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When the irradiated dose was not a lethal one, that is, below 600 r. in
our experiments, the oxalic index increased at first but decreased after
about two to three weeks. It never reached the critical value of 14-17.
(Fig. 91, Note 3)

Local Effects

f) We completed the studies of the effects of radiation upon fatty acids
in vivo by considering them at the local tissue level. The first requirement
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PIO. 89. The spectral analyse, (.01 in ethyl alcohol) of the fatty acids of the liver
of a Dormal rat and of a ral irradiated 6 day, previously with JSOOr shows the ap·
pearance of the characteristic peah of conjugated lrienes.
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was to establish a radiation procedure which would produce a staDdard­
ized lesion. When radiations were applied directly to the skin of animals,
the individual differences in response were quite marked. These could be
explained in part on the basis of age and particularly of sex. the difference
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FIG. 90. Shows the spectral analy~s (0.1 in cthyl alcohol) of the fatt)' acids of dill
IUDg of a Donna. ral and of a rat irradiated with ISOOr 6 days previou Iy. Peab c0r­
responding to conjugated trienes arc present

between the skin of male and female rats being manifest. However,~
were also pronounced individual differences in animals of the same sex,
and weight living under the same conditions. so that even when the e
mental procedure was carefully controlled. the same amount of radialialI
caused reactions that varied widely from slight erythema to ulceration.
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The problem of variability was satisfactorily resolved by radiating ab­
DOrmaltissues, such as those of a wound, instead of normal tissues. Stand­
ardized lesions were first produced and then irradiated. We used the follow­
ing technique: an area of the skin on the back of male rats weighing around
200 grams was epilated and, under ether anae thesia, a 2 em. long incision
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FlO. 91. Fairy acid conjuRution and ;rradim/vn /n ,·uo. The change In the 0 alit.:
index of tolal tally acid, of rah \ubmilled to sublelhal irradiation (bOOr,), Onl) a
ICmporary increa in the oxalic index of the fally acid of Ihe animal i cen. the
amounls not reaching Ihe crilical ...alue~ .

• u made, penetrating the skin and subcutaneous tissues down to the
dorsal aponeurosis. A needle containing radium was then placed between
!be lips of the cutaneous wound. A thread passed through the hole at one
IlId of the needle was used to fix it to the skin. 1 wo retaining sutures were
Ibo used to maintain the radium needle bctween the lips of the wound.
The needle was left in place for the desired length of time and then easily
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removed with the help of the thread passed through the hole of the needle.
The retaining sutures were also removed and the wound left open and lID­
dressed.

The length of time that the needle was left in place varied with the
amount of radium, the nature of the filtering metal, and the radiation bum
desired. We found that 10 mg. of platinum filtered radium had to be left
in place for about 90 hours in order to produce a standardized ulceratioll
that would last about four weeks before healing. The same effect was •
lained when 25 mg. of monel metal filtered radium was kept between the
lips of the wound for only two hours. When monel metal needles wen:
used for only one hour, too great differences appeared between the ulcera­
tions obtained and the time necessary for their healing. A two-hour CX)lOI­

ure caused an ulceration which usually required 4 to 5 weeks to heal ill
control animals. If the needle was left in place for 3 hours, the ulceratioaa
were ljuite uniform but they required over two months to heal and more
than half of the wounds never healed. Failure to heal and more extensiw
necrosis resulted for periods of exposure beyond 3 hours.

Therefore, we utilized 10 mg. of radium in platinum for 90 hoUR ill
one group of experiments, and 25 mg. of radium in monel metal for 2
hours in another group, in order to produce standardized ulcerations t1IIt
would generally heal spontaneously after 4 to 5 weeks. This technique hu
been used in several hundred animals for various experiments. The f8ttJ
acids of these standardized radiation lesions were studied.

Days after irradiation, the ulcerated lesions were removed along with
about one em. of surrounding tissue and submitted to analyses. It was al­
ways necessary to use as many as 5 or 6 lesions to obtain the quantity III
fatty acids needed for an oxalic index determination. The lesions wen
found abnormally rich in conjugated fatty acids. Commonly, indices •
high as 40--and in exceptional cases as high as 65-were found (TABLI

XVI) in comparison with 0 or 0.3 for normal skin with its subcu~
tissues.

Lipids and Radiation Burns

g) The appearance of conjugated fatty acids as an effect of radiatiae
has posed the problem of the role of these abnormal fatty acids as~
mediary agents in the biological changes induced by radiation. In tryiII
to solve it, we compared the effects obtained by administration of c:oajIIf
gated fatty acids with those of radiation at different levels of organizalia&
This study was facilitated by considering the changes which take place
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TABLE XVI

OXALIC INDEX OF FATTY ACIDS OF RADIATION BURNS

Normal5kin
Non-treated wound

Wound with 25 mg. radIum in

monel melal for 2 bours

Elapsed Time

24 hours
48 hours
72 hours
6 days
2 hour!'l

:!:4 hours
48 hours

4 days
1 week
2 weeks
3 weeks

Average
0.1
2.2
3.9
2.3
1.8
1.2
6.1

13.9
191
31.0
46.0
49.4

the cellular cytoplasm and nuclei as induced by various substances desig­
aated as radiomimetic agents.

It could be seen that apparently all agents which induce radiomimetic
elfects are lipoids with negative polar groups. The eflects of higher polyun­
saturated fally acids, and especially the conjugated isomers, appear to be
the same as those of known radiomimetic agents. The similarity between
the effects of these fally acids and those of radiation makes it logical to
consider that at least some of the radiation-induced changes result from
the intervention of these abnormal fally acids.

We have seen that the changes induced by fally acids upon cell metab­
olism are in large part due to an increase in cell membrane permeability.
A similar change of cell membrane permeability could be recognized
among the effects of radiation. Following radiation, it could be seen that
sodium of the interstitial ftuids penetrates into the cells more readily. This
was observed when radioactive sodium was used. (42) The cellular vacu­
olization seen to follow radiation. especially higher doses, represents a
corollary of the abnormal penetration of sodium into the cells whicb partly
Rsults from the increase in membrane permeability.

h) At the tissular level, the inftuence exercised by radiation upon pain
was seen to greatly resemble that induced by administration of fally acids.
Radiation efficiently relieves pain tbat has an acid pallero but it may in­
crease pain of an alkaline pallero. Furthermore, pain which appears fol­
lowing radiation has an alkaline pallero and consequently is increased by
further radiation, or administration of unsaturated fally acids. (NOlI' 4)

i) At the tissular level, it could be seen that the area of ulceration of
the standard lesions obtained through irradiation of skin wounds was
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increased by the administration of polyunsaturated fally acids in general.
In some cases the ulceration doubled in size as compared to controls. TIle
administration of fally acids also markedly delayed wound healing.~
the quantity of fally acids administered was great enough, the wounds cId
not heal at all. Six daily subcutaneous injections, each of I ce. of a IK
oily solution of cod liver oil fally acids, prevented healing. (Fig. 92) T1Ie
area of ulceration was even greater when only 14 ce. of a 10% solutiaD
of the conjugated fally acid isomers. obtained through an in-vitro ~
jugation of the preparation of cod liver oil fally acids, was administawd
under the same conditions. This showed that conjugated fally acid isoaaI
had a more manifest effect upon radiation wounds than the unconjugallld
acids obtained from the same source.

j) We followed effects of intensive radio and radium therapy in hlUllUl
at organic levels. In cases with radiation-induced proctitis. mucositis, or
epidermitis. the changes observed were en to correspond to the pallelll
encountered with fally acid predominance. and especially to the pallelll
induced by abnormal fally acids. The appearance of oxidizing subs~
in the urine is frequently observed in patients with radiation bums .,.
extensive X-ray therapy. They were almost consistently seen in those
in which radiation Icsions were produced. The administration of fally
and particularly of conjugated fally acids, to these patients increased tbt
intensity of the lesions.

k) Systemic changes induced by intensive radiotherapy were aIIo
analyzed. Here again. the changes followed the pattern observed wbca
there is a predominance of fally acids, particularly of abnormal fally
The appearance of oxidizing substances in the urine was frequently
after intensive X-ray therapy and, as mentioned previously, was consis
observed in those cases in which a radiation lesion was produced.
systemic effects of intensive radiotherapy were seen to include an in
in urinary excretion of surface active substances, an increase of po
in serum, a retention of chlorides and water. and particularly, an .
in the sulfhydryl index indicating an exaggerated excretion of this
These changes following intensive radiation are. as previously noted,
lar to those seen when a predominant intervention of fatty acids OCCUR.

Certain of these changes appear to have prognostic importance
radiation therapy. For example. in several cases with very low urinary
face tension. high retention of chlorides and absence of urinary pero .
The continuation of irradiation led to death. (NO/~ 4) This i .
with the findings in animals that lethal effects of irradiation are diredlJ
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PJo. 92. Lipids and radial;nn M'ounJs. Radlalian "ouod 5 IAcd,", aher upo..ure to
10 mar. radium in platinum-for 96 hours. (a) Unlreated control\: (b) treated dally
1rith I cc of a cod liver oil (ally acid .. lore !loolulion; Cc) treated daily with O.S cc of
.10% 5OIution of un'iaponifiablc lipid fraelion exlraelcd from human placenta. The
....tmcnt with tally acids rc\ulb in larger Ic,io", than m controh. With no tcndcnq
II heal. The treatment wilh the un aponifiablc fraClil)n lead to a hcahn@ of the Ie ion
.. around three wee....
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lated to the appearance of large amounts of surface active substances in the
urine.

ROLE OF TI-F TTY· elDS

The study of the biological effects of radiation also has revealed ID

important role for anti-fatty-acid agents. The intervention of these IlIb­
stances in the physiopathological proce ses that OCCur in the orpnilm
under the inlluence of radiation can be considered to be reactional. Tbey
correspond to a response of the organism to changes induced by radialJOa
upon the constituents such as fatty acids.

This antagonism is clearly shown in experiments with animals. 11Ie
administration of sterol preparations not only reduces the size of ulceratlOll
in standard skin radiation lesions but also significantly improves the rIIie

of healing. Insaponifiable fraction preparations from human placenta, heel
liver, spleen or blood, as well as from butter. produce such favorallIe
effects. (Fig. 92)

If sterols are administered 24 hours after the radium is inserted (m
later). the inlluence upon the dimensions of the ulcer that develops
reduced and is further reduced with increased delay. In some of the ...
mals treated with I ce. of a 5 % oily solution of the insaponifiable fradiaa
of human placenta in sesame oil for seven days a week. healing with •
normal scar was complete within two weeks. Controls, treated with the
oil vehicle only. required an average of more than four weeks to heaL
Similar effects were obtained with the administration of I ce. of a ".
solution of butanol in saline twice a day, beginning with the day of radiua
application.

The use of small amounts of radiation has. in general, a different eflilcl
to that of intensive radiation from this point of view. This can be attribUlllll
to the reactive intervention of anti-fatty acids. An exaggerated scar-formilll
effect. prolonged fibroblastic reaction. exaggerated connective tissue fo~
tion, and vascular sclerosis and thrombosis resulting from endotheIial JlI8'
literation are all part of this long-term response to moderate amoUDts
radiation. The same effects are produced by anti-fatty acid prepara .
AU the manite tat ions are opposite to those obtained with high doses
radiation or fatty acids.

From a clinical point of view. the admini tration of the in apo .
fraction preparation had a beneficial radiation effect. Even in lesions
had persisted for years. the pain was observed to disappear after a few
with t.i.d. doses as low as I cc. of a 5~ solution of the insa .
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fraction of placenta in oil. In several cases, cllronic lesions three to five
years old healed in only a few months of treatment.

I) The opposite clinical response to high or low doses was frequently
observed in the systemic changes in patients receiving X-ray therapy. While
high doses led to a manifest lowering of the surface tension of urine and
an increase of the sulfhydryl index, together with the other changes corre­
sponding to offbalance D for small doses of radiation, certain opposite
effects related to a predominance of sterols were noted. Of particular in­
ICrest was the absence of oxidizing substances in tbe urine, and the changes
in urinary surface tension. In all cases treated, a first reaction to radiation
was a higher sulfhydryl index and low surface tension corresponding to a
fatty acid predominance. When small or moderate amounts of radiation
were used, this reaction was very slight and rapidly disappeared in favor
of a second change corresponding to a predominance of sterols with high
urinary surface tension, for instance. It is interesting to note at this point
that this secondary response has been observed especially in those patients
for whom radiation also has had a limited therapeutic effect. As we will
scc, the dualistic interpretation of data furnished by urinary analysis in
patients undergoing radiation therapy can be used to guide this therapy.

Role of Adrenals

m) The study of the systemic secondary anti-fatty acid response to
radiation has led to an evaluation of the intervention of the different anti­
fatty acid agents and to the role of the adrenals. It is known that adrenal
hormones have a peculiar effect upon the lymphatic system. They induce
a shrinkage of the thymus, spleen, and lymph nodes, along with blood
lymphopenia. Since similar effects arc produced by irradiation, the problem
of the part played by an intervention of these adrenal hormones in the
radiation response is of interest.

When the adrenals were removed, shrinkage of the thymus and spleen
and lymphopenia still occurred after radiation, but was markedly reduced
81 compared to nonadrenalectomized irradiated controls. Since shielding
of the adrenals during irradiation does not alter thc effect upon the lympho­
cytes and lymphatic organs, the role of the adrenals appears to be an in­
direct one. Adrenal hormonal secretion appears thus to be a rcsponse to
the systemic changes induced by irradiation. Adrenalectomy would elimi­
Dale this secretion and thereby diminish the degree of lymphopenia and
tile involution of lymphatic organs. However, the secretion does not result
directly as an effect of irradiation of the adrenals since shielding docs not
iDlIuence it. Another factor seems to intervene to stimulate adrenal hor-
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monal secretion. The differences between the effects seen in adrenalec
tomized and nonadrenalectomized irradiated animals corresponds thus Ie

the adrenal response to the systemic changes.
In experiments on rats, we have hOWD that polyunsaturated, and pc

cially conjugated. fatty acids induce changes in the number of Iympboc:ylel
a shon time after their administration, and that this is followed by involu·
tion of the thymus. spleen and lymph nodes. This ems to occur tbrouV
the intervention of the adrenals since it takes place to a greatly redllCled
degree when the same amounts of fatty acids are administered to adrenalec·
tomized animals. The abnormal fatty acids seem to influence the adrena1ll
and their response elicits lymphopenia and involution of lymphatic orgaas
However, this indirect action through the adrenal glands i only part 01
the story. Large doses of the same fally acids will directly induce a certain
amount of lymphopenia and involution of the Iymphopoetic organs since
these changes also occur when these fatty acids are administered in IlIfF
doses to adrenalectomized animals.

n) All of this research indicates that two of the mechanisms thro.
which radiation acts upon the organism involve changes in lipids. In ODe,

the action is directly through fatty acids; in the other, as a response to
these fatty acids, anti-fatty-acid agents intervene. The role of the adreDlb
appears to be still more interesting considering the nature of the fatty acidl
produced by radiation. As seen above, the conjugated trienes appear al­
most specifically as a result of irradiation of mixtures of fatty acids. It WII

also seen that the conicoids intervene specifically against these conjugated
latty acids. This correlation seems to represent the link between radiatioa,
conjugated fatty acids and the adrenal response. (Ch. 6, Note 17)

Direct Action of Radiation

0) In spite of the imponance of fatty acids and anti-fatty acids, tIIIf
represent only one pan of the mechanism through which radiation
The direct and indirect action of radiation on other constituents also
be considered. The influence exercised upon these constituents can
largely related to various changes. There is a quantitative relationship,
instance, between induction of mutations and the direct impact of radi
on protein . Changes in fatty acids also are the result of uch a direct .
pact. It appeared interesting to ascenain how much and which of !be pa
logical changes that foUow irradiation are due to the direct impact
lipids and how much to the impact on the other constituents.

The three kinds of biological activity of radiation-through other
stituents, through changed fatty acids. and reactional through an'
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lcids--<ould be studied at different levels of the organization. We note
bere a few of the results of these studies.

Below the cellular level, the influence of lipids seems to decrease, caus­
Ing the direct effect of the radiation on other constituents to appear pre­
dominanl. For nucleo-proteins and below them, only this last effect seems
III occur, the changes induced apparently affecting hi tones and alkaline
amino acids. The close mathematical relationship between the amount of
radiation and mutation would seem to indicate that, even at the gene level,
OIIIy the effect upon constituents has to be considered.

The introduction of anti-fatty acids into the medium in which tctra­
hymena or suspended cells (as from ascites tumors) were irradiated, served
III distinguish the direct effects from those induced through fatty acids. In
the presence of anti-fatty acids, vacuolization and even changes in the nuclei
seen in the irradiated controls are prevented. The fact that these changes.
which characterize the radiomimetic effects, were reduced by anti-fatty
acids, indicates the role of fatty acid changes in the pathogenesis of the e
cJleets. Among other agenls tested, the insaponifiable fraclion of organs.
lIItd especially of placenta, appeared to be mo t effective in preventing
radinmimetic effects. The high alcohols or glycerol also showed such in­
Ouence, but to a Jesser eXlenl. In complex organisms, the difference of
the effect of radiation on fatty acids and on other conslituenls i increased
at the higher levels. At the systemic level, this effect is almost limiled to
the fatty acids.

The introduction of polyunsaturated fatty acids to the medium greatly
increase the toxic effecl, of radiation, as compared 10 conlrols exposed
to radiation or fatty acids alone. The proportion of mutations was not
changed, however.

The ultimate effect of radiation at different levels depends upon the
relationship between three factors: changed fatty acids, other changed
constituents, and the intervention of adrenals. The effect of the adrenal, is
progressively more manife,t at the higher levels of the organization. At
lower level, the direct intervention of the abnormal lipids becomes more
unportant than the adrenal response, the latter being less able to act at
these levels. At the cellular level, the influence of lipids is still predominanl.
At the tissular level. the direct lipid effect is still striking. while the in­
ftucnce of the adrenal response is limited to the connective ti sue. Although
the effect upon the lymphatic constituent, (a., part of the adrenal respon e)
• important at the organic level, the steroid response become, more im­
portant at the systemic level.

p) On the other hand, it appears possible to vary the amount of the
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lipidic effect by changing the nature of the radiation. The use of _

penetrating rays or of different corpuscles has to be investigated in terlll
of the relationship between influence upon fatty acids and the effect CIII
other constituents. It could be seen that. in corresponding dosages. \be
penetrating radiations had a greater influence upon fatty acids than
more penetrating. The fact explains the reduction of radiation bums direc:dy
related to the intervention of fally acids. Similarly, in a systemic procedllR,
such as teleradiotherapy, the effect on other constituents is reduced as c0m­

pared with the direct influence exerted upon the fatty acids.

It is possible that radiations using neutrons would induce an incRUld
direct impact on other constituents without a correspondingly incRUld
effect upon the systemic fally acids. The skin effect. which is minimal wilb
these radiations, would indicate little intervention of fatty acids.

The unequal part played by lipids at the different levels can be utililld
to obtain variations in radiation effects. If effects upon tbe lowest levels al
the hierarchic organization, such as upon histones and basic amino al:idI,
are desired. radiation could very well be the tool to be chosen. because al
the small amounts of lipids present at these levels. If the influence could
be limited to such action, radiation could be considered ideal for __

therapeutic effects. Unfortunately, this is not possible even when
penetrating radiation is used, and the effect of radiation upon lipids
constitutes one of the principal factors which must be considered wba
radiation is used as a therapeutic weapon.

Thus radiation is not the ideal means for affecting the subchromosolllll
level. in spite of the fact that it may. through its effect upon proteins, haw
a profound influence below this level. Its ability to cause a conjugation al
fatty acids represents the serious obstacle to its use. In view of this, dII
effect of radiation upon lipids actually can be considered as an undesirai*
epiphenomenon whenever the purpose of the therapy is to achieve a 10ClI
effect at the lower levels. Frequently, the changes which require di
tinuation of radiation therapy can be recognized to correspond to abnollllll
local or systemic metabolism produced by the abnormal fatty acids.

It must, however, be recognized that the appearance of abnormal f
acids has some advantages even upon protein effects, since indirectly
can make local tissues more sensitive to radiation. We have previa
noted that abnormal fatty acids cause changes in the tissue and ce
metabolism which lead to local alkalosis. This local pH change may
favorable results by acting upon the amphoteric proteins and by inc
the positively charged members which apparently are the only ones
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live to radiation. Indirectly, the intervention of the abnormal fatty acids
will thus increase the sensitivity of tissues to radiation.

Before going further, wc wanted to emphasize an aspect of the off­
balaoce D for which Ihe study of shock and radialion brought an importanl
contribution. A separation can be made between two phases of offbalance
D. one in which oxygen is principally fixed and another in which chlorine
I fixed. The first phase, "oxygen," has as characterislic Ihe appearance of
peroxides in the urine, and elinically has little noxious manife lation. The
otber phase, "chlorides," with fixation of this ion leads the serious mani­
I lations as seen, for instance, in shock. For this reason, in radiation Ihe
disappearance of urinary peroxides with persisting offbalance D, as seen in
the other patterns, will indicate a passage from phase "oxygen" into phase
'chlorides," which corresponds to the appearance of a serious condition.
(See also NOle 4, Chapter 10)

Rlldio-Therapy

The above considerations appear important in the radiotherapy of
tumors. The tissular and systemic changes related to the intervention of
fally acids, especially when these changes are sufficiently intense, in them­
selves can act upon tumors. However, when abnormally intense, they can
COIIStitule a serious limitation for continuation of radiation. The manifesta­
tions that result from the pathogenic effect of abnormal fatty acids, if in­
tense, can prevent the use of large doses of radiation which would
otherwise be necessary to influence a tumor through a direct effect upon
the lower levels of the biological organization, histones, nueleo-proteins and
even genes. Consequently, the appearance of abnormal fatty acids, which
represent an important factor in the biological effect of radiation, can be
COIISidered as a favorable effect when we seek to bring about systemic
changes and influence pain and metabolism, particularly at higher levels.
At the same time, they can also represent a principal obstaele to the more
elrcctive use of this same therapeutic agent when one wants to obtain an
eIrcct at lower levels.

As for the effects obtained through the influence exerted by fatty acids,
lbey can be decreased by changing the antagonistic relationship between
die abnormal lipids and the defense mechanism of the adrenals. With small
amoUDts of radiation separated by long intervals, the intervention of the
admIals, as long as they function normally, can overcome the effect of the
lilly acids. With higher doses applied more often. the fate of the irradi­
lied individual depends upon whatever antagonistic factor predominates.

itb high doses or with a relative adrenal insufficiency, the direct effect of
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higher amounts of radiation could be used without danger. From a practical
point of view, tbe information given by the urinary surface tension bas
appeared very valuable. The moment wben, and tbe amount of, irradiation
10 be given can be determined by these analyses. A low surface tension
would contraindicale administration of radiation whUe bigh values would
iDdil:ate that radiation should be increased.

The administration of lipids or lipid-like substances would repre ent a
method of controlling undesirable processes and allowing more effective
usc of radiation. If the reactive intervention of adrenals appears too strong,
a lipoid with negative character could be added to counteract this and,
cooscquently, could increase tbe desirable effect of the radiation. Subjects
receiving fatly acids or sulfur preparations along with radiation have shown
intensive local effects witb very small doses of radiation. Epidermitis and
mlll:OSitis were seen in such patients even with doses as low as 600 r. The
same intensive effect could be seen in the tumors. Tbe use of lipoids appears
indicated wben an intensive effect through fatty acids is sought, as in lym­
phatic tumors. On the otber band, if the effect of fally acids is bigher than
can be accepted, and represents a handicap for the desired effect on pro­
teins, then adrenal hormones or other anti-fally acids must be added. By
reducing the effect of abnormal fally acids, it becomes possible to obtain
a more intense impact on proteins and, at tbe same time, to avoid the
otherwise inherent undesired side effects. Tbe choice of the anti-fally-acid
agent must be guided by the level at wbicb tbe effects of the abnormal
fally acids would make themselves felt. WhUe corticoids act especially
upon systemic and organic levels, sterols and other positive lipoids act
upon the lower levels. Butanol and similar agents are effective upon local
changes, such as pain.

The guidance of radiation therapy, as an example of how this new view
may be used to improve therapeutic approaches, will be discussed later.


