucose concen­

tration, (3) hydrogen ion concentration, (4) carbon dioxide tension and 

(3) oxygen tension. The effects of items (2)-(3) are of particular in­

terest to the study reported herein. The cells exhibited a higher respira­

tion rate at a pH of 7-4, than at either higher or lower values of pH. 

The cell oxygen uptake increased with increasing glucose concentration 

up to a concentration of 400 mg glucose per 100 ml. Above this concen­

tration oxygen uptake was inhibited, i.e., the Crabtree effect was demon­

strated. Carbon dioxide stimulated respiration and concentrations of 

oxygen either higher or lower than atmospheric concentrations reduced the 

oxygen uptake of the cells.
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The effects of radiation on the enzyme cytochrome C, have been in­

vestigated by several researchers and some of their results are listed o

below. o

Hob it z^ found that cytochrome C irradiated in the dry state ex­

hibited an exponential destruction curve and the dose to produce 50% in­

activation was 4x10? r. However, when the enzyme was irradiated wet the 

50^ inactivation dose was only 6x10^ r. The large difference is attrib- o

uted to free radical damage when the enzyme is in the wet state.

Laser59 found a 15% reduction in the activity of cytochrome C in 

solution at a pH of 7-3, for a dose of 5.6x10^ r with 190 kvp x-rays. If 

one assumes an exponential destruction curve, passing through 100% activ­

ity at zero dose, then the 50% inactivation dose is approximately 1.6x 

105 r.

2Ambe, et al., irradiated cytochrome C with a mixed spectrum of gamma 

rays containing energies between 0.6 and 2.0 mev. They found that the 

chemical reduction properties of cytochrome C irradiated in a water solu­

tion, were reduced by 84% at a dose of 10^ rad and to zero at 10? rad.

Rajewsky, et al.found that the 57% inactivation dose for dry 

cytochrome C was 5.4x10? r using 45 kev x-rays. They also measured the 

inactivation dose in the wet state and found that only 10^-10^ r was 

necessary for 57% inactivation.

The results of these various investigations indicate that the 50% 

inactivation dose for cytochrome C in solution is of the order of 10^ 

rads and of the order of 10? rads for dry cytochrome C. Hence, unless
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cytochrome C exhibits a greatly enhanced radiosensitivity in vivo, doses 

of the order of 10^ rads will be necessary to produce a depression in cel­

lular respiration due to cytochrome damage. This fact was subsequently

• h.confirmed by experiment and doses of the order of 10 rads were necessary 

before cellular respiration was depressed. (This fact alone does not 

imply that only the cytochrome enzymes are involved in respiration depres­

sion.)
IP

In i960, Caputo and Giovanella studied the effects of radiation on 

the respiration, aerobic glycolysis, and anaerobic glycolysis of mouse 

cells. Using 50 kev x-rays they found that doses as high as 2x10^ rads, 

enhanced both aerobic glycolysis and respiration while anaerobic glycolysis 

was steadily depressed. In comparison to the controls, the irradiated 

cells showed an increased consumption of oxygen. Also large amounts of 

spectrophotometrically detectable substances were released in the nutrient. 

The authors feel that these two facts indicate either a breakdown, or an 

increase in permeability of the cell membrane.

Molemeasured the effect of radiation on the oxygen consumption 

of rats and found no immediate change with doses of 300-1000 r 

at 220 kvp. He concludes that the main respiratory enzymes of the body 

are not particularly radiosensitive.

Several studies have also been done in an attempt to relate the so- 

called oxygen effect (increased radiation damage with increased oxygen 

tension) to the respiratory enzymes.
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U8Moustacchi irradiated a normal strain of bacteria and a strain 

deficient in respiratory enzymes (i.e., cytochromes and dehydrogenases). 

He found that both strains exhibited the same response for either aerobic 

or anaerobic irradiation conditions. Hence, he concluded that the enzy­

matic respiratory chains do not intervene in the oxygen effect and that 

the oxygen effect must result from some action at the site of the primary 

radiation lesion.

A similar study was conducted by Wood^? on two strains of yeast. One 

was a normal respiratory strain and the other was a respiratory deficient 

mutant. He too found that both strains exhibited the same response when 

irradiated either aerobically or anaerobically. (The aerobic response was 

greater than the anaerobic, but the same for both strains.) The author 

states that, "The similarity of the oxygen effect in the two strains is 

evidence that this effect is not primarily mediated through enzymatic res­

piratory mechanisms."

In view of these four studies it will be interesting to see if any 

difference can be seen between the radiation response of the glycolytic

and respiratory systems of the L cell.



II. IRRADIATION TECHNIQUES AND DOSIMETRY

The objective of this investigation was to demonstrate energy de­

pendent radiation effects. Since the relative magnitudes of the effects 

might differ by less than a factor of two, it was necessary to define the 

radiation dose as completely as possible. Therefore, considerable time 

was spent on measuring the physical parameters of the radiation source 

and associated sample holders.

A. X-RAY RADIATION SOURCE

The source of x-rays used throughout this study was a General Elec­

tric XRD-5, x-ray diffraction machine, operated with a Machiett AEG-50 S 

tungsten target x-ray tube.

There are two methods for obtaining x-ray beams of relatively homo­

geneous energy. The first is to use the diffraction properties of a 

crystalline lattice to select given wavelength photons from a heterogen­

eous beam. The second method is to utilize the characteristic fluorescent 

x-rays generated when an atom is excited by high energy photons. The 

fluorescent x-rays emitted from the excited atom will have discrete wave­

lengths, characterized by the particular excited state of the atom under 

consideration.

The crystal diffraction technique provides a continuously variable ' 

source of photon energies between approximately five and 60 kev. The 

fluorescent technique is limited to the predominant excited states of 

21
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the available elements, and the photon energy can be changed only in dis­

crete (and nonuniform) steps.

Although the fluorescent method of generating x-rays is limited to 

certain discrete energies, it is considerably more efficient (approxi- 

mately 1,000 times) than diffraction methods for producing a beam of x- 

rays with a given energy resolution. Therefore, in order to keep the ir­

radiation times as short as possible, and to obtain a high degree of en­

ergy resolution, characteristic fluorescent x-rays were used throughout 

this investigation.

The relative positioning of the x-ray tube, the box for holding the 

fluorescent radiator, and the test sample irradiation holder are shown in 

Figure J. The various fluorescent radiators are held in small lucite 

holders and positioned at 4$° to the incident x-ray beam and to the sam­

ple holder.

The spectral distribution of the fluorescent x-ray beam from a given 

radiator was measured with a crystal diffraction spectrometer. The re­

sults for the five targets used in this study are shown in Figures 4-8. 

Graphical integration of linear plots of these curves indicates that the 

emission line is in general six times as intense as the Kg line. Hence, 

approximately 85% of the photons have an energy equal to the % emission 

energy and 1^% have an energy equal to the Kg emission energy. The max­

imum difference between the % and Kg photon energies for any of the five 

elements used as radiators is approximately 11%. Therefore, it will be 

assumed, for the purposes of this study, that the photon energy of a
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fluorescent beam is equal to the energy of the emission line for that 

particular radiator.

Since the samples to be irradiated were relatively large (2 cm in 

diam) and approximately equal to the diameter of the x-ray tube window 

(2.2 cm in diam), it was necessary to investigate the spatial distribution 

of the fluorescent x-ray beam. This was done by exposing dental x-ray 

film to the beam and then measuring the change in optical density across 

the image on the film. By trial and error shaping of the incident "white" 

beam from the x-ray tube, the results shown in Figure 9 were obtained.

Diam = 2.5 cm

Figure 9- Relative optical density of photographic 
image of fluorescent x-ray beam. (Numbers refer to 
optical density of film normalized to 1.00 at the 
center.)

These measurements indicated that the fluorescent x-ray beam had a 

horizontal deviation of approximately -5$ on either side of the central 

axis and a vertical deviation of +5$ upward and -1?$ downward. The area 

of the beam where the intensity is l^ lower than the axial value repre­

sents approximately 10$ of the total area. Hence, 90$ of the target re­
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ceives an exposure dose equal to ±5^ of the axial value. If one expresses 

the exposure dose in terms of an average intensity (which is the quantity 

measured by chemical or calorimetric dosimetry), then the spatial varia­

tion across the beam striking the sample is approximately ±10%.

B. COBALT-60 RADIATION SOURCE ,

In addition to the x-ray radiation studies, several experiments were 

done using cobalt-60 gamma rays, in order to provide a high energy (ap­

proximately 1.25 mev) comparison with the low energy x-ray data. The co­

balt-60 source used for these experiments has an activity of approximately 

3300 curies and was calibrated with the Fricke^? chemical dosimetry tech­

nique. The physical arrangement of the source is described elsewhere^^^ 

and will not be repeated here. The results of these irradiations are pre­

sented in Appendix A and will be referred to from time to time throughout 

this report.

C. PRIMARY DOSIMETRIC STANDARD-CALORIMETER

In order to measure accurately the intensity of the low energy flu­

orescent x-ray beam, a calorimeter was constructed to serve as a primary 

dosimetric standard. (The calorimetric measurements done by Atkins^ and 

Glendinning^ demonstrated the feasibility of using this type of measure­

ment at low photon energies.) The intensity values obtained with the 

calorimeter were used to calibrate a more convenient secondary chemical 

dosimeter. The calorimeter is shown in place on the x-ray machine in

Figure 10.
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Figure 10. Photograph of calorimeter, showing 
location on x-ray machine.
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The calorimeter and its associated vacuum equipment are shown in 

Figure 11, and a schematic view of the internal construction is shown in 

Figure 12. The 0.0005-in. aluminized Mylar window serves as a vacuum 

seal and initial infra-red heat reflector. The 0.005-in. beryllium win-­

dow serves as a secondary infra-red heat shield to reduce further the ef­

fects of external heat sources.

At the lowest energy studied in this report (5-41 kev) the Mylar 

window absorbs 1.8% of the beam and the beryllium window absorbs 10.5%. 

Hence, only a small portion of the x-ray beam energy is lost in these 

two windows.

The calorimeter is evacuated to a pressure of approximately 10"^ mm 

of Hg during operation, in order to reduce heat loss from the target due 

to gaseous conduction. The internal temperature is maintained at the 

boiling point of liquid nitrogen ( -190.2°C at ?40 mm of Hg) in order to 

reduce radiative heat loss from the target to the surrounding walls.

The target consists of two pieces of 0.001-in. gold foil with a cal­

ibration heater coil of 0.001-in. platinum wire sandwiched between the 

two foils. At the highest energy studied in this report (8.60 kev) the 

target absorbs essentially 100% of the incident energy. The maximum en­

ergy at which the calorimeter can be used is limited to a value just be­

low the first characteristic absorption line for gold, which occurs at 

11.92 kev.Above this value some of the absorbed energy would be re­

emitted as characteristic L series x-rays.
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Figure 12. Schematic diagram of x-ray calorimeter.
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The rate of change of the temperature of the target is measured by 

two thermistors attached to the back gold plate and connected to opposite 

arms of a Wheatstone bridge. Figure 1J is a photograph of the gold target 

and its supporting mechanism and Figure 14 is a schematic wiring diagram 

of the circuit used with the calorimeter.

V

SILK SUPPORT 
THREADS

0.001" PLATINUM 
CONNECTION LEADS

THERMISTORS

Figure 15. Photograph of gold target for calorimeter.

A small change in the temperature of the thermistors produces a cor­

responding small change in their electrical resistance. Since the two 

thermistors are in opposite arms of the bridge circuit the total unbal­

ance in the circuit is approximately equal to twice the product of the
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initial resistance times the change in resistance. Equation (1) shows 

the condition for balance of a Wheatstone bridge, when Rp, Rj and Rg, Ri 

are in opposite arms of the bridge.

. ^1^5 = ^2^4 (

Now if R^ and R^ both change by AR, then the left, side of Eq. (1) becomes : 

2
(Rj+AR) (R^+aR) = RTR5 + R^AR + R^AR + ( AR)

and for R^ = R^ and AR « Rp, the net change in resistance is : 2RpAR.

This change in resistance causes the bridge to be unbalanced and an 

error voltage occurs across terminals 1 and J in Figure 14. The rate of 

change of this voltage is proportional to the rate of change of the re­

sistance of the thermistors, which in turn is proportional to the rate 

of change of the temperature of the gold target. The error voltage is 

measured with a micro-voltmeter whose output is recorded as a function 

of time. A typical plot of the time rate of change of the error volt­

age, both with and without x-ray heating, is shown in Figure 15-

The calorimeter was calibrated by passing a known electrical current 

through the platinum resistance wire, sandwiched between the gold plates, 

and measuring the net change in the time differential of the error volt­

age. The calibration curve is shown in Figure 16, and the power of the 

various x-ray beams is shown in Table I.
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TABLE I

CALORIMETRIC MEASUREMENT OF X-RAY BEAM INTENSITIES

Target
Photon 
Energy, 

kev
Power, 

p. watts
Standard
Deviation,*

*

Overall
Error,*  

&

Cr 5.41 9.27 ±1.86 ±5.03
Mn 5-90 13.24 ±9.70 ±2.49
Fe 6.40 15.67 ±0.628 ±2.47
Ni 7.48 11.88 ±0.688 ±2.48
Zn 8.64 11.77 ±0.774 ±2.52

*The standard deviation computed from the variation of many power meas­
urements, and the overall error includes the standard deviation plus 
all other experimental errors.

The errors involved in the calorimetric measurements are listed below: 

1. Accuracy and reproducibility of the measurement of the '
calibration current.

2. Reproducibility of heat losses from the target.
5. Positioning of the calorimeter in the x-ray beam.
4. Stability of the intensity of the x-ray beam.
5. Statistical reproducibility of the beam intensity 

as measured with the calorimeter.
6. Accuracy in the measurement of the heater resistance.

The reproducibility of items 1 and 2 is included in the standard de­

viation of many measurements and is shown by the error bars in Figure 16. 

The net standard deviation of the power calibration curve was found by 

taking a weighted average of the standard deviations of each point. This 

is possible since the point (0,0) is a known point with a standard devia­

tion of zero. Hence, the standard deviation of a point can be weighted 

more strongly in direct proportion to the distance of the point from zero. 

The standard deviation of the calibration curve calculated in this manner 

is ±1.31#. The accuracy of item 1 is determined by the accuracy of the 

micro-microammeter used to measure the current. This value is reported 

to be ±2# on the scale ranges used for this measurement.57 item 5 does 
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not directly enter the data presented in this report as the calorimeter 

was not moved between measurements. However, the area of the x-ray beam 

is sufficiently greater than the area of the calorimeter target, that 

small differences in positioning of the calorimeter are not expected to 

make noticeable changes in the measured beam intensity. Item 4 is esti­

mated to be no worse than ±0.5%. This estimate is based on intensity 

measurements made from day to day with a proportional counter. In any 

event, fluctuations in beam intensity are included in the standard devia­

tion of the measured values. Item 5 is listed in Table 1. Item 6 was 
♦ 

measured with a high quality Wheatstone bridge; the error in this meas­

urement is ±0.006%.

Since all the errors are independent, the overall error was computed 

as the square root of the sum of the squares of the individual errors. 

The overall error for each beam power is shown in Tabl^ I. Actually the 

overall errors calculated by this method are considered somewhat conserva­

tive, because of the inclusion of the ±2% error from the micro-microam­

meter. Any error in this meter is probably constant, and if known, could 

bejapplied to the x-ray power values as a constant correction factor. 

Thus, the value of any one power point may be in error by as much as ±2% 

due to this meter error, but the relative values of all five power meas­

urements are probably known with a higher level of confidence than is 

indicated by the overall errors. A better ammeter would Easily eliminate 

a large part of the error in these measurements.
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D. SECONDARY DOSIMETRIC MEASURING SYSTEM—FRICKE DOSIMETER

The calorimetric measurements were made to obtain data which could 

be used to calibrate a more convenient secondary dosimeter: the stand­

ard Fricke ferrous-ferric chemical dosimeter solution.^7

Although the response of this chemical dosimeter is well known above 

20 kev, the yield of ferric ions per 100 ev of absorbed energy is not 

well known (nor constant) below 20 kev.(The yield per 100 ev of ab­

sorbed energy will subsequently be termed thé’"G" value.) Since the x- 

ray photon energies of interest were all below 10 kev, it was necessary 

to measure the ferric ion yield or G value, before the chemical dosimeter 

could be used. ,

The two dosimetry cells used throughout this study are shown in Fig­

ure 17. The diameter of the larger cell is approximately 5-0 cm and that 

of the smaller cell is approximately 2.0 cm. Both cells are Pyrex glass 

cylinders approximately 1 cm long. The larger of the two cells was used 

to make measurements inside the calorimeter and has end plates of 0.0005­

in. Mylar attached to the glass with an elastomer cement.* The smaller 

cell was used for dosimetry of the beams used for sample irradiations and 

has end plates of 0.00025-in. Mylar. When filled with dosimetry solution, 

both cells absorb approximately 99.6^ of the beam at 10 kev. Since all 

photon energies used were < 10 kev, 100% absorption was assumed for all 

chemical dosimeter measurements. .

♦Minnesota Mining and Manufacturing Company, adhesive number EC-776.
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Figure 1?. Photograph of glass dosimetry cells.

The G values for the system were measured by placing the larger of 

the two dosimetry cells inside the calorimeter in place of the gold target. 

After exposing the dosimetry solution*  to the x-ray beam the change in 

optical density of the solution was measured spectrophotometrically, at 

a wavelength of 305 The optical density change per unit irradiation 

time was corrected for x-ray absorption in 7.8 cm of air not present dur­

ing the calorimetric measurements. The following equation was used to 

calculate G at each energy. .

*The composition of the "stock" dosimetry solution used was as follows :
3.9 gm FeSOi/NH^) 2 ( SO^) -SHgO
0.12 gm NaCl
100 ml triple distilled BgO
2.2 ml concentrated H2SO4

In use, this stock solution is diluted to :
1 ml "stock" solution
200 ml aerated triple distilled HgO
4.4 ml concentrated HgSO^ .
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g = ( V/A) ( AO. D. /hr) ( K) * (2)

‘ P

where

G = ferrie ion yield per 100 ev of absorbed energy

V = volume of dosimetry cell = 7.77 cm^

2A = area of dosimetry cell = 7*06  cm

K = 4.45x10^ ions/cm^-unit AO.D.; a constant which is derived in 
Appendix B

P = power in ergs/cm^-hr as measured calorimetrically

AO.D. = optical density change per hour of irradiation, of the 
chemical dosimeter inside the calorimeter.

It was not necessary to correct for absorption in the Mylar window 

of the dosimetry cell, as this was the same thickness as the Mylar vacuum 

window on the calorimeter,and the vacuum window was removed during chem­

ical dosimetry measurements. "

Table II shows the values of G calculated in this manner, the beam 

intensity as measured calorimetrically, and the optical density change 

as measured chemically. The error of the beam intensity is slightly 

larger than the error of the beam power because the former includes the 

area of the gold absorber plate. This area was measured by photograph­

ically enlarging a silhouette of the target and then measuring the area 

of the photograph with a compensating polar planimeter. The total error 

in this measurement, including the magnification factor, is +0.10)%.
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TABLE II

FERRIC ION YIELD PER 100 EV OF ABSORBED ENERGY

Photon
Energy, 

kev

. Beam Intensity, 
ergs/cm^-sec A O.D./hr G

■ 5.41 • 15.82 ± .42
(5.04%)

O.OO8O4 + 0.00005
(0.5%)

9.89 + .502 
(5.05%)

5.90 19.71 ± .492 
(2.50%)

0.0124 + 0.0004
(5.5%)

10.19 ± .458 
(4.50%)

6.40 20.15 ± .500 
(2.48%)

0.0125 ± 0.0018 
(14.8%)

9.45 ± 1.415 
(15%)

7.48 17.71 ± .441 .. ’
(2.49%)

0.0118 + 0.0005
(2.5%)

10.09 ± .556 
(5.55%)

8.46 17.55 ± .444
(2.55%)

0.0155 ± 0.0009
(6.7%)

11.10 ± .796 
(7.18%)

The rather large error in the value at 6.40 kev, ( Fe, Kq fluorescent

x-ray) is unexplained and represents the value obtained from 15 chemical 

dosimeter measurements. The fact that the value for G at 6.40 kev is the 

lowest obtained is also unexplained. Previous experience with this chem­

ical dosimeter system indicates that it is capable of much better results 

than +14%. This leads the author to suspect some unknown energy depend­

ent involvement of the iron atoms in the dosimeter. It is not expected 

that the value for G at 6.40 kev will change much with subsequent meas­

urements, and in any event small changes in the value of G do not sig­

nificantly affect the results of this study. The values listed in Table 

II were used in calculating all doses reported herein.
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E. DOSIMETRY OF X-RAY BEAMS

All of the x-ray beam intensity measurements were made using the 

small glass dosimetry cell shown in Figure 17. When used to measure the 

beam intensity, this cell was placed in exactly the same position as the 

samples to be irradiated.

The beam intensity was calculated as follows :

IE = ( AO. D. /g) ( V/A) ( K) ( 5)

where :

Ig = beam intensity in ergs/cm^-hr at energy E

AO.D. = net change in optical density of dosimetry solution

G = yield value for energy E, listed in Table II

' V = volume of dosimetry cell = 5.77 cm3

A = area of dosimetry cell = 14 cm^

K = 4.45x10? ions/cm3-unit AO.D.; a constant derived in 
Appendix B.

Equation (5) is based on the assumption of total absorption of the beam.

This is a valid assumption for a cell 1.2 cm thick, used at photon en­

ergies < 10 kev.

Since the cell survival irradiation experiments were done at a lower 

intensity than the metabolic experiments, the various beam intensities 

had to be measured for two different conditions : low intensity opera­

tion of x-ray tube number 1, and high intensity operation of x-ray tube 

number 2. (Tube number 2 replaced tube number 1 after the latter burned 

out.) The measured values are shown in Tables III and IV. These tables
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TABLE III

NO. 1 X-RAY TUBE, LOW-INTENSITY BEAM MEASUREMENTS

Radiator EKqjJ 
kev

Operating 
Current,*  

ma
A O.D./hr Ergs/cm2-hr hv/cm2-hr**

Chromium 5.41 15 0.05175 1.71 x io5 5.05 x IO1?

Manganese 5.90 12 0.0587 2.02 x 105 5.48 x IO1?

Iron • 6.ho 8 o.otoo . 2.26 x io5 • 5.65 x 1015

Nickel 7.48 5 0.0591 2.06 x io5 4.41 x 1015

Zinc 8.64 .. 6 0.0445 2.15 X io5 5.95 x 1015

*X-ray tube potential was 50 kvp for all targets 
= _____ ev/cm2-hr_____

photon energy in ev ’

TABLE IV

NO. 2 X-RAY TUBE, HIGH-INTENSITY BEAM MEASUREMENTS

Radiator kev
Operating 
Current,*  

ma
A O.D./hr Ergs/cm2-hr hv/cm2-hr**

Chromium 5.41 50 0.0849 4.56 x io5 1.55 x 1014

Manganese 5.90 50 0.1265 6.60 x iq5 1.79 x kM

Iron 6.to 50 0.1010 5.70 X 105 1.45 x 1014

Nickel 7.48 21 0.0972 5.11 X io5 1.10 x kM

Zinc 8.64 21 0.1050 5.02 x io5 1.08 x 1014

*X-ray tube potential was 50 kvp for all targets.
**Photons/cm2-hr = hv/cm2-hr = ----- ev/cm2-hr 

photon energy in ev
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also include the photon energy, radiator element, change in optical dens­

ity per hour, and photons per square centimeter per hour. The last of 

these quantities is calculated on the assumption, valid at these low en­

ergies, that all the x-ray photons are absorbed by photoelectric conver­

sion.

The x-ray tube operating currents were adjusted to make the beam in­

tensities from the various targets approximately equal. The beam intens­

ity values presented in Tables III and IV were used in subsequent calcu­

lations for determining the dose to the tissue cells.

F. IRRADIATION VESSEIS

The vessels used for irradiation of the cells were designed to meet 

the following requirements. •

( 1) The vessels must be capable of maintaining bacterially sterile 

conditions.

(2) They must contain a window relatively transparent to x-rays 

below 10 kev.

(5) They must provide a means for removing the nutrient solution 

from the cells during irradiation.

The vessels were made from short pieces of standard 22 mm O.D., thick 

wall Pyrex glass tubing, with a small bubble blown in one side. One end 

of the tubing was covered with Saran Wrap*  and the other was stoppered

*Trade mark for a vinylidene chloride film made by Dow Chemical Corpora­
tion, Midland, Michigan.
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with a silicone rubber stopper. The Saran was held in place with a stand­

ard 15/16 in. rubber "0" ring. A liquid seal was provided by applying 

a ring of "Dow Corning Stopcock Grease" (a silicone lubricant) to the end 

of the glass tube, prior to covering it with the Saran. The Saran is 

sufficiently heat resistant to maintain its physical integrity after steam 

sterilization at 121°C for 20 min. A completed irradiation vessel is 

shown in Figure 18.

hr*=aee 3 wee eeeri

Figure 18. Photograph of completed irradiation vessel.
1

In order to provide ideal conditions for the cells, it was decided

to maintain the nutrient pH at approximately 7.0. This was done by main­

taining the atmosphere above the nutrient at a concentration of approx­

imately 5^ COg in air. The vessels were opened to the atmosphere by boring 

a hole in the rubber stopper and then plugging this hole with a cotton and 
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gauze plug. ■ The plug allowed the COg-air mixture in the cell incubator 

to pass relatively freely into the vessel during cell growth, while act­

ing as a bacterial filter to maintain sterility.

A monolayer of cells is grown on the Saran window with the irradia­

tion vessel in a vertical position. During irradiation the vessel is 

tipped to a horizontal position causing the nutrient liquid to flow into 

the bubble on the side of the tube. Hence, only the very thin layer, of 

cells attached to the Saran is irradiated and any chemical effects due 

to irradiation of the nutrient are completely eliminated. This technique 

also assures that all the cells receive essentially the same dose, with 

no shadowing due to many layers of cells. Figure 19 shows an irradiation 

vessel in place on the x-ray machine.

G. FACTORS INFLUENCING ABSORBED DOSE IN CELLS

The conversion of radiant energy flux,density (beam intensity) to 

absorbed dose per unit time involves four factors.

(1) The absorption of the Mylar window on the dosimetry cell, as 

a function of photon energy.

(2) The absorption of the Saran window on the irradiation vessel, 

as a function of photon energy.

(5) The absorption cross section of the cells, as a function of 

photon energy.

(4) A consideration of secondary electron effects on the total

absorbed dose.
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Each of these factors must be considered to arrive at a final value for 

the dose to the cells.

1. ttylar Absorption

Information on the chemical composition of Mylar was not readily 

available, and hence the theoretical absorption could not be calculated. 

However, it was possible to measure the absorption at each energy, and 

these data are presented in Figure 20. Although the absorption in the 

thin window (0.00025 in. ) is in general very small, the final dose cal­

culation includes these numbers, since they are available.

2. Saran Absorption

The elemental composition of Saran Wrap was obtained from the Dow 

Chemical Company and is as follows ; -

Element % by Weight

100.0

Carbon 28.4
Hydrogen 2.7
Chlorine 67.2
Oxygen 1.7

The theoretical absorption of the Saran window was calculated using 

these weight percentages and the atomic mass absorption coefficients^ 

of the elements. The theoretical values and experimentally measured values 

are shown in Figure 20. The small deviation between the theoretical and 

experimental values is probably due to a small error in the assumed dens­

ity of 1.70.55 The absorption of the thin Saran window (0.0005 in.) is
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"by no means negligible and at the lowest energy studied in this report 

(5.41 kev) decreases the beam intensity by 57%. "

The radiant energy flux actually impinging on the tissue cells was 

calculated by increasing the measured values to correct for the Mylar 

absorption and decreasing the measured values to correct for the Saran 

absorption. The former correction gives the beam intensity at the window 

of the fluorescent target holder, and the latter correction gives the 

beam intensity at the inner face of the Saran window on the irradiation 

vessel. The corrected values of beam intensity for the low and high in­

tensity beams are shown in Tables V and VI, respectively.

The corrected values in Table V and VI were used as the values for 

the beam intensity actually irradiating the cells. The corrected beam 

intensities do not vary by more than ±20% from the average value and 

therefore, it would seem unlikely that any energy dependent effects could 

in reality be attributed to differences in dose rate to the cells.

5. Absorption Cross Section of Cells

The very thin cell monolayer (approximately 50 microns*)  in an irra­

diation vessel made it impossible to measure experimentally the absorp­

tion of the cells. However, the total absorption cross section of the 

cells was calculated by assuming a composition equal to that for wet tis­

sue. The assumed weight percentage is as follows :

*The thickness of the cell layer was crudely approximated by measuring 
the distance between the two surfaces with an optical microscope. The 
assumed value of 50 microns is probably no better than ±25%.
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TABLE V

CORRECTED INTENSITIES INCIDENT ON THE CELL 
MONOLAYER FOR LOW-INTENSITY BEAMS

kev
Measured
Intensity, 

ergs/cm2-hr

Corrected ,or
Mylar Absorption, 

ergs/cm2-hr

Corrected for
Saran Absorption, 

ergs/cm^-hr

Corrected
Photon Flux, 
hv/cm2-hr

5.41 1.71 x 105 1.74 x 105 1.10 x 105 5.26 x 101?

5.90 2.02 x IO5 2.05 x IO5 1.45 x IO5 5.87 x 1015

6.40 2.26 x IO5 2.28 x IO5 1.69 x io5 4.24 x IQl^

7.43 2.06 x IO5 2.05 x IO5 1.70 x IO5 5.64 x 10"^

8.64 2.15 x IO5 2.14 x IO5 1.89 x io5 5.51 x IO15

TABLE VI

CORRECTED INTENSITIES INCIDENT ON THE CELL 
MONOLAYER FOR HIGH-INTENSITY BEAMS

kev
Measured
Intensity, 
ergs/cm2-hr

Corrected for 
Mylar Absorption, 

ergs/cm2-hr

Corrected for 
Saran Absorption, 

ergs/cm2-hr

Corrected
Photon Flux, 
hv/cm2-hr

5.41 4.56 x 105 4.65 x 105 2.95 x 105 0.87 x 1014

5.90 6.60 x 105 6.70 x 105 4.66 x io5 1.27 x 1014

6.40 5-70 x 105 5.76 x 105 4.28 x 105 1.07 x 1014

7.48 5.11 x 105 5.15 x 105 4.55 x 105 0.95 x 1014

8.64 5.02 x 105 5.04 x 105 4.46 x 105 0.96 x 1014
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Element Weight %

Hydrogen 10.00
Carbon 12.00
Nitrogen 4.00
Oxygen 75.00
Sodium 0.10
Magnesium 0.04
Phosphorus 0.20
Sulfur 0.20
Chlorine 0.10
Potassium 0.55
Calcium 0.01

100.00

The values used for the mass absorption coefficient for each of these el­

ements, as well as for iron and manganese, are shown in Table VII.

The sum of the weighted mass absorption coefficients for the cells 

is presented in Table VIII. The weighted mass absorption coefficients 

for all the elements in the cell are shown in Figure 21. This figure 

also shows the net mass absorption coefficient of the cells.

In order to demonstrate the effect of iron or manganese on the net 

cellular mass absorption coefficient, a weight percentage of 0.1 was as­

sumed and the absorption coefficients were recalculated. These calcula­

tions are also tabulated in Table VIII. At an energy just above the 

characteristic K edge of manganese or iron (6.54 kev and 7.11 kev re- 

42 spectively), the calculated mass absorption coefficients (with and with­

out the heavy metal) differ by only 5%.

Manganese and iron are usually considered trace elements and are gen- 
pO 

erally not found in concentrations exceeding 0.05% by weight. There- ' 

fore, it is reasonable to assume that any abrupt changes in the damage
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TABLE VIII

SUM OF WEIGHTED MASS ABSORPTION COEFFICIENTS OF L CELLS

Energy, 
kev

Weighted Mass 
Absorption 
Coefficient

Mass Absorption 
Coefficient With

0.1# Fe 0.1# Mn
4 65.07 65.54 65.52
5 55.00 55.14 55.15
6 21.61 21.69 21.69
7 14.10 14.16 14.56
8 9.91 10.25 10.22
9 7.08 7.50 7.50
10 5.27 5.44 • 5.45
11 . 4.51 4.64 4.65

spectrum of the cells, in the vicinity of the K absorption edge of either 

manganese or iron, are nçt due to corresponding abrupt changes in the 

mass absorption coefficient of the cells.

4. Secondary Electron Effects

The net effect of the photoelectrons produced by the interaction of 

x-ray photons with atoms of an absorbing material must be considered when 

one calculates the dose absorbed in a particular sample. The absorbed 

dose may be increased by electrons which originate outside the volume of 

interest, but stop within this volume. Conversely, the absorbed dose 

may be decreased by electrons which originate inside the volume of inter­

est, but escape from this volume, i.e. The kinetic energy of the escap­

ing electron must be subtracted from the energy initially liberated in 

the volume element under consideration.
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In the specific case considered here, the absorbed dose in the cells 

is affected by both of these situations. The dose may be increased by 

electrons which originate in the Saran window, escape from the window, 

and subsequently deposit their kinetic energy in the cells. The dose may 

be decreased by electrons which originate in the cells, but escape before 

being absorbed.

The following discussion of secondary electron effects is based on 

two fundamental assumptions.

(a) All the photons absorbed in the sample are absorbed by the 

photoelectric process (no Compton scattering or pair produc - 

tion events).

(b) The kinetic energy of the photoelectron is assumed to be equal 

to the quantum energy of the impinging photon.

The first of these two assumptions has been studied experimentally^ 

and for photon energies less than 10 kev this assumption is valid for 

more than 99$ of the absorbed energy. The second assumption is not 

strictly valid, since the kinetic energy of the electron will be less 

than the photon energy by an amount equal to the original atomic binding 

energy of the electron. However, the maximum binding energy of electrons 

in all elements lighter than oxygen is less than 530 'ev.Therefore, 

for x-rays greater than 5 kev, the kinetic energy of the electron will 

be less than 10$ different than the quantum energy of the photon. In any 

event, this assumption is conservative in nature, since a decrease in 

the electron energy will decrease its range in the absorber and conse­
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quently decrease the probability that it can escape from the absorber.

The approach taken in determining the importance of secondary elec­

tron effects was to calculate the percentage increase in the dose to the 

cells due to electrons produced in the Saran window, and then to subtract 

from this the percentage decrease in the dose due to electrons escaping 

from the cells. Because of a lack of information concerning the range 

of electrons in tissue cells and particularly in Saran, the ranges used 

in this discussion were all calculated from an empirically derived equa­

tion. This equation was originally obtained from measurements of the 

'range of electrons' in different elements and compounds and predicts quite 

well the observed results.^

R = 250 ( A/p) ( E/Z1/2) n (4)

where :

n = 1.2/(1-0.29 log^c Z)

R = range in Angstroms .

A = atomic weight

p = density

Z = atomic number

E = energy in kev

in order to use Eq. (4) for mixtures of various elements, an average Z 

and an average A must be-calculated. The average atomic weight A was 

calculated from a simple summation of the weighted values of A for the 

various elements in the material under consideration. The average atomic
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number Z was calculated from the following equation :55

Z = Q^Z^f QgZg +• • • OlnZn (5)

in which:

al = VlZl/noAi (6)

where :

No = Avogadro's number '

P% = weight fraction of element Zq

Zq = atomic number of element

Aq = atomic weight of element

and,

no = No Z (PqZq/Aq + PgZg/Ag + • • • • PnZn/An) (7)

Substituting Eqs. (6) and ( ?) into Eq. (5) gives :

Using the. elemental compositions for cells and Saran as given previously 

in this section, the average Z and A were calculated and are shown in

Table IX.
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TABLE IX

AVERAGE ATOMIC NUMBER AND MASS FOR L CELLS AND SARAN

Z A
Cells 7.07 14.08
Saran 15.21 27.29

The density of the cells was assumed to be 1.2,^ and the density of 

the Saran was assumed to be 1.7.55 All parameters in Eq. (4) are now 

known, and the. range of secondary electrons as a function of energy can 

be calculated. The results for the cells and for Saran are shown in Fig­

ure 25. In order to prevent confusion, the two curves are plotted on a 

common abscissa scale, but with a displaced and repeated ordinate scale.

Figure 22 illustrates the analysis used for calculating the electron 

escape from the Saran into the cells. The ratio Iq/lo was calculated

INCIDENT 
PHOTON Io 

BEAM
%.

SARAN WINDOW

CELL MONOLAYER

Figure 22. Geometric outline for analysis of secondary 
electron emission from Saran window.
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based on absorption of Io (the primary beam) in a thickness of Saran 

equal to T minus R, where T equals window thickness (12.7 n) and R 

equals electron range at energy E (from Figure 25). The percentage of 

1absorbed in R was then calculated and equated to the number of sec­

ondary electrons generated in R. If an isotropic spatial distribution 

of photoelectrons exists, the maximum number which could escape from R 

would be equal to one-half of those generated in R. (Any electrons gen­

erated at distances greater than R from the inner surface, would not 

escape from the window.) Hence, we now have a number equal to the max­

imum percentage of the primary beam which escapes as secondary electrons 

from the inner surface of the Saran window. This number is tabulated in 

Table X for the five experimental photon energies used in this study.

TABLE X

PERCENTAGE OF PRIMARY PHOTON BEAM ABSORBED IN THE SARAN WINDOW 
WHICH ESCAPES AS SECONDARY ELECTRON EMISSION 

FROM THE INNER SURFACE

Photon
Energy, 
kev

Percentage as 
Secondary 
Electrons

5.41
5.90
6.40
7.48
8.64

0.98 
1.01 
0.97
0.94
0.86

- Now, in order to determine the effect of these secondary electrons

on the dose to the cells, we must know the percentage of the primary 
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photon beam absorbed in the cells directly. This was calculated using a 

cell thickness of 50n(see note on bottom of page 54) and is shown in 

Table XI.

TABLE XI 

PERCENTAGE OF PRIMARY PHOTON BEAM ABSORBED IN CELL LAYER

Photon Energy, 
kev

Percentage 
Absorbed

5.41 15.7
5.90 12.6
6.40 10.4
7.48 • 7.0
8.64 5.0

The ratio of the percentage of secondary electrons escaping from the 

Saran window (assuming 100% absorption in adjacent cells), to the percent­

age of primary x-rays absorbed in the cells, gives the percentage in­

crease in the dose contributed by these electrons'. This percentage in­

crease is tabulated in the second column of Table XII.

TABLE XII

NET EFFECT OF SECONDARY ELECTRONS ON CELLULAR ABSORBED DOSE

Photon
Energy, 
kev

Percentage Percentage Net Secondary
Added by Escaping Electron

Saran Window From Cells Contribution
5.41 
5-90 
6.40 
7.48 
8.64

6.24 8.06 -1.82%
8.02 9.01 -0.99%
9.27 10.55 -1.28%
15.25 12.90 +0.45%
17.20 16.42 +0.78%
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The percentage loss of the total x-ray energy liberated in the cells 

was estimated by calculating the ratio of the volume from which secondary 

electrons can escape, to the total volume. The volume from which elec­

trons could escape was assumed to be a shell of thickness R surrounding 

the entire cell. It seemed reasonable to expect that the cells were in 

general hemispherically shaped with the flat surface attached to the Saran. 

(Microscopic inspection of a typical cell monolayer confirmed this expec­

tation.) Once a geometric shape is established, it is a simple matter to 

calculate the ratio of the volume of a surface shell of thickness B to 

the total volume. This ratio is equated to the percentage of secondary 

electrons escaping from the cell and is tabulated in the third column of 

Table XII.

The sum of the contribution from the Saran window, and the loss from 

the cells, equals the net secondary electron effect on the dose and is 

shown in the last column of Table XII. The calculated net effect is less 

than the uncertainty of the calculations, so no .corrections for secondary 

electron effects will be applied to the total absorbed dose in the cells.

The author feels that it might be useful to review some of the as­

sumptions made in the above analysis, and to comment on their effect on 

the results. '

(a) The values for electron range calculated from the empirically • 

derived equation may be in error by a few percent. However, this will 

probably not have a net affect on the final results, since an increase 

or decrease in the range will produce a corresponding increase or decrease 
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in the probability of an electron escaping from either the Saran window 

or a cell, and the two effects will tend to compensate one another.

(b) The calculated range will be inversely proportional to the 

density of a particular absorber. The value of 1.7 assumed for Saran is 

an average value taken from Ref. 55- This value is probably quite close 
, °

to the true value, judging from the good agreement between the theoretical 

and experimental x-ray absorption curves shown in Figure 20. The value 

for the density of the cells (assumed to be 1.2) may be in error by as 

much as 10%. However, any errors in the density value will affect all 

the calculated ranges in the same direction. Hence, the net secondary 

electron affects would remain constant at all energies, even though they 

would no longer cancel each other to produce a net effect of zero. Thus, 

all the calculated doses would have to be increased or decreased by the 

same amount, and any energy-dependent effects in the damage spectrum of 

the cells would not be obscured by an error of this type.

(c) The assumption concerning the isotropic spatial distribution 

of the photoelectrons is not strictly correct. The actual spatial dis­

tribution, at very low energies, peaks at 90° to the incident beam.5 How­

ever, this refinement in the calculation would have the effect of reducing 

the number of electrons which escape from the Saran window (a greater num­

ber of electrons would be emitted parallel to the window and hence ab­

sorbed) . Similarly since the cells are closely packed together on the

window, electrons emitted parallel to the monolayer ( perpendicular to the
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beam) would probably interact with adjacent cells; and hence, the net 

loss from the cells would be reduced.

(d) The two assumptions concerning the absorption in the cells of - 

the primary x-ray beam (based on an assumed thickness of 50p) and of the 

secondary electrons from the window affect the net results in a uniform 

manner and do not introduce any unusual energy-dependent effects.

( e) Finally, the assumed geometric shape of the cell does not in­

troduce any energy-dependent effects into the final results but again 

only introduces a constant increase or decrease in the percentage of 

electrons escaping from the cells.

In summary, the secondary electron effects on the total dose will 

increase or decrease the final absorbed dose by a constant amount, and 

at least within the uncertainties of the assumptions discussed above, the 

net calculated effect is equal to zero. Therefore, it is possible to 

state the results of the preceding discussion by saying that the cells 

are in secondary electron equilibrium with their environment. '

H. CELL DOSE CALCULATION ,

Finally, the absorbed dose rate to the cells was calculated as fol­

lows : .
D.R. = F — rad ( 9)

100
where :

D.R. = absorbed dose rate in rad/hr

F = corrected beam intensity in ergs/cm^-hr

M-m = total mass absorption coefficient of cells (cm^/gm).
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The values calculated from Eq. (9) are listed in Table XIII for both the 

high and low intensity beams.

TABLE XIII 

ABSORBED DOSE RATE TO CELL MONOLAYER

Photon Energy, 
kev .

Dose Rate, rad/hr
Low-Intensity Beam High-Intensity Beam

5.41 " . 5.14 x 10^ 8.44 x 10^

5.90 5.22 x 10^ 10.5 x 10^

6.40 5.08 x 10^ 7.79 x 10^

7.48 2.04 x 10^ 5.20 x 10^

8.64 1.57 x IO4 5.71 x 10^



III. MEASUREMENT OF TEST PARAMETERS

This section describes the experimental methods and techniques used 

to measure gross cell survival and glucose metabolism. The actual re­

suits of the radiation experiments are presented in Section IV.

A. GROSS CELL SURVIVAL—PLATING TECHNIQUES

• The measurements of cell survival versus radiation dose for each of 

the five energies ($.41, $.90, 6,40, 7.48, and 8.64 kev) were made by­

plating a known number of cells onto petri dishes and subsequently count­

ing the clones visible to the unaided eye after 14 days of incubation. 

This technique implicitly assumes that the ability of a cell to produce 

a colony is directly related to the ultimate survival of the cell.

The concentration of the initial cell suspension was determined with 

an electronic cell counter (see Appendix C). After diluting the initial 

suspension by 1000:1, an aliquot of the diluted cell suspension was pi­

petted into each petri dish. The size of the aliquot used was determined 

by the particular dosage of radiation administered to the cells; and in 

general, contained between 100 and $00 cells. .

When converting the count on the electronic scaler to cells per mil­

liliter, counter coincidence losses were taken into consideration when­

ever necessary. These losses are discussed in Appendix C and illustrated 

in Figure $7. .

71
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The nutrient used for the plating experiments was Eagle’s minimum 

essential medium,^ supplemented with 10% human blood serum. The plates 

were incubated at 57 °C in a 5% COg, 95% air atmosphere for 14 days. After 

being fixed and stained, the resulting clones could easily be counted 

with the unaided eye. The counting of the clones was facilitated by plac­

ing the plates on a transparent grid laid over a light box and tallying 

the clones with a hand tally counter. A detailed outline of the proce­

dures used for plating the cells and staining the clones is given in Ap­

pendix D. 

■ During the initial plating trials standard medium was tried with the 

addition of the amino acid L-serine,^^ in a concentration of 10”^ molar. 

These trials yielded plating efficiencies (percentage of initial cells 

that produce clones) greater than those using normal nutrient without 

serine. However, during a series of experiments in which a clone was 
■ * 

taken from a plate, subcultured, and replated, the two strains grown with 

and without serine approached the same plating efficiency, and all sub­

sequent experiments were done using normal nutrient. ' After three succes­

sive replatings, the initial sub-strain of L cells selected in this manner 

gave plating efficiencies of approximately 85%. During a time lapse of 

approximately 18 months this pure sub-strain went "wild" and would no 

longer plate satisfactorily. Another series of successive plating exper­

iments yielded a new pure sub-strain of cells, which would plate at ap­

proximately 65% efficiency. This is the strain used for all the experi­

ments in this report. It should be noted that after approximately six 
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months, this second pure strain is apparently going "wild" and the plating 

efficiency has dropped to approximately 4$%. The difference between the 

plating efficiencies of the two pure sub-strains (8$% vs. 6$%) is attrib- 

uted to a different lot of human blood serum used in the nutrient, as all 

other conditions were held constant.

The apparatus used for maintaining the COg-air mixture is shown in 

Figure 24. Air from the laboratory compressed air supply is reduced to 

a pressure of approximately 12 psig and enters the apparatus through the 

flowmeter on the right. Carbon dioxide from a standard compressed gas 

cylinder is reduced to a pressure of approximately 2$ psig and enters the 

apparatus through the water bubbler on the left. The two gases are mixed 

at a "T" junction and then bubbled through a second bubbler containing a 

buffer and pH indicator. * The percentage of COg in the gas mixture can 

be adjusted to produce a nutrient pH of 7.0, by comparing the color of 

the indicator bubbler with color standards of a predetermined pH. This 

method has proved quite reliable for maintaining a relatively constant 

atmosphere and hence a constant nutrient pH, within the incubator.

B. GLUCOSE METABOLISM—CARBON DIOXIDE AND LACTIC ACID MEASUREMENTS

In order to determine the effect of radiation on glucose metabolism 

within the cell, it was necessary to develop methods for measuring the 

^Composition of indicator solution :
O.85 gm NaHCOj
10 ml of saturated aqueous Phenol red
1 liter of distilled HgO.
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carbon dioxide produced by respiration (aerobic metabolism) and the lac­

tic acid produced by glycolysis (anaerobic metabolism). It was decided 

that radioactive tracer methods would probably have the necessary sensi­

tivity and also be the easiest to use. This decision was subsequently 

confirmed and the methods described below are sufficiently sensitive to 

detect the carbon»dioxide and lactic acid produced by approximately 10^ 

cells during two hours of metabolism.

The cells were fed with nutrient containing uniformly labelled C1^ 

glucose. The molecules of carbon dioxide and lactic acid produced from 

the metabolism of the C-^ glucose were, therefore, randomly labelled with 

atoms. The carbon dioxide was collected by allowing the gas in 

the cell '"container to diffuse into a small liquid scintillation counting 

bottle containing the organic base, hyamine hydroxide.*  The nutrient 

above the cells was acidified by the addition of 0.5 ml of saturated 

aqueous magnesium chloride, which killed the cells and stopped further 

production of carbon dioxide. The cell container and the bottle contain­

ing the hyamine hydroxide were then connected with a small piece of rub­

ber tubing, as shown in Figure 25. The acidified nutrient tends to drive 

the carbon dioxide out of solution and the strong base in the counting 

bottle tends to put carbon dioxide into solution. Hence, a gradient in 

the partial pressure of carbon dioxide is maintained throughout the inter­

connecting volume between the two liquids and diffusion of the gas is

*P-(diisobutyl-cresoxyethoxyethyl) dimethylbenzylammonium hydroxide, 
Packard Instrument Co., Lagrange, Illinois.
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pushed in the direction of the base. The diffusion was allowed to con­

tinue for 24 hr at a temperature of J7°C. The counting bottles were then 

removed, J ml of liquid scintillator*  was added and the solution was 

counted in a liquid scintillation counter (Packard Instrument Co.—Tri- 

Carb).

*Composition of liquid scintillator
1 liter reagent Toluene
0.100 gm 1,4-bis-2-(J-phenyloxazolyl)-benzene (POPOP)
4.0 gm 2,J-diphenyloxazole (PPO)

The rate of collection of carbon dioxide versus time is shown in 

Figure 26. Although no measurements were made on the absolute recovery 

efficiency for 24 hr of collection, an estimate of 40% was made on the 

basis of the data presented in Figure 26. The estimate was made by ex­

trapolating the curve in Figure 26 to an estimated asymptote and assuming 

that the asymptotic value represented the total/amount of COg- The per­

centage collected in 24 hr divided by the total equals the fraction col­

lected in 24 hr (~ 40%) . The maximum value of the estimate is 46%, based 

on the value of the point at 124 hr. The minimum value is estimated to 

be approximately JO%, based on the shape of the curve. The temperature 

during the collection time was maintained at JI °C by placing the samples 

in the laboratory incubator. This technique was adopted in order to 

stabilize the gas diffusion rate and hence make the collection efficiency 

more reproducible.

The lactic acid was recovered by using a chemical separation tech­

nique involving nonradioactive carrier lactic acid and an ether extrac­

tion. The details of this technique are outlined in Appendix E. Meas-
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urements made with known amounts of radioactive lactic acid indicate that 

16.2±1.2% of the lactic acid is recovered with this procedure.

The radioactive glucose contamination is reduced by shaking the 

ether phase with an excess of dry nonradioactive glucose. This operation 

results in an exchange of radioactive and nonradioactive glucose mole­

cules in the ratio of their respective concentrations. The glucose con- 

,tamination is reduced to approximately 200 DPM, which generally amounts 

to less than of the lactic acid activity and is independent of the 

amount of radioactive lactic acid present.

The amount of carbon dioxide and lactic acid produced in two hours 

was expressed as disintegrations per minute per milligram of protein in 

each sample, in order to normalize the various experiments. The cells 

used were always in randomly dividing cultures growing in the log phase 

(exponentially increasing population). Therefore, it seems safe to as­
»

sume that the total amount of protein in a given sample is directly pro­

portional to the number of cells in that sample. If the constant of pro­

portionality was determined, the data expressed as carbon dioxide or 

lactic acid per milligram of protein could be directly converted to car­

bon dioxide or lactic acid per cell. The nutrient containing the 

glucose was standard growth medium"^ (Eagle's minimum essential medium) , 

except for exclusion of the blood serum. The cells apparently functioned 

satisfactorily for short times in this nutrient and without the serum 

there was no precipitable protein in the samples other than that in the 

cells.
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After the lactic acid extraction, the cell protein was precipitated 

with saturated aqueous trichloroacetic acid (TCA) and collected by cen­

trifuging the samples at approximately 2900 G. The. amount collected was 

measured by a standard colorimetric test It should be noted that after 

addition of the TCA, the samples must be centrifuged immediately or a 

neavy oily liquid forms.*,The  liquid .is immiscible with water and sepa­

rates into a distinct phase in the bottom of the centrifuge tube. The 

protein floats on this heavier phase and hence is not easily recovered. 

The ..composition of this liquid was'not investigated, but it apparently 

results from a reaction-between TCA and MgClg, since it does not occur if 

either substance is added singly to the cell nutrient. Replicate cell 

cultures were grown and half of the samples were put through the lactic 1 

acid extraction operations while the protein in the other half was pre­

cipitated directly. These measurements indicated that 73-8+2.0% of the 

protein was recovered after the lactic acid extraction.

Preliminary metabolic measurements indicated that the production 

rate of radioactive carbon dioxide and lactic acid was not linear for the 

first hour of metabolism. This is shown in Figure 27, and is attributed 

to the utilization of nonradioactive pools of glucose stored within the 

cell. The stored glucose is apparently consumed within one hour and 

thereafter the production rate of radioactive carbon dioxide and lactic 

acid becomes linear with time (for times short compared to the cell divi­

sion time). All subsequent experiments were done by pre-feeding the cells 

for one hour with nutrient containing glucose, then removing this
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nutrient and adding fresh nutrient for another two hours. Thus, the ar- 

ious measurements on carbon dioxide and lactic acid production all repre­

sent the quantity produced during two hours of cellular metabolism.

The effect of glucose concentration in the nutrient was investigated 

briefly and the results indicated that the higher the glucose concentra­

tion, the lower the ratio of carbon dioxide to lactic acid (see Figure 
28) . Since it had been previously determined^ that the cells would grow

a 
8 
o 
F
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Z Z5 2
S K 
n
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to to 
2 2 0.4 
z z 
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O o 0.2
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Figure 28. Ratio of carbon dioxide to lactic acid produced 
by L cells during two hours of metabolism as a function of 
initial glucose concentration.
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adequately on a glucose concentration as low as 20 mg/100 ml (20 mg$, 

it was decided to use this concentration, in order to maximize the ratio 

of carbon dioxide to lactic acid.

Finally, several experiments were done to investigate the effect of 

nutrient pH on glucose metabolism. Figure 29 shows the results of one 

of these experiments and indicates that metabolic activity is apparently 

greatest at a pH of 7.0. A detailed investigation of this effect was not

30
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pH 
pH 
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Carbon 
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6.5 O 
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7.5 ®

Figure 29. Production rate of carbon dioxide and lactic acid by L 
cells, with initial pH of the nutrient as a variable parameter.
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done, as it was sufficient for the purposes of this study to fix the pH 

at a given value for all subsequent experiments. The nutrient pH is ini­

tially adjusted to approximately 7.0 by saturating the liquid with the 

CO2 and air mixture from the gas mixing apparatus described in Section 

III-A. Since the concentration of CO2 in normal atmospheric air is less 

than $%, the CO2 tends to diffuse out of the nutrient into the air above 

the liquid surface. .The diffusion of CO2 between the liquid and gas 

phases was maintained at a net value of zero, by flushing each f lade with 

the 5# CO2 gas mixture prior to the two hour metabolic period.

During the course of the metabolic experiments the production of CO2 

and lactic acid was found to be related to the total cell protein in the 

flask in some second order fashion, 1.e., the amount of CO2 or lactic 

acid expressed per milligram of protein appeared to be a function of the 

amount of protein.

The amount of CO2 per milligram of protein and the amount of lactic 

acid per milligram of protein both decreased with increasing amounts of 

protein in a given culture. However, the ratio of CO2 to lactic acid 

increased for increasing amounts of protein. Figures 41-4$ in Section 

IV-B illustrate these effects. (The figures are placed in Section IV 

since they are involved in the calculations of the radiation effects on 

the metabolic system.)

The increase in the ratio of C02-to lactic acid as a function of 

protein is attributed to an increased competition for glucose as a result 

of the increased cell population. As the amount of energy-producing
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material per cell is reduced, each cell must utilize the available fuel 

more efficiently. Since the breakdown of glucose to carbon dioxide pro­

vides approximately 19 times^ as much energy to the cell, as does the 

breakdown to lactic acid, the production of COg from' glucose is a much 

more efficient utilization of the available energy. This switch from 

aerobic to anaerobic metabolism has been observed by others,^9^63,10,17 

and the author feels that the relative rates of these two primary path­

ways for glucose metabolism may be partially mediated through pH changes 

of the nutrient induced by lactic acid production.

The significance of the decreased production of CO2 and lactic acid 

per milligram of protein is not readily understood. These data indicate 

that the total production of CO2 and lactic acid per milligram of protein 

decreases with increasing total protein (larger cell population). This im­

plies that the total number of glucose molecules metabolized, per milligram 

of protein also decreases with increased total protein. Since fewer glu­

cose molecules are metabolized and since even the more efficient metabolic 

process (respiration) decreases, the total metabolic energy released per 

cell must also decrease.

An investigation by H. Eagle19 on the utilization of carbohydrates 

by human cell cultures indicates that these results may not be altogether 

unexpected. Eagle's study indicated that carbohydrate utilization seems 

to be largely independent of cell growth, i.e. . The amount of carbohydrate 

metabolized per unit of protein formed is dependent on initial concentra­

tion of carbohydrate, but the cell growth and growth rate are independent 



86

of the initial carbohydrate concentration. He hypothesizes that the 

amount of carbohydrate metabolized, the efficiency of its utilization, 

and the extent of aerobic metabolism, are interrelated and primarily de­

pendent on the rate at which the substrate (metabolite) becomes available 

as glucose-phosphate.

This author suggests that as the cells become more tightly packed 

on the surface of the flask, the amount of cell membrane exposed to the 

nutrient would be greatly decreased. Thus, for large cell populations 

each cell would not be able to extract glucose from the nutrient as rap­

idly as for small populations and hence the total carbohydrate metabolism 

as a function of time would decrease. Such a hypothesis may be a little 

far-fetched, but at least it offers a conceivable explanation for the ob­

served response of the system. This hypothesis is partially supported 

by a paper by Danes and Paul^ who also found lower respiration at high 

cell concentrations and attributed this effect to cell crowding.

The relation between CO2 production per milligram of protein as a 

function of total protein was not pursued any further. However, the data 

reduction for the irradiation experiments necessitated a consideration 

of this metabolic variation with total protein. A detailed description 

of the method used for treating the data is presented in Section IV-B.

The last experimental variable considered in the treatment of the 

carbon dioxide and lactic acid data was the counting efficiency of the 

liquid scintillation samples. After the initial counting period, a known 

amount of standard was added to each sample and the sample was then 
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recounted. The standard used was C"^ benzoic acid*  dissolved in toluene, 

at a concentration calculated to give 10^ disintegrations per minute. 

The addition of a standard amount of C^- allowed the determination of the 

counting efficiency of each sample. The results of many samples indicated 

that the counting efficiency of the carbon dioxide samples was 3515-5% 

and that of the lactic acid samples was 25±5•7%-

*NES-1 benzoic-C^-acid, New England Nuclear Corp. , Boston, Mass.

During the course of the experimentation it was noted that some of 

the samples discolored slowly with time. This was attributed to the 

solvation, by the toluene in the sample, of the glue on the bottle cap 

liner. Therefore, a selection criteria based on counting efficiency was 

applied to all radioactive samples and any with a counting efficiency 

more than two standard deviations away from the average efficiency were 

excluded from the data. The validity of this rejection criteria was con­

firmed by visually checking the color of the rejected samples. In all 

cases, a low counting efficiency corresponded to a discolored sample.



IV. IRRADIATION RESULTS

This section is a presentation of the data obtained from the various 

irradiations of the cell cultures. A discussion of the significance of 

the data will be left for Section V. The irradiation results have been 

considered from two different points of view. The first of these treats 

the damage as a function of total energy absorbed in the sample (rads), 

with the photon wavelength as a variable parameter. The second treats 

the damage as a function of the number of photons absorbed in the sample, 

again with the photon wavelength as a variable parameter. If one defines 

each photon interaction with a target as a "hit," then in the first case 

the total energy absorbed is constant, but as the photon wavelength is 

increased the sample receives more hits for the same total dose. Con­

versely, in the second case the total number of hits is constant, but an 

increase in photon wavelength produces a decrease in the total energy 

absorbed.

A. PLATING DATA—CELL SURVIVAL

It is pertinent at this point to introduce a brief note on the cor­

relation between clone-forming ability and cell survival. As mentioned 

earlier (Section III), the plating technique implicitly assumes that the 

ability of a cell to produce a clone is directly related to the ultimate 

survival of the cell. An additional hypothesis could be postulated, in 

which the failure to produce a clone was attributed to the loss of some 

88
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factor which would prevent the cells from sticking to the glass of the 

petri dish. However, if this were the case and these partially damaged 

cells were to remain viable and suspended in the nutrient rather than 

stuck to the glass, then within the two week incubation period the nutrient 

would become very heavily populated with a suspension culture of cells.

This does not happen, and hence it seems reasonable to assume that a cell 

which does not stick to the glass will ultimately die. ■

Each plating experiment consisted of five replicate plates made from 

an irradiated culture and five identical plates made from an unirradiated, 

control culture.

The average number of clones on each set of five plates, divided by 

the number of cells put on each plate, gives the plating efficiency. The 

survival of the irradiated cells is then expressed as a percentage of the 

survival of the control cells. This technique eliminates variability due 

to changes in temperature, nutrient pH and any other environmental fac­

tors during the incubation period. In the experiments reported herein, 

the control plates had a high plating efficiency of ?2%, a low efficiency 

of 35%, and an average of $4±9%

The radiation survival curves for the cells are shown in Figures 

50-JU. Each figure has two different abscissa scales; one in terms of 

total absorbed energy (rads), and one in terms of total number of photons 

absorbed (photons per gram). The straight line portions of the curves 

were fitted to the points by a statistical least squares analysis. The 

slope and zero dose intercept of this line were thus determined math-
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ematically and were not determined subjectively. A brief description of 

the statistics used for the least squares analysis and for the calcula­

tion of standard deviations is given in Section IV-C.

The three parameters that were obtained from each of the survival 

curves are listed below.

1. 50^6 Lethal Dose: In this case, the LD-JO requires no stipula­

tion as to the time of measurement, since it is an end point measurement. 

That is, the cells have passed through many generations before the LD-JO 

is determined; therefore, all latent radiation damage effects have oc­

curred .

2. Mean Lethal Dose (MLD): • The mean lethal dose is a measure of 

the energy (or number of photons) required to reduce the surviving frac­

tion by a factor of e(2.IÎÔ), i.e., to reduce the survival by 65^. This 

value is measured along the part of the curve where the survival is de­

creasing exponentially with dose. (The initial straight line part of 

the curve,  when plotted on semi-log graph paper.)*

3. Extrapolation Number ( EXN) : This number is obtained by extra­

polating the initial straight line portion of the survival curve  to zero 

dose on the ordinate axis.

*

*Although Figures Jl and J2 show two straight line regions, the initial 
region was chosen for comparison with Figures JO, JJ, and jU. This was 
done so that the MLD and EXN for all five cases would be measured in 
approximately the same range of total dose.

The values for these three parameters are tabulated in Tables XIV 

and XV. Table XIV is based on energy absorbed, and Table XV is based on
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TABLE XIV

CELL SURVIVAL VS. ENERGY ABSORBED IN ERGS PER GRAM

Photon
Energy, 

kev
LD-50, 
rad

MLD, 
rad EXN

5.41 610 490 ± 9 1.71 ± .125
5.90 515 960 ± 10 0.855 ± .021
6.Ho 555 500 + 16 1.47 ± .025
7.48 570 290 ± 2 5.64 ± .028
8.64 505 540 + 5 2.18 ± .128

TABLE XV

CELL SURVIVAL VS. NUMBER OF PHOTONS ABSORBED IN PHOTONS PER GRAM

Photon
Energy, LD-50 MLPD EXN
kev

5.41 1.80 x 10^3 1.45 ± .024 x lO^ 1.71 ± .125

5.90 1.4o x IO15 2.60 ± .026 x IO15 0.855 t .021

6.40 1.54 x 1015 1.25 ± .04 x lO1^ *1.47 i .025

7.48 1.22 x IO15 0.62 ± .004 x IO15 5.64 ± .028

8.64 0.955 X 1015 0.65 ± .006 x lO^^ 2.18 1 .128
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number of photons absorbed. These numbers definitely indicate an energy 

dependent effect on cell survival; however, discussion of this depend­

ence will be reserved for Section V.

During the course of preliminary plating experiments, it was found 

that some of the irradiated cells produced clones which were distinctly 

smaller than the unirradiated cell clones. In subsequent experiments, 

the number of these "small" clones on each plate was recorded. These 

data are shown in Figures 35~39- Figure 10 is a photograph of a set of 

control and irradiated clones. Many of the clones in the irradiated 

group can clearly be seen to be smaller than in the control group. The 

decision as to what was a "small" clone was made on a subjective basis, 

which may be one explanation for the large errors in each point. The per­

centage of small clones due to radiation was calculated as follows:

P = (x/s - y/c) 100 ( 10)

where : •

p = percentage small clones 

c = total number of clones on control plates

y = total number of small clones on control plates

s = total number of clones on irradiated plates

x = total number of small clones on irradiated plates

The value of y/c was in general quite small (< 10%) and corrects for small 

clones which occur naturally on the control plates.

Further discussion of the possible causes of the small clones will 

be reserved for Section V.



98

80

U 

y

70

50

20 6.8%/IOORAD

0
0 100 200 300 400 500 600 700 800 900 1000 1100 1200

V) 
z 60

DOSE IN RADS

9 o
—i 
<

clones vs. dose for L cells 
of 5.41 kev.

90

5 
co

Figure 55- Percentage of small 
irradiated with a photon energy

40 -

50 -

60 -

30 -

80 -

20 -

70 -

10 -

7.2% / 100 RAD

z 
w o 
or 
w a.

Figure $6. Percentage of small clones vs. dose for L cells

co 
w 
z 
:

100 200 300 400 500 600 700 800 900 1000 1100 1200 
DOSE IN RADS

irradiated with a photon energy of 5*90  kev.



99

100

OT 
UJ 
2 
O
O

2 
W 
o
% 
CL

E OT

Figure 57. Percentage of small 
irradiated with a photon energy

70

80

90

40 -

50

30

20

60

10

100 200 300 400 500 600 700 800 900 1000 1100 1200

8.2%/IOO RAD

DOSE IN RADS

clones vs. dose for L cells 
of 6.40 kev.

4 
S 
œ

5 
u 
<r

co 
ui
§

o

80

70

60

30

40

20

50

10

100 200 300 400 500 600 700 800 900 1000 1100 1200

Q

9.0 % /I00 RAD

DOSE IN RADS

Figure $8. Percentage of small 
irradiated with a photon energy 

clones vs. dose for L cells 
of 7.48 kev.



100

100

80

70

60

40

90

30 -

50

20

10 - Q

O O

O
9.5% /100 RAD

O
3

2 
z 
a

Figure 59. Percentage of small clones vs. dose for L cells

z 
8 
a 
%

100 200 300 400 500 600 700 800 900 1000 
DOSE IN RADS

irradiated with a photon energy of 8.64 kev.



101

U

mW

Fi
gu

re
 4

0.
 P

ho
to

gr
ap

h 
of
 a

 g
ro

up
 o

f 
co

nt
ro

l 
an

d 
ir

ra
di

at
ed

 c
lo
ne
s,
 

il
lu

st
ra

ti
ng

 r
el

at
iv

e 
si
ze
 d

if
fe

re
nc

e 
of
 s

om
e 

ir
ra

di
at

ed
 c

lo
ne

s.



102

B. METABOLIC DATA—GLUCOSE METABOLISM

The analysis of the data concerning radiation effects on cell glu­

cose metabolism is presented in this section. A discussion of the results 

is presented in Section V-B.

Each irradiation experiment included a group of control samples, 

which were used to accumulate data on the production of carbon dioxide 

and lactic acid by normal, i.e., unirradiated, cells. These data are pre­

sented in Figures 41 and 42. The ratio of carbon dioxide to lactic acid 

was also calculated for each experimental sample and is shown in Figure 

4).

The lines drawn through the points on these figures were obtained 

from equations calculated by a least squares statistical analysis of the 

data. The statistical variation in the data is sufficiently large that 

it seemed advisable to test whether the production per milligram of pro­

tein was truly dependent on the total protein or whether the two quanti­

ties were actually independent. This test was performed by assuming that 

the true slope of the line through the points was equal to zero, and then 

using a statistical "T" test to prove or disprove such a hypothesis. The 

hypothesis that the slope equals zero is equivalent to the hypothesis 

that the production per milligram is independent of the total protein. 

In the case of carbon dioxide and lactic acid production, this hypothesis 

was shown to be false, with better than 99$ confidence. The results for 

the ratio data are not quite as good, but the hypothesis can be stated as 

false, with better than 90$ confidence.
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The statistical analysis of the data also predicts a standard error, 

which can be associated with any Y calculated from a selected X, where 

Y is the production per milligram of protein, and X is the selected value 

of total protein. The error is a maximum at the extremes of the curve 

and is a minimum for the average value of X. The errors associated with 

a low and a high value of X are shown below.

Protein

20 mg 275 mg
C02 production ± 7.7% ±4.4%

Lactic acid production ±10.5% ±7-9%

Ratio value ±19-1% ±6.3%

These two values of protein were selected for reasons which will become 

apparent in Section V-B.

The carbon dioxide and lactic acid production of the irradiated sam­

ples also showed a second order dependence on total protein and hence 

had to be treated in the same manner as the controls. A least squares 

analysis was used on each set of data and the resulting equations were 

used to draw the various lines in Figures 44 and 4$. These figures show 

the production of carbon dioxide (Figure 44), and the production of lac­

tic acid (Figure 45), as a function of total protein in a sample. In 

order to avoid hopeless confusion, the data points are not shown on 

these figures.
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The effect of radiation on glucose metabolism can be calculated for 

any given amount of protein, by obtaining the particular irradiated value 

from Figures 41 or 4$ and dividing this value by the corresponding con­

trol value obtained from Figures 41 or 42. The resulting number indi­

cates the fraction of normal activity remaining in the irradiated sample.

The errors which appear in Tables XVI and XVII were obtained by cal­

culating the error in each irradiated value from the least squares anal­

ysis ( Eq. ( 26) in Section IV-C) , and then using Eq. ( 12) in Section IV-C 

to calculate the error of the ratio of the irradiated sample to the cor­

responding control. Table XVI shows the irradiation results for two 

values of protein as a function of total energy absorbed, and Table XVII 

shows the same results as a function of total photons absorbed.

TABLE XVI .

RADIATION DESTRUCTION OF CELLULAR METABOLISM FOR 
AN ABSORBED DOSE OF 10^ RAD

Photon
Energy, 
kev

Percent Depression
Protein = 20 milligrams Protein = 275 milligrams

CO 2 Lactic Acid - CO2 Lactic Acid
5.41 27.0 ± 5.4 24.5*  ± 5.54 52.1 ± 2.41 9.05 ± 0.775
5.90 25.0 ± 6.2 4.75 ± 0.725 • 26.6 ± 2.66 5.54 ± 1.6
6.40 29.8 ± 5.5 9.4*  + 5.86 15.4 + 2.62 17.9*  ± 5.25
7.48 52.0 ±14.0 17.2 ± 4.0 54.2 + 5.59 57-2*  ± 7.05
8.64 85.8 ±10.5 52.5 ± 7.5 0.9 ± 0.082 10.7*  ± 9.4

*These values represent a production greater than that of the control, 
hence an activation phenomenon.
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TABLE XVII

RADIATION DESTRUCTION OF CELLULAR METABOITSM FOR 
AN ABSORBED DOSE OF 2x10^2 PHOTONS PER GRAM

Photon
Energy, 

kev

Percent Depression
Protein = 20 milligrams Protein = 275 milligrams

CO2 Lactic Acid 002 Lactic jtold

5.41 16.4 ± 2.07 14.9* + 2.02 19.6 + 1.47 5.52 + 0.47
5.90 15.5 ± 4.13 3.16 + 0.49 17.7 + 1-77 2.21 + 1.05
6.40 21.4 + 2.36 6.76* + 2.77 11.1 + 1.89 12.9* + 3.80
7.48 43.8 ± 11.8 14.5 + 3-36 28.8 + 3.02 31.4* + 5-95
8.64 82.9 ± 9.95 50.6 + 7.05 0.87 + 0.079 103* + 8.95

*These values represent a production greater than that of the control, 
hence an activation phenomenon.

Obviously, the relative radiation effects of the different wave­

lengths will be dependent on the particular value of protein chosen. The 

significance of these data is discussed in detail in Section V-B.

It should be noted that the curve in Figure 15 represents the ratio 

of carbon dioxide to lactic acid for each sample and is not simply the 

ratio of the calculated carbon dioxide and lactic acid values. Hence, 

the calculated error associated with the ratio value comes from a separate 

set of numbers and is not a combination of the errors in the carbon di­

oxide and lactic acid data. Physically, all the numbers come from the 

same population and ideally the statistical variation in the ratio should 

exactly reflect the combined variation in the carbon dioxide and lactic 

acid data. In any event, the primary reason for including the ratio 

value is to provide an indication of the overall metabolic response of 

the normal system.



Ill

In order to obtain some information about the metabolic response of 

the cells versus dose, a set of experiments was done at a fixed wavelength 

and varying doses. The results of these experiments are presented in Fig­

ure 46. This figure shows that the depression of carbon dioxide is linear 

with dose ( over the range studied) and that the radiation apparently stim­

ulates lactic acid production. The apparent increased lactic acid pro­

duction may be due to radiation activation of the enzymes associated with 

glycolysis, or it may be due to a compensation effect in the cells to 

make up for the depressed aerobic metabolism. The linear relationship 

of response to dose shown in Figure 46 was used as the basis for normal­

izing all the radiation data to effect per unit dose.

C. STATISTICS

The errors, which appear on the various experimentally measured num­

bers throughout this report are, in general, equal to one standard devia­

tion, and were calculated as follows :

sx ■ ViW di»

where :

Sx = an estimate of ax, the true standard deviation

Xn = the value of any measured number

X = the average value of the measured numbers

n = the number of measured points.
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The errors shown on each of the points plotted in Figures 5O-5U, 

were calculated by the following procedure.

Let :

X = the plating efficiency of an irradiated plate

Y" = the plating efficiency of a control plate

Z = X/Y = the surviving fraction of irradiated cells.

Then for five plates in each set, 
5 5

Using Eq. ( 11) for the standard deviation, it follows that :

1
2and S—

_ 2 
(Yn-Y)

Since Z represents the ratio of X/Y, the following equation must be used

to calculate S^.

(12)

Equation (12) was used to calculate the errors on each of the cell sur­

vival measurements and was also used to calculate the error of any other 

ratio calculation in this report.

The equation of the straight line portions of the survival curves 

(Figures 50-54), and the zero dose intercept were calculated by the fol­

lowing least squares analysis :
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Let :

C = the value along the abscissa (dose)

D = the value along the ordinate (percent survival)

n = total number of points.

If measured points appear to lie on a straight line when plotted on semi 

log graph paper, this implies that :

log D = a + be ( 13)

In order to transform Eq. (15) into a standard linear equation, let

E = log D. Then,

E = a’ + bC

The least squares analysis can be applied directly to Eq. (14). The 

slope b is obtained from the equation :

(15)

The intercept a' is equal to:

a' = E - bC

However, to obtain the ordinate intercept, a' must be transformed back 

into the original system of variables. Thus, the equation of the line 

becomes :
-1 , .D = log a’ + bC (17)
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The least squares analysis also predicts the following statistics.

The standard error of "b is :

SEC

Z (Cn~C) 
n

(18)

where :
Z (En-E)^-b^ Z (Cn-C)2

2 _ n________ n (19)

The standard error of a' is :

However, when applying Sa, to a' and then trying to relate the sum (or 

difference) to a ± Sa, a difficulty arises in obtaining the logarithm of 

a sum, i.e.,

a' ± Sa> = log( a ± Sa) (21)

Equation (21) was solved by expanding the logarithm into a series and 

discarding all but the first two terms.

log( a+Sa) log a + 2
2a+Sa

i +1ÆJLŸ
5 \2a+Sa/ 5 \2a+Sa/ (22)

The higher order terms will be small due to the Sa5 and Sa^ terms. If 

all of the higher order terms are neglected and a’ = log a, then Eq. (22) 

becomes :

2a+Sa
(25)
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and,
2aSaf

(24)

Equation (24) was used to calculate the standard deviations of the EXN 

values listed in Tables XIV and XV.

The data shown in Figures 41-45, and 4^-47, were treated in the same 

manner as described above, the equation of the line shown on each graph 

was calculated from a least squares analysis of the data. The analysis 

of these data is somewhat more straightforward than for the survival 

data, since no logarithmic transformation is necessary.

Two additional statistics were calculated for the metabolic data. 

One of these was needed to determine the confidence limit which could 

be applied to the hypothesis that the slopes of the curves in Figures 

41-45, and 45-4? were truly different from zero. The hypothesis that 

P = 0 was tested by the statistic :

Svv
(25)

where : ,

t _n = value of t, for the "t" distribution with n-2 degrees of 
n~ freedom
b = computed slope

P = "true" slope

X = the value along the abscissa (milligrams of protein)

Syy = analogous to Eq. (1?) with C = X and E = Y, where Y =
value along ordinate.
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In order to calculate the standard deviation of the final metabolic 

irradiation results shown in Section IV-B, the formula for the standard 

deviation of a ratio [Eq. (12) ] was again utilized. " The standard devia­

tion for the control value, i.e., denominator of ratio, was calculated

by the following equation :

By
L | fx-x)2

Vn Z(x-x)2
(26)

where : .

. Sy = standard deviation of Y

Y = value along ordinate

Syx = defined on previous page

X = value along abscissa (milligrams of protein)

. n = total number of points.

The standard deviation of the numerator in the metabolic ratios 

of Section IV-B, was calculated by applying Eq. (11) to all the irradia­

tion data at a given photon energy.



V. DISCUSSION AND SUMMARY

This section is a discussion" of the data presented in Sections IV-A 

and B. It includes a discussion of the significance of the data/ as they 

relate to the original rationale for this investigation, and also some 

discussion of the three parameters of cell survival which are listed in 

Tables XIV and XV. Part B will be devoted to a discussion of the meta­

bolic data, and Part C will be an overall summary.

A. CELL SURVIVAL

1. 50% Lethal Dose

After considering the shapes of the various survival curves, it was 

decided that the LD-25, LD-75, and LD-90 should also be considered in 

order to obtain a more complete picture of the cell survival as a func­

tion of photon energy. These additional values were read from the curves 

and are tabulated in Table XVIII with the LD-50 values.

TABLE XVIII

LETHAL DOSES OF 25, 50, 75, AND 90 PERCENT FOR L CELLS

Photon
Energy, 

kev

LD-25, 
rad

LD-50, 
rad

LD-75, 
. rad

LD-90, 
rad

5.41 450 610 960 *
5.90 150 515 845 980
6.40 335 535 900 1040
7.48 350 570 770 ' 1050
8.64 355 505 745 1055

♦This point excluded due to insufficient data at 
high doses.

118
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The numbers in Table XVIII are plotted in Figure 4?. Figure 4? 

clearly illustrates that at low doses the radiation induced injury is not 

a. smooth function of the photon energy of the incident radiation. How­

ever, as the dose is increased the discontinuity in the damage spectrum 

of the cells becomes less pronounced and at the survival point (LD- 

75) ' the cell injury is approximately directly proportional to the photon 

energy. Finally, at very high doses the radiation injury appears to be 

relatively independent of photon energy.

The observations at the LD-25 level indicate that the initial radia­

tion lesion occurs at a site which is quite radiosensitive. Moreover, 

this site also exhibits a strongly energy dependent cross section, since 

a photon energy of 5-90 kev is approximately 5-5 times as effective in 

producing cell death as a photon energy of 5-41 kev.

As the dose is increased damage to other critical sites begins to 

exert an influence on cell death and the overall radiation response be­

comes a relatively smooth function of photon energy. At the LD-75 level, 

the dose to kill 75% of the cells increases as the photon energy de-r 

creases. Since the linear energy transfer of the radiation (LET) also 

increases with decreasing photon energy, the relative biological effec­

tiveness ( RBE) of the radiation apparently decreases with increasing LET, 

in these intermediate dose regions.

Before continuing with the discussion of RBE and LET, it should be 

noted that at high doses cell death is apparently independent of photon 

energy, and is a function only of the total energy absorbed. This may
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be due to the fact that many injured sites within the cell are simultan­

eously contributing to cell death, and injury to any one site or any small 

group of sites is completely masked by the overall damage to the entire 

cell.

In 1957, Lea found that the radiation inactivation of bacteria ex- 
11 hibited an inverse relationship between RBE and LET. He attempted to 

explain this phenomenon by postulating an interaction model in which a 

direct, single-hit type of radiation injury would cause cell death. The 

greater the LET, the greater the ionization per unit distance traversed 

by the radiation, and hence a greater number of ionizations are wasted on 

targets which have already been inactivated. Thus, the RBE of the radia­

tion decreases with increasing LET.

If this inverse relation between RBE and LET is valid and if the 

single-hit type of interaction is predominant, then one would expect that 

the radiation injury per photon absorbed should be a smoothly increasing 

function of photon energy. At this point the author would like to in­

troduce a new term, the "lethal photon dose" (LPD), which is analogous 

to the lethal dose, but is expressed in photons absorbed per gram rather 

than ergs per gram. The LPD-25, 50, 75> and 90 values are tabulated in 

Table XIX.

The LPD-50 and 75 of the cells, expressed as photons absorbed per 

gram, show uniformly decreasing values with increasing photon energy. 

However, the LPD-25, again shows a significant drop at 5.90 kev. These 

three lethal doses are plotted in Figure 48, which clearly shows the
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TABLE XIX

LETHAL PHOTON DOSES OF 25, 50, 75, AND 90 PERCENT FOR L CELLS

Photon
Energy, 

key

Photons per Gram
LPD-25 LPD-50 LPD-75 LPD-90

5-41 1.21 x 1012 1.80 x 1012 2.78 x 1012 *

5.90 0.353 x 1012 1.40 x 1012 2.30 x 1012 2.66 x 1012

6.4o 0.839 x 1012 1.34 x 1012 2.25 x 1012 2.60 x lO^2

7.48 0.750 x 1012 1.22 x 1012 1.65 x 1012 2.20 x 1012

8.64 O.658 x 10^2 . 0.935 x 1012. 1.38 x 1012 1.95 x 10-1"2

*This point excluded due to insufficient data at high doses.

smooth decrease of the LPD-50 and 75, as a function of photon energy.

If a single-hit model is at all reasonable, then one might expect 

the effect per photon to be directly related to the range of the sec­

ondary electron produced by the photoelectric absorption of the primary 

photon, i.e., the probability of producing a lethal event in the cell 

will be directly proportional to the total volume affected by one photon 

interaction event. If such a direct relation between the electron range 

and effect per photon exists, then the product of the range and the lethal 

dose (’in photons/gm) should be constant. Table XX is a tabulation of the 

secondary electron range at each wavelength multiplied by the LPD-50 and 

LPD-75 doses. The average product has a standard deviation of approxi­

mately for the LPD-50 doses and approximately 4% for the LPD-75 

doses.
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TABLE XX

COMPARISON OF THE PRODUCT OF THE LPD-5O AND LPD-75 
MULTIPLIED BY THE"SECONDARY ELECTRON RANGE

Photon
Energy, 

kev

Range, 
micron

Product of 
Range x LPD-50*

Product of
Range x LPD-75*

5-41 0.909 1.65 2.52
5.90 1.042 1.46 2.40
6.40 1.190 1.59 2.68
7.48 1.514 1.85 2.50
8.64 1.900 1.77 2.62

Avg = 1.64 + 0.15 Avg = 2.54 ± 0.109

♦Units would be (micron-photons/gm x IO-12); however, this number 
will be treated as a dimensionless constant.

Another way of making this comparison is to consider the relation 

between photon energy and electron range, as compared to the relation be­

tween photon energy and photon dose. If the photon dose to produce a 

fixed amount of damage is inversely proportional to the electron range, 

then a plot of the reciprocal of the electron range versus energy should 

be parallel to a plot of the damage versus energy. Figure 48 includes 

such a plot of electron range and shows the parallelism of the damage 

spectrum to the range spectrum. '

If this interaction hypothesis can be extrapolated to higher energies 

then the LPD-50 and 75 for cobalt-8O irradiations should be lower than 

those for x-rays, since the higher photon energy will produce secondary 

electrons with a greater range. Unfortunately, the comparison of dose 

in photons per gram cannot be made directly, since Compton interaction 

events are extremely important ip contributing to the dose delivered to 
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a system at an average photon energy of 1.25 mev, and the assumption that 

each photon is totally absorbed by a photoelectric absorption event is no 

longer valid. However, in terms of energy absorbed (rads) the LD-50 and 

LD-75 for cobalt-60 are 500 and 475 rad respectively and both of these 

values are much lower than the corresponding average x-ray values (550 

and 840 rads respectively) .. Hence, the cobalt-60 irradiation results are 

at least consistent with the x-ray results, which indicate that in this 

experiment, as the LET increases, the RBE decreases.

The survival curves as a function of photons absorbed, again indi­

cate that at the LPD-25 level the dose to produce a constant effect is 

by no means a smooth function of photon energy. In fact, the LPD-25 at 

5.90 kev is only 28% of the LPD-25 at 5-41 kev, i.e. , a 5-90 kev photon 

is approximately four times as effective as a 5Al kev photon, for pro­

ducing cell death. The curve of LPD-25 versus dose is shown in Figure 

48.

The hypothesis that other, non-énergy-dependent sites become involved 

at higher doses is strengthened if one considers the survival curves at 

doses far from the knee in the two curves at 5-90 and 6.40 kev. At higher 

doses (LPD-90), the direct relationship between dose and electron range 

begins to breakdown. The average product of the LPD-90 (in photons/gram) 

and the range has a standard deviation of approximately 10%, and a plot 

of these data is no longer parallel to the reciprocal range ( see Figure 

48) .
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When interpreting the data from these survival experiments, two rather 

important conditions must be remembered. The first is that, essentially 

all the photon interactions are photoelectric in nature and hence no sec­

ondary photon interactions need be considered. The second is that by the 

definition given on page 1, all interactions are of a "direct" nature, 

i.e., radiation effects originating outside the cell do not have to be 

considered. No free radicals are generated outside the cells since they 

are essentially surrounded by air; externally produced secondary electrons 

can be neglected since the cells are essentially in electronic equilibrium 

with their environment (see Section 11-g4) . However, free radicals can 

certainly be produced within the cell, although by the-’definition used 

herein, internal free radical damage would still be considered to be a 
* 

direct effect on the cell. Since the original objective of this investi­

gation was to look for an energy-dependent effect resulting from radia­

tion acting directly on the cell, no distinction has to be made between 

internal free radical damage and internal ionization damage.

2. Mean Lethal Dose and Extrapolation Number

The mean lethal dose is a measure of the amount of energy needed to 

reduce the surviving number of cells by Hence, a number which is

related to the relative radiosensitivity of the cells is the reciprocal 

of the MLD. By analogy to the definition of LPD, the mean lethal photon 

dose ( MLPD) is defined as the number of photons needed to reduce the 

surviving number of cells by 6^.
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The extrapolation number (EXN) is often called the "hit" number 

when attempts are made to apply target theory-^ «25,55 to biological ra­

diation response data. The concept that the extrapolation number is 

equal to the number of hits necessary to inactivate the target is in gen­

eral not valid for a complex system such as an intact cell. The failure 

of target theory in explaining .irradiation results on such a system may 

be attributed to the ambiguity between results for one hit on each of 

several sites, many successive hits on one site, or even the possibility 

of many simultaneous hits on one site. All of these possibilities can 

produce similar survival curveshence, the extrapolation number cannot 

in general be equated to the nwber of hits necessary to inactivate the 

target. ..

The reciprocal of the mean lethal dose, the reciprocal of the mean 

lethal photon dose, and the extrapolation number as a function of photon 

energy are plotted in Figure 19• These plots clearly show that the damage 

spectrum of the cells is a discontinuous function of radiation wavelength. 

No error bars are shown on the points, since the errors calculated from 

statistics associated with a least squares analysis of the data (see IV­

C) are too small to show on the figures.

In the following discussion, the author would like to introduce the 

concept that the extrapolation number may represent a type 01 lethality 

cross section. By analogy to an atomic absorption cross section, the 

lethality cross section is wavelength dependent and in sore way represents 

the probability of producing cell death at a given wavelength. If such
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a concept is reasonable, then one might expect that as the EXN decreases, 

the energy dose necessary to produce a fixed amount of damage would in-
'^1

crease. Hence, the product of the EXN and the MLD shopld be constant. 

For the five photon energies investigated in this study, the produce 

(EXN) (MLD) equals 857 4 150. This is a remarkable agreement when one 

considers that the MLD and EXN vary by a factor of more than four over 

the same wavelength region. A similar constancy of the product of the 
‘ . 21

(MLD) ( EXN) has been reported in the literature by M. M. Elkind, who 

states :

"There are also changes in the slopes of the curves which seem 
to bear a relation to the extrapolation number. To a very rough 
approximation the product of the extrapolation number, n, and 
MLD is a constant for a given cell line."

In the study referenced above, the cells were irradiated with fraction­

ated doses at a constant wavelength and also during different phases of 

growth (lag, logarithmic, etc.).

Whether this product of (MLD) (EXN) is significant or not, and 

whether or not the idea of associating the concept of a cross section 

with the extrapolation number has any meaning, is at this point clearly 

questionable.

Finally, an extremely intriguing similarity results if the EXN as 

a function of energy is compared to.the mass absorption coefficient of 

manganese'. This • comparison is shown in Figure 50 and suggests that the 

damage spectrum of the cells parallels the absorption spectrum of some 

intracellular target which contains manganese. In order for this to be
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the case, the target would have to be indispensable to the survival of 

the cell and at the same time contain the element manganese in a very 

sensitive location within the target structure. If this were true, ion­

ization of the manganese at energies just above the K absorption edge 

could cause extensive damage to the target.

The concept of such a single sensitive target is consistent with 

the previous finding that the RBE increases with decreasing LET. This 

type of relation between RBE and LET for a single target is summarized 

quite well by a quotation from Bacq and Alexander.

"For the inactivation of viruses and enzymes in vitro the RBE 
continually falls with an increase in LET. All the available 
data is qualitatively in agreement with the view that one pri­
mary ionization is sufficient for inactivation. As the LET in­
creases so does the chance that more than one primary ionization 
occurs as the ionizing particle traverses the enzyme or virus. 
Ionizations in excess of one that occur within the "target vol­
ume" are wasted and result in a lowering of the RBE."

The results discussed thus far in this report suggest that one pos­

sibility for the sensitive site in the cell is an enzyme containing man­

ganese . Unfortunately, the author has not been able to find any ref­

erences which would indicate that manganese is chemically bound to any 

entity within the cell. Manganese is known to be needed as an activator 

for certain enzymes1^^® ( arginase, enolase, decarboxylases, etc. ) . How­

ever, it does not seem feasible that ionization of manganese ions, which 

are not chemically bound in the structure of a compound, could have much 

effect on the radiation damage to that compound. Perhaps as "activators," 

the manganese ions are in close enough association with certain enzymes 

that ionization of a manganese atom will destroy the enzyme molecule.
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One final fact must be mentioned before this discussion is term­

inated. That is to point out an inconsistency between the results dis­

cussed in Section V-A1 and V-A2. In the discussion of lethal doses, the 

effect at 5-90 kev is greatest, i.e., the LD-25 and LPD-25 are lowest at 

this energy. However, in the discussion of mean lethal dose, the effect 

at 5-90 kev is the least, i.e., the dose necessary to reduce the number 

of surviving cells by 65% is greatest at this energy. Hence, if absolute 

values are taken from the survival curves (LD-25), they predict results 

which are exactly opposite to those predicted by the rate of change of 

the curves (NLD). The author feels that the shape of the survival curve 

is more meaningful than the absolute value at any point ; however, this 

contradiction in the data has not been resolve d.

5. Small Clones

The percentage of small clones as a function of dose at different 

photon energies shows no dependence on energy, with the exception of the 

curve at 7.48 kev (Figure 58) . This curve definitely appears Co be non­

linear and any reasonable attempt to fit a line to the points results in 

a line which does not go through zero effect at zero dose. However, the 

statistical variation in the measurements is so great as to preclude any 

conclusive statements about the energy dependence of the formation of 

small clones.

A reasonable conclusion which might be drawn from these data is that 

the percentage of small clones per 100 rad shows no significant energy 
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dependent effects and appears to increase slowly with increasing photon 

energy. The results for cobalt-60 irradiations described in Appendix A, 

indicate a significantly larger percentage of small clones per 100 rad, 

than is obtained with x-rays. This conclusion is consistent with a 

single-hit model for production of small clones, i.e., the greater the 

range of influence of each photon interaction, the higher the probability 

of damaging the site which results in the observed small clones.

The experimentally observed small clones could be caused by three 

separate phenomena.

(a) They could be caused by cells in which the initial mitosis, 

after irradiation, was delayed. Hence, after a fixed incubation period, 

a clone produced by such an injured cell would not represent as many 

generations (divisions) as one produced by an uninjured cell. Therefore, 

the injured cell would have produced a small clone.

(b) They could be caused by cells whose generation time had been 

increased by the action of the radiation. Hence, fewer cells would be 

produced in a fixed time and the clone would appear smaller than a normal 

clone.

(c) They could be caused by morphological changes in the irradiated 

cells, which caused the cell size to be stunted. Hence, even for the 

same number of cells per clone, the injured cell clone would be -smaller.

A very brief experiment was done in an attempt to obtain some pre­

liminary evidence as to the cause of the small clones. Replicate cultures 

were made from both an unirradiated and an irradiated cell culture. The 



cell population from one replicate culture of each group was then deter­

mined on successive days. These data are presented in Figure 51. There 

is a definite indication that initial mitosis, of at least some of the 

irradiated cells, is delayed. The data are not sufficiently complete to 

indicate whether or not the generation time is increased.

Similar curves showing initial mitotic delay after irradiation have 

been reported in the literature.-^ Also, at least one other investiga­

tion has found small clones after plating irradiated cells.^3 However, 

the two studies are in conflict as to the cause of small clones, since 

the first claims that no change in growth rate was observed and the sec­

ond claims that radiation does slow the growth of surviving cells.

A study done in 1961 at this University may shed some light on the 

question.In this study the effects of chronic irradiation on L cells 

was studied. It was found that both initial mitotic delay and an increase 

in generation time resulted from such chronic irradiation. Whether these 

findings can be applied to acute irradiations is not known. In any event, 

it is highly improbable that the small clones are due.to small cells, 

since several studies have shown that radiation causes the cell size to 

increase rather than decrease. It would seem most probable that initial 

mitotic delay is the primary cause of small clones, and an increased gen­

eration time may also play a small role.

The author feels that the methods used in this investigation would 

be quite useful in another investigation designed to determine the energy
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dependence of small clone formation. If a more objective method for 

choosing small clones was developed, the statistical variation of the 

"data would probably be reduced and more definite conclusions could be 

drawn concerning the effect as a function of energy.

B. EFFECT OF RADIATION ON CARBON DIOXIDE AND LACTIC ACID PRODUCTION

The results of the metabolic irradiation experiments are, to say the 

least, confusing. Since.the production of carbon dioxide and lactic acid 

per milligram of protein is by no means a constant function of total pro­

tein, the average effect of radiation cannot be obtained simply by divid­

ing the various irradiated values by the corresponding control value. If 

this were done, almost any desired response could be obtained by simply 

varying the value of total protein in the irradiated sample. Hence, in 

order to make any sense at all from the data, it was necessary to look 

for some radiation effect which could be influenced by the total amount 

of protein (or total number of cells) in the sample.

Intra-cellular radiation effects are probably not affected to any 

great extent by crowding of the cells. Thus, an extra-cellular effect 

must be responsible for the observed change in radiation response as a 

function of the number of cells. The only extra-cellular event which 

could produce damage effects of such magnitude is thought to be free 

radical damage to the cells. Therefore, the following hypothesis is pro­

posed as a partial explanation of the metabolic radiation response.
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When the cell population is quite small the cells are spread apart 

on the surface of the Saran Wrap membrane and hence spaces exist between 

them. When the cell population is large, the cells are tightly packed 

together, and cover the entire membrane. Even though the nutrient solu­

tion is drained from the cell monolayer during irradiation, at low cell 

concentrations surface tension could easily hold a thin film of solution 

around and between the cells. At high concentrations, only the outer 

surface of the cell monolayer would be in contact with such a film of solu­

tion. Hence, at low cell concentrations, the net radiation effect would 

be composed of the sum of direct effects on the cells and of effects pro­

duced by free radicals generated in the nutrient solution surrounding the 

cells. At high cell concentrations, the number of free radicals generated 

would be much lower because of less solution in contact with the cells, 

and the direct effects would predominate.

Since the free radical yield increases with decreasing linear energy 

transfer (LET) of the radiation,1(because less recombination of radicals 

occurs along the secondary electron path), then a higher proportion of 

radicals will be generated at higher photon energies. (The LET is in­

versely proportional to photon energy.) If the above hypothesis concern­

ing the cellular radiation response is correct, then at very low cell 

concentrations when the free radical effects would be greatest, the ra^- 

diation response of the cells should be a function of the LET of the im­

pinging radiation. Figure 52 illustrates the radiation response versus 

energy at a total protein value of 20 mg, which represents a very low con-
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centration of cells. As can be seen, the response is indeed a function 

of the LET of the impinging radiation and increases with decreasing LET 

(increasing photon energy). Both the carbon dioxide and lactic acid 

production per unit dose are uniformly decreased as a function of photon 

energy.

In view of the postulated hypothesis concerning extra-cellular free 

radical damage, it was necessary to re-examine the cell survival data 

presented in Section V-A. No correlation could be found between the num­

ber of cells in an irradiated sample and cell survival. In fact, in a 

number of cases the cell concentration varied by more than a factor of 

two between otherwise identical experiments, and yet these repeated ex­

periments yielded the same percentage of cell survival. It may be that 

at the lower dose rates and total doses used in the survival experiments, 

the free radical effects are negligible when compared to other intra­

cellular lethal events.

On the basis of the free radical hypothesis, any direct effects of 

radiation on cellular metabolism should be most apparent at large con­

centrations of cells. Figure 55 illustrates the radiation response versus 

energy at a total protein value of 275 mg, which represents a very high 

concentration of cells. This figure clearly indicates a discontinuity in 

the destruction of carbon dioxide production versus energy. Conversely, 

the effect on lactic acid production is much more uniform as a function 

of wavelength and in fact results in a very pronounced increase in the 

net production per milligram.
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In the introduction to this paper, it was proposed that radiation 

damage to the iron containing cytochrome enzymes might be sensitive to 

the wavelength of the impinging photon, and that this damage might man­

ifest itself as a depression in the carbon dioxide production of the 

cells. If this were to happen, one would expect that photon energies 

Just below the iron K absorption edge would be the least effective and 

photon energies Just above the K edge would be most effective in depres­

sing carbon dioxide production. Except for the point at 8.64 kev, the 

response shown in Figure 53 confirms these expectations quite well. The 

general shape of the curve is as would be expected, since the iron cross 

section steadily rises at energies below the absorption edge ( hence more 

destruction) and steadily falls at energies above the absorption edge 

(hence less destruction).

It is interesting to note that if Figure 52 is assumed to represent 

mostly indirect effects, and Figure 53 is assumed to represent mostly di­

rect effects, then it is possible to state that indirect effects depress 

lactic acid production, while direct effects enhance the production. This 

difference could conceivably result from the difference between effects 

caused by external free radical damage to the cell membrane and internal 

ionization damage (or activation) to the glycolytic enzymes.

Unfortunately, any deductions about the effects of radiation on the 

production of carbon dioxide and lactic acid must be tempered by the 

realization that the behavior of the unirradiated ( control) system is 

not completely understood. For example, since the mechanisms which 
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determine the relative rates of aerobic and anaerobic metabolism are not 

clearly understood, it may be that the rise in lactic acid production 

shown in Figure 55, is a normal compensation effect for a corresponding 

decrease in carbon dioxide production. (Except for the fact, that the 

point at 8.64 kev shows essentially no depression of carbon dioxide pro­

duction) . In short, the system is an exceedingly complex one in which 

many reactions are interrelated, and any deductions concerning the spe­

cific site of radiation interaction are very nearly impossible at this 

time.

C. SUMMARY

The purpose of this investigation was to determine if the radiation 

response of a mammalian cell was dependent on the wavelength of the im­

pinging radiation.

The survival of strain L cells, as measured by the dose in rads 

necessary to kill 25% of the cells has been shown to vary by a factor of 

approximately 5, between 5.41 and 5-90 kev. The survival of the cells, 

as measured by the dose in rads necessary to reduce the surviving frac­

tion -by 65% along the exponential part of the survival curve, has been 

shown to vary by a factor of approximately 5.5, between 5.90 and 7.48 

kev. Finally, the production of carbon dioxide per milligram of pre­

cipitable cellular protein per unit dose, has been shown to vary by a 

factor of approximately 2, between 6.40 and 7.48 kev. '

The experimental evidence strongly suggests that certain metallic 
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trace elements in the tissue cells are involved in producing the observed 

discontinuities in the radiation damage spectrum. In particular, the 

relative magnitudes of the depression of carbon dioxide production as a 

function of energy appear to parallel the relative magnitudes of the mass 

absorption cross section of the element iron. This may indicate that 

the cytochrome enzymes are involved in the radiation induced depression 

of carbon dioxide production. The relative magnitudes of the various 

methods of expressing cell survival as a function of energy seem to par­

allel the relative magnitudes of the mass absorption cross section of the 

element manganese. However, no hypothesis has been postulated to explain 

this apparent relation between x-ray absorption in manganese and cell 

death.

The experimental procedures outlined in this report and the results 

of this investigation suggest many interesting possibilities for the con­

tinued study of the effects of low energy x-rays on mammalian cells.



APPENDIX A

COBALT-60 IRRADIATION RESULTS

This appendix contains a brief description of the results of an ir­

radiation experiment using cobalt-60 gamma rays. The experiment was per­

formed to provide a high energy datum point for comparison with the x- 

ray data. The isotope cobalt-60 emits two gamma rays with energies of 

1.17 mev and 1.53 mev. In this experiment the average energy of the 

cobalt-60 radiation was assumed to be 1.25 mev.

The dose rate in roentgens per minute was measured with an air 

equivalent thimble chamber.*  The absorbed dose in rads was assumed to 

be equal to the exposure dose in roentgens,**  since at 1.25 mev the en­

ergy flux per roentgen in air is approximately equal to the energy flux 

per rad in water.

*Victoreen Condenser r-Meter, Model 570, Victoreen Instrument Co. y 
Cleveland, Ohio.

**The error in this assumption is on the order of 5%, since the conver­
sion between rads and roentgens for cobalt-60 gammas is actually 0.97 
rad/r.55

The survival curve of the cells versus dose is shown in Figure 54 

and the LD-50, mean lethal dose, and extrapolation number are tabulated 

in Table XXI. The percentage of small clones versus dose is shown in 

Figure 55- The survival curve was drawn from the equation predicted by 

a least squares statistical analysis of the experimental data. The 

standard errors shown with the values in Table XXI were also calculated 

from a statistical analysis of the data. The statistical methods used

144 ' '
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have been described in Section IV-C, and will not be repeated here.

Reference is made to this appendix in the discussion in Section V.

TABLE XXI

CELL SURVIVAL VS. ENERGY ABSORBED IN ERGS PER" GRAM

Photon
Energy, 
mev

LD-50, «LD,
rad rad

~ 1.25 325 257 ± 59.7 1.70 ± .176
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APPENDIX B

DERIVATION OF CONSTANT K FOR FERROUS-FERRIC DOSIMETRY CALCULATIONS

The change in the ferric ion concentration is related to the change 

in the optical density of the sample by the extinction coefficient e.

1 unit AO.D. = i x 6.02 x 10^5 molecules/liter (B-1) 

where

AO.D. = - change in optical density measured at a wavelength of 
305 mu

• • 32
€ = extinction coefficient measured at 25°C = 21?4 

therefore,

1 AO.D. = 2.7? x 10^7 ferrous ions oxidized per cm^ (B-2) 

or,

K' = 2.77 x 10^7 ----- ---------
cm5-unit AO.D.

However, the ionic yield G is usually expressed per 100 ev of ab­

sorbed energy and in general we wish to express the energy units in 

ergs. Therefore, Eq. (B-2) must be multiplied by ergs/100 ev to get the 

constant K, used in Sections II-D and II-E.

K - 1.6x10-^) _ M)x107 ions
cm^-unit AO.D.

The value of K in Eq. (B-)) is only valid for G, the ionic yield, 

expressed in ions/100 ev.
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APPENDIX C

ELECTRONIC CELL. COUNTER

The electronic cell counter used in this study was constructed by 

the electronics shop of the Phoenix Memorial Laboratory. This appendix 

is a brief description of the device and is included because the data ob­

tained with the counter have a significant influence on the results of 

this study, and also because the counter is a unique "one-of-a-kind" in­

strument. Figure % is a photograph of the electronic counter and its 

associated glass suction apparatus and mercury switch. The counter is 

patterned after a commercially available device,*  and works on the same 

principle. The operation is based on the fact that a living cell has a 

higher electrical resistance than the medium in which it is suspended. 

This fact is utilized for counting the cells, by arranging a device whose 

electrical resistance is changed each time a cell passes a given point.

*Coulter Electronics, Chicago, Illinois.

In actual operation, two electrodes are placed on each side of an 

insulating membrane in which there is a hole whose diameter (100 p) is 

the same order of magnitude as that of the cell. A D.C. voltage is ap­

plied to the electrodes, and when the electrodes and membrane are placed 

in an electrolyte, a steady current flows through the hole. Each time 

a cell passes through the hole, the electrical resistance of the circuit 

is momentarily raised and a voltage pulse is generated across an internal 

resistance in the counter. These pulses are amplified, passed through a

149
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pulse height discrimination circuit, and counted with an electronic 

scaler, A block diagram of the electronic circuits in the counter is 

shown in Figure 57, and a complete schematic wiring diagram is shown in 

Figure 58.

The cell concentration in cells per milliliter is obtained by draw­

ing a known volume of cell suspension through the orifice and counting 

the pulses generated by each cell. A mercury "u" tube is arranged so 

that the scaler is automatically reset to zero and turned on at the be­

ginning of a count cycle. After 0.504 milliliters of suspension have been 

counted, the mercury "u" tube switch automatically stops the scaler. 

Hence, for this instrument the concentration in cells per milliliter is 

obtained by dividing the recorded counts by 0.504.

The voltage pulses, generated each time a cell passes through the 

orifice, are directly proportional to the size of the cell. Hence, the 

electronic discriminator can be used to reject all particles below a 

given size. A plot of counts per unit volume versus discriminator set­

ting is shown in Figure 59. The rather long plateau and subsequent sharp 

drop in counts are indicative of a uniform cell size. In addition to 

the curve for mouse fibroblast cells (L cells), a curve for human blood 

cells is included in Figure 59. The two curves clearly illustrate the 

difference in size of the erythrocytes (6-10 n) and the L cells (40-50 n).

The response of the counter was compared to optical counts taken 

with a haemacytometer and found to give the same values for concentration 

with 97.5% confidence, as measured by a statistical "t" test on paired 

observations.
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Figure 59. Relative count rate as a function of 
pulse height for electronic cell counter.

As the cell concentration is increased, the probability of two cells 

passing through the orifice at the same time also increases. Hence, at 

high cell concentrations the counter data must be corrected for coinci­

dence losses. A plot of true versus observed concentration is shown in 

Figure 60. When necessary, this figure was used to correct the data re­

ported in this investigation for coincidence losses.

. Finally, an interesting little study was conducted to determine the 

effect of various suspension media on the measured cell concentration as
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a function of time. Figure 61 illustrates the results of this experi­

ment. The experiment showed that for immediate, short term experiments 

the best suspension medium is normal growth nutrient containing 10% human 

blood serum. On the other hand, for long term experiments the medium con­

taining only glucose, sodium chloride, and potassium chloride (GKN), 

yields the slowest settling rate. No attempt has been,made to explain 

these effects, but they are of interest in designing experiments in which 

the suspended cell concentration must be maintained constant over rela­

tively long periods ( such as during plating experiments).
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Figure 61. Settling rate of L cells in various media.
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APPENDIX D

TECHNIQUES FOR CELL PLATING AND CLONE STAINING

The techniques for plating of cells and for fixing and staining of 

the subsequent clones will be deserfbed in a step-by-step format, in order 
>

to simplify the presentation.

A. PLATING TECHNIQUE

1. Remove cells from vessel by trypsinizing in 1 ml of 0.1% trypsin 

in Simms balanced salt solution.  Allow cells to stand in trypsin at 

room temperature (~ 25 °C) for approximately 5 min. '

*

2. Gently agitate cells with pipette,to remove from vessel and place 

in approximately 9 ml of GKN.*

5. Perform three successive 10:1 dilutions in GKN, giving a final 

net dilution of 10^:1.

4. Using a silicone  treated pipette, place desired aliquot of 

final solution into petri dish containing approximately 20 ml of stand­

ard growth nutrient (Eagle's minimum essential medium) .

**

5. Gently agitate initial cell suspension and determine concentra­

tion by either optical or electronic counting.

*The compositions of all solutions used in these two techniques are 
tabulated at the end of this appendix.

**Pipettes treated with the silicone solution; "Desicote," manufactured 
by Beckman Instruments.

There are two points in the above technique which should be noted.

It was found that if the dilutions were done in GKN rather than nutrient, 
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the cells would settle more slowly and agitation of the suspensions be­

came less critical. The second point concerns the silicone treated 

pipettes. It was found that these pipettes allowed a more reproducible 

number of cells to be placed on each plate, than was possible with un­

treated pipettes. Apparently a smaller number of cells stick to the 

walls of the treated pipette. .

B. FIXING AND STAINING TECHNIQUE .

1. Petri dishes with clones are gently rinsed two times with 0.9$ 

saline solution.

2. Bouins* fixative solution is placed in the dishes for approxi­

mately 15 min. •

*The compositions of all solutions used in these two techniques are 
tabulated at the end of the appendix.

J. Dishes are then rinsed three times in demineralized water.

4. Clones are stained with a 1.0$ solution of methylene blue in 

water, for approximately 15 min. " -

5. Dishes are then rinsed two to three times with tap water, and 

allowed to dry before counting.

There are two points in the above technique which should be noted.

It was found that if the initial rinsing with saline solution was not 

done gently, some of the clones were washed loose. The second point con­

cerns rinsing the fixed clones with demineralized water (step 5). it was 

found that tap water contained some impurity which apparently reacted 
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with the methylene "blue dye and produced a bluish background all over 

the petri dish. This reduced the contrast of the clones and made the 

plates much more difficult to count.

C. TABULATION OF SOLUTION COMPOSITIONS

Simms X-7 Balanced-. Salt Solution^

NaCl
KOI

* CaC12 .
MgClg'SHgO
NaH^PO^-HjpO
NagHPO^-lZ %0 -
NaHCO^
Glucose
Saturated Aqueous Phenol Red

GKN

NaCl
KC1
Glucose ‘

Bouins Fixative

75Picric acid (sat. aqueous sol.) 
15% Formalin (concentrated, 10% sol.).
10% Acetic acid (glacial)

Gm/Liter of BpO

8.0
0.20
0.20
0.205
0.Ô21
0.48
0.50
1.00

5 ml/liter of solution

Gm/Liter of H2O

8.0
0.4
1.0



APPENDIX E

LACTIC ACID EXTRACTION TECHNIQUE

The technique used for extracting the radioactive lactic acid from 

the cell nutrient will be described in a step-by-step format, in order 

to simplify the presentation.

The initial solution will be composed of 1.0 ml of standard growth 

media without serum and 0.5 ml of saturated aqueous magnesium chloride.

1. Remove cells from Saran window by scraping with a rubber tipped 

gl^ss rod. Then transfer initial liquid to a test tube.

2. Rinse irradiation vessel with 1.5 ml of distilled HgO.

5. Add 0.1 ml of concentrated lactic acid to the solution.

4. Add 5-0 ml of ethyl ether and shake.

5. Using a pipette, carefully remove 5.0 ml of the ether phase and 

place in a clean test tube.

6. Add another 5-0 ml of ethyl ether and shake.

7. Carefully remove 5-0 ml of the ether phase and add to original 

ether sample.

8. Shake ether with approximately 0.25 grams of dry glucose. .

9* Mechanically separate the. glucose from the ether by carefully 

pouring the ether into another test tube. ,

10. Pour the ether into a counting bottle and evaporate at room temp­

erature (approximately 25°C) under a vacuum of approximately 25 in. of Hg. 

Note: The vacuum must be increased in slow steps or the ether will boil 
violently and splash out of the bottles.
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11. Transfer remaining liquid containing nutrient, magnesium chlor­

ide and residual ether to a 12 ml centrifuge tube.

12. Rinse test tube with approximately 4 ml of HpO and add rinse 

water to corresponding sample.

13. Evaporate the ether which remains in the water phase in the same 

manner as in step 11.

14. Allow the samples to remain under vacuum for approximately 4 hr.

15. Remove centrifuge tubes from vacuum chamber, add 0.5 ml of 

saturated aqueous trichloroacetic acid and proceed with standard Lowry 

protein determination.

16. Remove counting bottles from vacuum chamber, add 1.0 ml of 

hyamine hydroxide and 5.0 ml of liquid scintillator and proceed to count.

As mentioned previously, this procedure recovers 16.2+1.2% of the 

radioactive laqtic acid and 75-8±2.O%-of the protein.
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