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INTRODUCTION
To date twelve persons have received total body irradiation. Three of

these patients have received two courses. One patient i1s included who received
total torso irradiation. Radiation was done with the 1 Mev Genersl Electric
generator, HVL=3. 3mm Pb, and vas delivered through four ports, upper and
lower balf of the body, anterior and posterior. The target skin distance in
all cases was about 290 cm and the dose rate was between S and 7 r/min. In
general, coproporphyrin excretion, serum lipoprotein levels, and formed ele-
ments of fhe peripheral blood were measured. In a few instances one of the
pajor studies was not performed.

All persons receiving total body irradiastion were patients at the Memorial
Center, with widespread cancer. However, no person showing biochemical evi-
dence of repal or hepatic dysfunction was included in the investigative
group nor wag &any person included who showed evidence of bone marrow
impairment. |

No person included in the series bad received x-ray therapy or chemotherapy
for at least sir weeks prior to the prese.: investigation. Patients were
selected who had no complainta referable td'their disease process.

The total dose delivered ranged frcm 20 r to 150 r; all dose: were measured
in air at the mid-plane of the body. Calculations of volume doses are not
..yet completed and at best will be approximations because of the varying
anterior-posterior diameter from head to foot. Buch calculations will be
conpleted before publication of this work.

Por purposes of orgenigetion, this report will be divided 1nt6 four parts:
1. Clinical observations. 2. Hematological and Coproporphyrin studies. 3.

Lipoprotein studies. 4. Electrolyte studies.



1, CLINICAL OBSERVATIONS

Patients receiving more than 50 r total body irradiation complained of
weakness one to two hours following irradiation. This complaint pereisted for
the first twenty-four hours to thirty-six hours; It ie difficult to know vhat
role the physical and psychic rigors of the irradiation pleyed in the production
of this complaint. It 1s felt that this is not the only reason, because those
receiving lower doses did not complain of weakness.

Only three persons experienced any nausec and vomiting. Onset of nausea
wag within one hour following completion of radiation. Vomiting usually
started two to three hours thereafter. In one patient, (C.leC.), the vomiting
subsided spontaneously within eight hours but x3ild nausea and anorexia per-
sisted for 24 hours. One patient, (M.D.), had rather severe nausea and
vomiting for the first 48 to 72 bours post-irradiation. This subsided without
medication. The patient again experienced severe p.usea apd vomiting on the
6th, Tth and 8th days; however, this followed the oral adrinistration of
trecer smounts of clh labeled Trytophane, which had produced vomiting ou &
previous administration. The third patient, (B.C.), haltuuch severe nauses and
vomiting that on the third day it was deemed necessary to give Thorazine, 25
mgm, i.m. t.i.d. and, hence, nothing can be said of the subsequent symptomatoleg, .

8ix patients developed severe thrombocytopenia. The maximum effect oc-
.curring about 28 days post-irradiation (more detailed discussion will be found
in the following section). Of these six petients, four developed hemorrhagic
tepdencies, (J.N., M.H.,* B.C.,* A.MacA.,* M.D., and W.J.#f). It is important
to note that the first three of these had subsequent radiation therepy to large
ports between the time they received total body irradistion and tbe time they

shoved a thrombocytopenia. The latter three patients had received either

*HBemorrhagic tendenciles.
#Not otherwise included in this report, having been irrsdiated so recently that

complete data are not aveilable.
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total body irradiation (A.MecA.) or nitrogen musterd therapy two months or
more before total body irrediation (M.D. and W.J.). The latter three patients
all had normal peripheral blood counts prior to receiving total boéy irredia-
tion. With the exception of J.N., who received 75 r total body irradiation,
al; vere given 120 r or more.

The incidence of symptomatology 1) and thrombocytopenia (2) in thie
series is less then that reported amongst those exposed in the Marghall
Islands, even though the coses &z reporved are about comparable. These dif-
ferences may be due to a reel difference in volume dose, the time over which
the dose was delivered, or the bone marrow depression from the isotope inges-
tion. The severe nausea and vomiting reported in this group could conceivably
be due to, or be sugmented by, the dust ingested.

Two casee of lymphosarcoma (A.MacA. and D.R.) had drametic regression of
their diseases. These were the only cases that showed any change in the
neoplastic process.

2. HEMATOLOGY AND COPROPGRPEYRIN STUDIES
INTRODUCTION. The effect of ionizing radiation on the formed elcments of

the blood has been the subject of investigation for many years and the results

of studies in this area bave formed the principal criteria for radiation

~ damage. From the studies cited in the literature and from our owvn observations,

the earliest evidence of radiation damage would appear to be a decrease in the
number of circulating lymphocytes. The blocd platglets are next in the order
of semsitivity, followed by a decrease in the number of circulating granulo-

cytes. Finally, the red tlood cells decrease as the pancytopenic picture

develops.
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It would appear that the fall in the numbers of circulating mature cells
ia secondary to damage to the reticulo-endothelial system and to the bone
marrov. Conversely, there is little evidence to support tﬁe hypothesis that
the decrease is caused by & direct effect on the circulsting elements themselves.

RESULTS. From the experiments conducted in this investigation, it is
epparest tbat the time lag between the administration of total body radiation
and the fall in the circulating cells is greater in humans than it is in
experimental animals (3). The decrease in the white cell count 1s seldom
apparent before the third week post-irradiation. Ib most cases it does not
reach maximal depression before the fourth or fifth week.

The lag in platelet depression is even greater than that seen in the
vhite cells. When it occurs, however, its duration is longer, usually lasting
weeks rather then days. Detailled grephs of the hematologic alterations in the
thirteen petients studied are presented in Figures 1 to 13. It should be
noted that ordinate sceales are different on the various graphe.

The long l.’e span of the mature red blood cell is undoubtedly responsible
for the very late occurrence of anemia following ionizing irreadiation. Unless
total aplesia of the red cell precursors takes place, there must be a lapse of
one red cell half-life (60 days) before obvious clinical anemia could be ex-
pected to occur.
~ Previous radiation insult to the bone marrow, even in the presence of @
normal hematological picture, is a real hazard to the ipdividual exposed tq_
total body rediation. Several of the patients studied in this group bad
received local x-ray therarr or had been exposed to po-celled "radiomimetic

agents" such as nitrogen mustard or triethylene melamine prior to total body
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irradiation. Although all of thew had & normel peripheral blood and bone marrow
picture prior to exposure, their response to the dosage administered was
definitely exaggerated both in duration and extent. ' .

This danger cannot be too strongly emphasized since we heve nc objective
criterion to date by means of which we can predict the degree of hematological
response in patients who have received previous irradiation.

INTRODUCTION. In an effort to find a more sensitive index of radiation

effect than the formed elements of the blood, a study of the responmse of the
precursors of hemoglobin to ionizing radiation was begun in our laeboratory
several years ago. During the course of this study it was found that the
excretion of coproporphyrin in the urine and in the feces was increased follow-
ing therapeutic dose levels of isotopic or local x-rediation(3). Thise increase
occurred at dosage levels which did not produce a change in the formed elements
of the blood.

The present study was begun to evaluate this observation more critically
and to quantitate, if possible, the radiastion dosage in ;2rms of coproporphyrin
excretion.

It 18 not the intention of this report to give a detailed description of
the metabolism of the porphyrins. However, a short discussion of the synthesis
of protoporphyrin IX is essential to the understanding of the joslible mechanisms
».by vhich the observed increase in coproporphyrin excretion is produced.

From in vitro and in vivo experiments it has been shown that the synthesis
of the porphyrin ring and the introduction of the prosthetic groups which
characterize the specific porphyrine follow immutable and irreversable lines.
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In the process of synthesizing hewe Fiaher(h) found that he could remove

carboxyl groupe from uroporphyrin to produce coproporphyrin but that the

reverse reaction of recarbaxylation was not possible. Similarly, to produce
heme, two carboxyl groups are removed from the coproporphyrin ring before the
introduction of iron. The reverse of this process has been an attractive
hypothesis for the explanation of the presence of the ¢oproporphyrin stereoisomer
III during the degradstion of hemoglobin after hemolysis. The work of Lemberg(S)
has conclusively shown, however, that the porphyrin ring of the bemoglobin
molecule is opened in the alpha position before it loses ite iron. Thus, an
increase in coproporphyrin excretion following hemolysis cannot be explained

in this way.

RESULTS. Two independent and physiologically dissimilar hypotheses may
be considered ae possible etiological agents in the increassed coproporphyrin
excretion which follows ionizing irradiation.

The first is the so-called duel hypothesis of Fisher(4) which states that
for every moiety of porphyrin stereoisomer III formed, a small but definite
quantity of stereoisomer I is concomitantly synthesized. According to this
theory, the excretion of coproporphyrin I is in direct proportion to the amount
of hemoglobin produced. The?efore, anything which will increase the synthesis
of hemoglobin will at the same time increase the production and consequent
'excretion of coproporphyrin I. Dobriner(5) confirmed this hypothesis in his
experiments with phenylhydraiine hemolysie in dogs when he observed an increase
in coproporphyrin excretion #ccurring during the recovery period when the

reticulocyte count was at ite maximum.
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From the present studies it would not appear that this factor is
responsible for the observed increase in coproporphyrin excretion. There
bas been no correlation between reticulocyte rise and increase in copropor-
phyrin excretion in the patients who have received total body irrediation. Nor
has any other evidence of increased hemoglobin apnabolism been observed.

A pecond possible mechanism for the increased coproporphyrin excretion
following irradiation can be seen in the intermediary metabolism of
protoporphyrin. Should tbe reaction:

Coproporphyrin Ill---cecccccnca- Protoporpbyrin IX
decarboxylase

be adversely influenced by lonizing irradiation, the production of hemoglobin
would decrease and an excess o0f coproporphyrin III followed by increased
excretion of this porphyrin would result. Moreover, the increase in copro-
porphyrin excretion would take plece during the period of maximal radiation
effect rather than during the recovery phase. |

It ie this second mechanism which ie considered to be responsible for the
increased coproporphyrin excretion observed in these studies.

3. LIPOPROTEIN STUDIES
REASON FOR STLMY. In rabbits receiving severe whole.body irradiation,

an early increase in the serum turbidity (caused by chylomicrons) is prognostic
_of lethal damage. Detailed lipoprotein analyses of such sera have shovn that
at this time, one to two days after the irradiation, there is a block in the
serial conversion of larger to smaller lipoproteins which is e part of the
normal fat transport system(7). Bince heperin is involved in the "ciearing

factor" mecbanism which is responsible for this conversion, heparin deficiemcy

has been suggested.
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Changes in 1lipid tramsport following severe whole body irradiation have
also been observed in dogs(e). It tbherefore seemed important to determine the
effect of therapeutic doses on the serum lipoproteins of patients.

METHODS. Fasting blood samples are teken before irradiation and one,
three, and six days afterward. Additional samples are taken after further
intervals of time, vhenever it is considered necessary. The serum is checked
for turbidity in the spectrophotometer at 65 mu, and etored at LOC. with the
addition of 1:10,000 methiolate for nmot more than two weeks. For the separation
of the lipoproteine 7.05 ml. of serum are mixed with 3.45 ml. of NaCl (demsity
1.1855) to give a solvent demsity of 1.063. Theslutions are then run in the
preperative ultracentrifuga for 16 hours at 40,000 R.P.M. at ebout 50C. The
lipoproteins of density less tban 1.063 which are concentrated in the top
layer, are nollected with a hypodermic needle and specially designed syringe(9),
and transfertred to a 5 ml. graduate. The volume is recorded and the lipopro-
tein content measured from the size of the flotation boundaries obtained in
the ane rtical i.ltracentrifuge by the Gofman technique. The lipoprotein spectrum
is separated into 3 fractioms, Sf 2 - 10, 8f 11 - 20, and Sf 21 - 100. Oc-
casionally a fourth component, £f 100 - 400, is observed. The calculations
are made by the procedure described in 1952(10). The totel cholesterol is
‘ determined(11) in the whole serum and in the lipoproteins of density greater

then 1.063, (found in the lower layers of the centrifuge tubes), and the "low-
density lipoprotein cholesterol" calculated by difference. The calculated
lov-density lipoprotein cholesterol levels have usually been fairly close to
one-third the total low-density lipoproteins measured in the ultracentrifuge.

This egrees with the known chemical composition of these lipoproteins.
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It bhas therefore not seemed necessary to measure the low-density cholesterol
directly, since this would necessitate taking considerably larger samples of
blood.

RESULTS. The results obtained on the individual patients are shown in
Pigures 14 through 27. In two patients, (V.M., 120 r, and Y.D., 20 r),
neither of whom showed clinical signe of radiation demage, the lipoprotein
levels remained constent within the errors of the method. Four patients,
(J.N., O.D., B.C. end M.D.), showed early changes indicative of increased
clearing factor activity, and two patients, (A.MacA., end C.lLeC.), showed
decreased activity. No distinction could be made either on the sex of the
patient or the nature of his disease.

In five patients, (M.H., J.N., A.MacA., B.C., and M.D.), lipoprotein
enalyses were made at a time when clinical signs of radiation damage were
present. Four had some elevation in clearing activity. There was no correls-
tion with the direction or extent of the lipoprotein changes seen immediately
after the initial tr« tment. This was not to be expecte:. since most of these
patients had received additional radiation after dey 6 and the'development of
clinical symptoms.

DISCUSSION. The changes in serum lipoproteins which appear after thera-
. peutic doses of 1rrad1ation are of course not as clear cut as the changes seen
in animals after lethal'doaeé. In some patients clearing activity appeared
to have decreased op the third day following treatment, while in others an
apparent increase was seen. Since the circulating lipoproteins represent the
balance between lipids added to and removed from the circuletion, it would

appear that the doses used in these patients can cause this balance to swing
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sopetimes one way and sometimes the other. In rabbits receiving lethal doses
of radiation the lipid transport system is usually inadequate for ite 1oaaf3).
Whether this 1s the result of a deficiency in the transport or en over)oeding
of the system is still unknown. Atherosclerosis is produced in rabbits by
feeding massive doses of cholesterol to these normally herbiverous animals.
Also, the plasma lipoproteins of the dog differ greatly from those of the
human, the dog having a much larger proportion of the lipid present as
alpha lipoprotein. The many 1ipid and lipoprotein studies now being carried
out on animals in connection with studies of atherosclerosis are therefore
frequently criticized as not being applicable to human physiology. Since the
sane criticism might be leveled at studies of irradietion effects on the lipo-
protein metabolism of animals, one valuable result of the present study is the
observation that the lipoprote’n changes found in humans sobn after irradiation
may be similar to those seen ip animals.

The second obsevvation of importance 1s that almost every patient who
showed hemorrhagic tendencies and « thrombocytopenia had an increasse in clearing
fector activity at that time. All patients who had bleeding tendencies bad

thrombocytopenia of sufficient severity to account for the .emorrhagic mani-

festations observed. If the increased clearing factor activity seen in these

-patients is a result of a hyperheparinemia, it reinforces the suggestion that

post-irradiation hemorrhage may be the resul: of an increase in circulating

heparin in adiition to, or associated with, the thrombocytopenia. -
L. ELBECTROLYTE STUDIES. Electrolyte transfers across the lumen of the bowel

bave been meesured for various levels of the dog bowel.
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EXPERIMENTAL METHODS. Chronic Thiry-Vella loops(lz) of the appropriate

segment of bowel were surgically prepared. Jejunal and ileal segments were 30
cm. in length and were taken from the mid-portion of the respective regions.
Colon loope were about 15 cm. in length. The length was determined by select-
ing a segment which was drained by one mejor vessel. The ends of the loop were
then anastomosed to the skin as fistula sites. The continuity of the remain-
ing bowel was established by end to end anastomosis.

All experiments were performed under intravenous pentothal apesthesia,
5 mg./kg. of body wt. In all experiments #24 Foley catheters were introduced
into each end of the isolated loop and the balloons sufficiently inflated so
as to prevent leakage of any fluids introduced into the lumen of the gut, but
not to e degree which might compromise the blood supply of the segment. With
this arrangement solutions could be introduced at one end and withdrawn or
collected at the other end in & controlled manner.

Sodium concentration in the collected samples was determined by means of
a standard flame photometer(l3) or on a Nal scirtillation counter when Naeh
wvas used. Chloride determinations were according to Van Slyke's modification
of the Sendroy method(lu) an? COp was measured in a Van Slyke apparatus(ls).

Naauand k%2 vere utilized to measure directional shift of s>dium or
potassium into the perfussate from the plasma or the disappearance of the ion
. from the perfusate. Solutions used for perfusion were isotonic MgSQ),
Polyvynalpyrolidon (PV®), or mixtures of electrolytes of varying concentrations

maintained at isotonicity by MgSO), and MgCls.
Irrediations were done uéing 250 kv x-rays (HVL 2.0 mm cu.). Loops were

localized with barium perfusion and lateral and anterior-posterior diagnostic
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films. Each irradiation was so designed as to include the entire isolated
loop but to keep the irradiation to the normal bowel et a minimum. This was .
done so that there would be no radiation-induced vomiting or diarrhea to alter

the plasma electrolyte balance.
RESULTS AND DISCUSSION. The mechanisms of tramsport of electrolytes in

the Jejunum and ileum are qualitatively the same though quantitatively different,
and hence results of the experiments will be discussed together.

If isotonic or hypertonic MgS0O, is introduced into the lumen and is
sampled as a function of time the electrolyte concentrations are found to
increase reaching & constant and characteristic level. In the jejunum this
level is between 130 and 140 meq/L and is essentially equal to the plasma
concentrations. Chloride parallels the sodium and exceeds plasmas levels of
chloride. Equilibrium is reached in about 90 minutes as is shown in Figure
23. A eimilsr rise is seen in the ileum with Na levels reaching approximately
120 meq/L and the Cl rising to only one-half the sodium value. Bicarbonate is
“,he other cation present.

The exponential form would suggest that the rate of Na shiit into the bowel
is constant and that the transfer from the lumen to the plasma is proportional

to the concentration of sodium in the 1umen(16(;7’18). Buch an analysis gives

rise to the eguation:
- Na = K; (L-e- Kaot)

k2

Vhere: Na = Sodium contentration in the lumen at any time, t.
K, = rate of Na shift into the lumen.

Ké e rate of Na shift out of the lumen.

sk
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The value of Kl can be obtained from the slope at the origin and the
value of K, then calculeted from the equilibrium concentration. The theoretical
curve obtained from such a calculation is algo shown in Figure 27.

To verify the dynamic nature of this equilibrium, a mixture of electrolytes
of composition identical with the equilibrium mixture was introduced into the
lumen. The rate of appearance of Ne24 was wmeasured and the meq. of plasma
sodium which this activity represented was calculated from the plasma specific
activity. Results of a typicel jejunal and ileal experiment are shown in
Figures 28 and 29. Also shown in Figure 29 is the calculated curve and the slope
of the origin is indicated.

The isolated loop may be perfused with Mgsoh or other solutions of salt
mixtures at varying perfusion?atgg'both Jejunum (Fig. 30) and ileum (Fig. 31)
the concentration of electrolytes in the collected perfusate decreases with
incressing perfusion rate. If the concentration is plotted as a function of
the reciprocal of the perfusion rate (min./cc)~a linearly increasing relation
is obtained indicating the!: the concentration of electrolytes in the collect-d
perfusate is directly proportional to the time which the perfusate is in con-
tact with the bowel wall.

Dogs were given Nth twenty-four hours before experiments were performed

to permit equilibration of the tracer with the extracellular sodium. Loops

were then perfused at a constant rate (1.58 cc/min.) with solutions containing
varying concentrations of sodium. The tonicity was kept constant with the
eprropriate emount of MgSOy. Totel sodium (Ney) put into the lumen cauldlbe
calculated from the concentration,as measured on the flame photometer, times

the volume perfused. Similarly the total sodium in the collected perfusate
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(Nao) mey be celculated from the flame photometer measurement of the concen-
tration. The total plesms sodium shifted into the lumen (Nep_y ) may be
obtained from the CPM in the collected perfusaté divided by the plasma specific
activity.

Clearly, the total sodium in the collected perfusate is equal to the
total sodium perfused plus the amount shifted into the lumen from the plasma
minue vhatever sodium was shifted back into the plasme from the lumen (NaL_P).

Hence, we obtain the equation:

Nao = Na1 - NaL-P NaP_L

where:
Nao= total sodium in the collected perfusate

Nay= total sodium in perfusing solution

total sodium shifted from lumen to the plasma

Nap-p

Nap.j, = total sodium shifted from plasma to the lumen
All quantities in this equation can be measured directly except for

NaL-P' The equatio:r may be solved for this quantity, and hence the shifts of

podium in and out of the lumen can be measured. Figures 32 and 33 show that

in both jejunum and ileum the transfer of soiium from the lumen to the plasma

is directly proportional to the concentration of sodium within the lumen, and

>.the shift of sodium from body stores into the lumen is independent of the

concentration within the bowel.
Electrolyte handling in the colon is markedly different, in that concen-
tration gradients can be maintained across the colonic nucosa(19). The most

striking feature of the colon is the large water absorption when isotonic

solutions are introduced.
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Isotonic solutions conteining varying concentrations of potassium tagged
with Kh2 were introduced into the isclated loop and sampled as a function of
time. The counts per minute of any sample when divided by the initial specific
activity are a measure of the meq/L of initial potassium remeining. The total
potassium could be measured on the flame photometer. In all experiments the
total potassium rose slightly regardless of the concentration which was intro-
duced eand the potassium which was introduced fell slightly (Fig. 34). Using
calculations similar to those outlined above, the total potassium shift can be
measured. In all cases the total potassium shifting from the colon into the
plasma was found to be proportional to the concentration of potassium instilled.
The techniques do not permit any statement to be made about the plasma to
lumen transfer. Because of the marked water absorption, better methods of
measurin; electrolyte transfer must be worked out.

Because of the extensive work which was required to develop techniques
for the study of the normal nhysiology of the intestine, only preliminary
radiation etuiies have been done. Isolated loops of Jejunum and ileum receiving
doses of 500 and 1000 r have shown no qualitative cbanges in electrolyte
transfer mechanisms. Quartitative di .ferences do exist. No definitive state-
ment can be made at this time as to the magnitude of these changes. Moreover

.at higher doses, where extensive damage is done to the gut epithelium, breakdown

of transport mechanism may occur.

SUMMARY AND CONCLUSIONS
1. Thirteen patients have been studied following total body irradiation

with doses ranging from 20 -150 r using alterations in the formed elements of
the blood, coproporphyrin excretion in the urine, and changes in the serum

lipoprotein levels as objective criteria.
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2. There was a decrease in the formed elements of the blood with the time
of fall being in the order of lymphocytes, platelets, and grenulocytes. The
maximum depression occurred at about the fourth week after irradiation in con-
- trast to the experimental animal date which show a maximal depression in the
formed elements of the blood at two weeks. The degree of depression was more
severe in patients who bad received previous totel body irradiation or
"rediomimetic" drugs. It is felt that this is of considersble importance in
the military setting and that persons who have received one exposure in the
range of 100 r should not be re-exposed within at least 6-8 weeks. This is
not a conservative estimate and further investigation along this line will be
pursued.

3. Increased coproporphyrin excretion in the urine has not been a
systematic find ng. When it does occur the increase occurs within the first
few days and in some iastances within the first few hours. In general, even
thorgh +he level of excretion in ary 2k hour period did not exceed the upper
limit of normel, the integral excretion post-irradiation was increased. It
is felt that radiation damage blocks the decarboxylation of coproporphyrin III
to protoporpl yrin IX with a subsequent increase in the excretion of copropor-
phyrin III.

4. It is probable that the observations on serum lipoprotein levels in
animals following total body irradiation may be carried over to man though the
time scales mey be different. Almost every pstient who developed a thrombo-.

cytopenia associated with & bleeding tendency showed an increase in clearing

factor at that time.
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5. The rate of tramsport of electrolytes into the lumen of the dog
bowel is constant and independent of the concentration within the lumen. The
rate of absorption from the lumen is proportional to the concentration witbhin
the lumen in the jejunum apd ileum. Msximal activity in the colon is
associated with water absorption. Preliminary studies would suggest that

irredistion alters these mechanisms qualitatively but not quantitatively.
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INTRODUCTION

To date twelve persons have received total body.irradiation. Three of
these patients have received two courses. One patient is included who received
total torso irradiation. Radiation was done with the 1 Mev General Electric
generator, HVL=3. 3mm Pb, and wes delivered through four ports, upper and
lower half of the body, anterior and posterior. The target skin distance in
all cases was about 290 cm and the dose rate was between 5 and 7 r/min. In
general, coproporphyrin excretion, serum lipoprotein levels, and formed ele-
ments of the peripheral blood were measured. In a few inetancee one of the
major studies was not performed.

All persons receiving total body irrediation were patients at the Memorial
Center, with widespread cancer. However, no person showing biochemical evi-
dence of renal or hepatic dysfunction was included in the investigative
group nor was any person included who showed evidence of bone marrow
impairment.

No person included in the series had received x-ray therapy or chemotherapy
for at least six weeks prior to the present investigaﬁion. Patients were
gelected who had no complaints referable to their disease process.

The total dose delivered ranged from 20 r to 150 r; all dosee‘were measured
in air at the mid-plane of the body. Calculations of volume doses are not
yet completed and at best will be approximations because of the varying
anterior-posterior diameter from head to foot. Such calculations will be
completed before publication of this work.

For purposes of organization, this report will be divided into four parts:

1. Clipical observations. 2. Hematological and Coproporphyrin studies. 3.

Lipoprotein studies. L. Electrolyte studies.

Washington National Record Center
OfTice of the Army Surgeon General
Record Group 112
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1. CLINICAL OBSERVATIONS

Patients receiving more than 50 r total body irradiation complained of
weakness one to two hours following irradiation. This compleint persisted for
the first twenty-four hours to thirty-six hours. It is difficult to know what
role the physicel and psychic rigors of the irradiation played in the production
of this compleint. It is felt that this is not the only reason, because those
recelving lower doses did not complain of weakness.

Only three persons experienced any naueez and vomiting. Onset of nausea
vag within one hour following completion of radiation. Vomiting usually
started two to three hours thereafter. In one patient, (C.LeC.), the vomiting
subsided spontaneously within eight hours but mild nausea and anorexia per-
sisted for 24 hours. One patient, (M.D.), had rather severe nausea and
vomiting for the first 48 to 72 hours post-irradiation. This subsided without
medication. The patient agasin experienced severe nausea and vomiting on the
6th, 7th and 8th days; hovever, this followed the oral administration of
tracer amounts of Clh labeled Trytophane, which had produced vomiting on a
previous administration. The third patient, (B.C.), bad such severe nausea and
vomiting that on the third day it was deemed necessary to give Thorazine, 25
mgm, i.m. t.1.d. and, hence, nothing can be seid of the subsequent symptomatology.

Six patients developed severe thrombocytopenia. The maximum effect oc-
curring about 28 days post-irradiation (more detailed‘discuesion will be found
in the following section). Of these six patients, four developed hemorrhagic
tendencies, (J.N., M.H.,* B.C.,* A.MacA.,% M.D., and W.J.%#). It is important
to note that the first three of these had subsequent radiation therapy to large
ports betveen the time they received total body irradiation and the time they

showed a thrombocytopenia. The latter three patients had received either

*Hemorrhagic tendencies.
#Not otherwise included in this report, having been irradiated so recently that

complete data are not available.
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total body irradiation (A.MacA.) or nitrogen mustard therapy two months or
more before totael body irradiation (M»D. and W.J.). The latter three patients
all had normal peripheral blood counts prior to receiving total body irradia-
tion. With the exception of J.N., who received 75 r total body irradiation,
all were given 120 r or more.

The incidence of symptomatology 1) and thrombocytopenia (2) in this
series is less than that reported amongst those exposed in the Marshall
Islands, even though the coses &s repcrted are about comparable. These dif-
ferences may be due to a .:al difference in volume dose, the time over which
the dose was delivered, or the bone marrow depression from the isotope inges-
tion. The severe nausea and vomiting reported in this group could conceivably
be due to, or be augmented by, the dust ingested.

Two ;ases of lymphosarcoma (A.MacA. and D.R.) had dramatic regression of
their diseases. These were the only cases that showed any change in the
neoplastic process.

2. HEMATOLOGY AND COFROPORFHYRIN STUDIES

INTRODUCTION. The effect of ionizing radiation on the formed elements of

the blood has been the subject of investigation for many years and the results
of studies in this area have formed the principal criterie for radiation
damage. From the studies cited in the literature and from our own observations,
the earliest evidence of radiation damage would appear to be a decrease in the
number of circulating lymphocytes. The blocd platelets are next in the order
of sensitivity, followed by a decrease in the number of circulsting granulo-

cytes. Finally, the red blood cells decrease as the pancytopenic picture

develops.
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It would eppear that the fall in the numbers of circulating mature cells
is secondary to damage to the reticulo-endothelisl system apd to the bone
marrov. Conversely, there is little evidence to support the hypothesis that
the decrease is caused by & direct effect on the circulating elements themselves.

RESULTS. From the experiments conducted in this investigation, it ie
apparent that the time lag between the administration of total body radiation
and the fall in the circulating cells is greater in humans than it is in
experimental animals (3). The decrease in the white cell count is seldom
apparent before the third week post-irradiation. In most cases it does not
reach maximal depression before the fourth or fifth week.

The leg in platelet depression is even greater than that seen in the
vwhite cells. When it occurs, however, its duration is longer, usually lasting
weeks rather thaen deays. Detailed graphs of the hematologic alterations in the
thirteen patients studied are presented in Figures 1 to 13. It should be
noted that ordinate scales are different on the various graphs.

The long life span of the mature red blood cell is undoubtedly responsible
for the very late occurrence of anemia following ionizing irradiation. Unless
total aplasia of the red cell precursors takes place, there must be a lapse of
one red cell half-life (60 days) before obvious clinical anemia could be ex-
pected to occur.

Previous radiation insult to the bone marrow, even in the presence of &
normael hematological picture, is a real hazard to the individual exposed to
total body radiation. Several of the patients studied in this group had
received local x-ray therapy or had been exposed to so-caelled "radiomimetic

agents" such as nitrogen musterd or triethylene melamine prior to total body
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irradiation. Although all of thew had a normal peripheral blood and bone marrow
picture prior to exposure, their response to the dosage administered was
definitely exaggerated both in duration and extent.

This danger cabnot be too strongly emphasized since we bave no objective
criterion to date by mears of which we can predict the degree of hematological
response in patients who have received previous irradiation.

INTRODUCTION. In an effort to find a more sensitive index of radiastion

effect than the formed elements of the blood, a study of the response of the
precursors of hemoglobin to ionizing radiation was begun in our laboratory
several years ago. During the course of this study it was found that the
excretion of coproporphyrin in the urine and in the feces was increased follow-
ing therapeutic dose levels of isotopic or local x-radiation(3). This increase

occurred at doesage levels which did not produce a change in the formed elements

of the blood.

The present study was begun to evaluate this obgervation more critically
and to quanﬁitate, if possible, the radistion dosage in terms of coproporphyrin
excretion.

It i8 not the intention of this report to give a detailed description of
the metabolism of the porphyrins. However, a short discussion of the synthesis
of protoporphyrin IX is essential to the understanding of the possible mechanisms
by which the observed increase in coproporphyrin excretion is produced.

From in vitro and in vivo experiments it has been shown that the synthesis
of the porphyrin ring and the introduction of the prosthetic groups which

charecterize the specific porphyrine follow immutable and irreversable lines.

Washington National Record Center
Office of the Army Surgeon General
Record Group 112

Accession #: ©HA 2((|
Box #: (22

File: Des. NiCrgon and Kodan MDB22 Sloan -ﬁgﬂv‘;gmm



-6-

In the process of synthesizing hemwe Fisher(u) found that he could remove
carboxyl groups from uroporphyrin to produce coproporphyrin but that the
reverse reactlion of recarboxylation was not possible. Similarly, to produce
heme, two carboxyl groups are removed from the coproporphyrin ring before the
introduction of iron. The reverse of this process has been an attractive
hypothesis for the explanation of the presence of the coproporphyrin stereoisomer
III during the degradation of hemoglobin after hemolysis. The work of Lemberg(s)
has conclusively shown, however, that the porphyrin ring of the hemoglobin
molecule is opened in the alpha position before it loses ite iron. Thus, an
increase in coproporpbhyrin excretion following hemolysis cannot be explained
in this way.

RESULTS. Two independent and physiologically dissimilar hypotheses may
be considered as possible etiological agents in the increased coproporphyrin
excretion which follows ionizing irradiation.

The first 1s the so-called dual hypothesis of Fisher(4) which states tbat
for every moiety of porphyrin stereoisomer III formed, a small but definite
quantity of stereoisomer I is concomitantly synthesized. According to this
theory, the excretion of coproporphyrin I is ip direct proportion to the amount
of hemoglobin produced. Therefore, anything which will increase the synthesis
of hemoglobin will at the aamé time increape the production and consequent
excretion of coproporphyrin I. Dobriner(5) confirmed this hypothesis in his
experiments with phenylhydrazine hemolysis in doge when he observed an increase

in coproporphyrin excretion occurring during the recovery period when the

reticulocyte count was at its maximum.
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From the préaent stuuies 1t would not appear that this factor is
respongible for the observed increase in coproporphyrin excretion. There
has been no correlation between reticulocyte rise and increase in copropor-
pbhyrin excretion in the patients who have received total body irradiation. Nor
has any other evidence of increased hemoglobin anabolism been observed.

A second possible mechanism for the increased coproporphyrin excretion
following irradiation can be seen in the intermediary metabolism of
protoporphyrin. Should the reaction:

Coproporphyrin Ill--~--ccoceaaa- Protoporphyrin IX
decarboxylase

be adversely influenced by ionizing irradiation, the production of hemoglobin
would decrease and an excess of coproporphyrin III followed by increased
excretion of this porphyrin would result. Moreover, the increase in copro-
porphyrin excretion would take place during the period of maximal radiation
effect rather than during the recovery phase.

It is this second mechanism which is considered to be responsible for the

increased coproporphyrin excretion observed in these studies.

3. LIPOPROTEIN STUDIES
REASON FOR STUDY. In rabbits receiving severe whole body irradiation,

an early increase in the serum turbidity (caused by chylomicrons) is prognostic
of lethal damage. Detailed lipoprotein analyses of such aera_have shown that
at this time, one to two days ﬁfter the irradiation, there is a block in the
serial conversion of larger to smaller lipoproteins which is a part of the
normal fat transport system(7). Since heparin is involved in the "clearing

factor" mechanism which is responsible for this conversion, heparin deficiency

has been suggested.
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Changes in lipid tranmsport following severe whole body irradiation have

also been observed in dogs(a). It therefore seemed important to determine the

effect of therapeutic doses on the serum lipoproteins of patients.

METHODS. Fasting blood samples are taken before irradiation and one,
three, and six days afterward. Additional samples are taken after further
intervals of time, whenever it is coneidered necessary. The serum is checked
for turbidity in the spectrophotometer at 65 mu, and stored at hbc. with the
addition of 1:10,000 methiolate for not more than two weeks. For the separation
of the lipoproteins 7.05 ml. of serum are mixed with 3.45 ml. of NaCl (density
1.1855) to give a solvent density of 1.063. Themlutions are then run in the
preparative ultracentrifuge for 16 bours at 40,000 R.P.M. at about 59°C. The
lipoproteins of demsity l=ss than 1.063 which are concentrated in the top
layer, are collected with a hypodermic needle and specially designed syringe(9),
and transferred to a 5 ml. graduate. The volume is recorded and the lipopro-
tein content measured from the size of the flotation boundaries obtalned in
the analytical ultracentrifuge by the Gofman technique. The lipoprotein spectrum
is separated into 3 fractions, Sf 2 - 10, Sf 11 - 20, and Sf 21 - 100. Oc-
casionally a fourth component, Sf 100 - 400, is observed. The calculations
are made by the procedure described in 1952(10). The total cholesterol is
determined(ll) in the whole serum and in the lipoproteins of density greater
than 1.063, (found in the lower layers of the centrifuge tubes), and the "low-
density lipoprotein cholesterol" calculated by difference. The calculated
low-density lipoprotein cholesterol levels have usually been fairly close to
one-third the total iow-denaity lipoproteins measured in the ultracentrifuge.

This agrees with the known chemical composition of these lipoproteins.
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It has thereforé not seemed necessary to measure the low-density cholesterol
directly, since this would necessitate taking considerably larger samples of
blood.

RESULTS. The results obtained on the individual patients are shown in
Figures 1% through 27. 1In two patients, (V.M., 120 r, and Y.D., 20 r),
neither of whom showed clinical signs of radiastion damage, the lipoprotein
levels remained constant within the errors of the method. Four patients,
(J.N., 0.D., B.C. and M.D.), showed early changes indicative of increased
clearing factor activity, and two patients, (A.MacA., and C.LeC.), showed
decreased activity. No distinction could be made either on the sex of the
patient or the nature of his disease.

In five patients, (M.B., J.N., A.MacA., B.C., and M.D.), lipoprotein
analyses were made at a time when clinical signs of radiation damage were
present. Four had some elevetion in clearing activity. There was no correla-
tion with the direction or extent of the lipoprotein changes seen immediately
after the initial treatment. This was not to be expected, since most of these
patients had received additional radiation after day 6 and the development of
clinical symptoms.

DISCUSSION. The changes in serum lipoproteins which appear after thera-
peutic doses of irradiation are of course not as clear cut as the changes seen
in animals after lethal doses. In some patients clearing activity appeared
to have decreased on the ..ird day following treatment, while in others an
apparent increase was seen. Since the circulating lipoproteins represent the
balance between lipids added to and removed from the circulation, it would

appear that the doses used in these patients can cause this balance to swing
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sometimes one wey and sometimes the other. In rabbits receiving lethal doses
of radiation the lipid transport system is usually inadequate for its load(3).
Whether this 1s the result of a deficliency in the transport or an overloading
of the system is still unknown. Atheroscleroaie is produced in rabbits by
feeding massive doses of cholesterol to these normally herbiverous animals.
Also, the plasma lipoproteins of the dog differ greatly from those of the
human, the dog having e much larger proportion of the lipid present as
alpha lipoprotein. The many lipid and lipoprotein studies now being carried
out on animals in connection with studies of atherosclerosis are therefore
frequently criticized as not being applicable to human physiology. Since the
same criticism might be leveled at studles of irradiation effects on the lipo-
proteiln metabolism of snimals, one valuable result of the present study is the
observation that the lipoprotein changes found in humans soon after irradiation
may be similar to those seen in animals.

The second observation of importance is that almost every patient ﬁho
showed hemorrbagic tendencies and a thrombocytorenia had an increase in clearing

factor activity at that time. All patients who had bleeding tendencies had

thrombocytopenia of sufficient geverity to account for the hemorrhagic mani-
festations observed. If the increased clearing factor activity seen in these
patients 18 a result of a hyperheparinemia, it reinforces the suggestion that
post-irradiation hemorrhage mey be the resul: of an increese in circulating
heparin in adiition to, or aspociated with, the throgbocytopenia.

4, ELECTROLYTE STUDIES. Electrolyte tranefers across the lumen of the bowel

have been measured for various levels of the dog bowel.
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EXPERIMENTAL METHODS. Chronic Thiry-Vella loops(12) of the appropriate

segment of bowel were surgically prepared. Jejunal and ileal segments were 30
cm. in length and were taken from the mid-portion of the respective regions.
Colon loops were about 15 cm. in length. The length was determined by select-
ing a segment which was drained by one major vessel. The ends of the loop were
then anastomosed to the skin as fistule sites. The continuity of the remain-
ing bowel was established by end to end anastomogis.

All experiments were performed under intravenous pentothal anesthesia,
5 mg./kg. of body wt. In all experiments #24 Foley catheters were introduced
into each end of the isolated loop and the balloons sufficiently inflated so
a8 to prevent leakage of apy fluids introduced into the lumen of the gut, but
not to a degree which might compromise the blood supply of the segment. With
this arrangement solutions could be introduced at one end and withdrawn or
collected at the other end in a controlled manner.

Sodium concentration in the collected samples was determined by means of
a standard flame photometer(13) or on a Nal scintillation counter when Naau
vas used. Chloride determinations were according to Van Slyke's modification
of the Sendroy method(lu) and CO» was measured in a Van Slyke apparatue(IS).

Naghand Kl*2 were utilized to measure directional shift of sodium or
potassium into the perfusate from the plasma or the disappearance of the ion
from the perfusate. Soluiions used for perfusion weve isotonic MgSQy,
Polyvynalpyrolidon (PVP), or mixtures of electrolytes of varying concentrations
maintained at isotonicity by MgSO), and MgCls.

Irradiations were done using 250 kv x-rays (HVL 2.0 mm cu.). Loops were

localized with barium perfusion and lateral and anterior-posterior diagnostic
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films. Each irradiation was so designed as to imclude the entire isolated
loop but to keep the irradiation to the normal bowel at a minimum. Thils was
done so that there would be no radiation-induced vomiting or diarrhea to alter
the plasma electrolyte balance.

RESULTS AND DISCUSSION. The mechanisms of transport of electrolytes in

the jejunum and ileum are qualitatively the same though quantitatively different,
and hence results of the experiments will be discussed together.

If isotonic or hypertnnic MgSO), is introduced into the lumen and is
sampled as a function of time the electrolyte concentrations are found to
increase reaching a constant and characteristic level. In the jejunum this
level is between 130 and 140 meq/L and is essentielly equal to the plasma
concentrations. Chloride parallels the sodium and exceeds plasma levels of
chloride. Equilibrium is reached in about 90 minutes as 1s shown in Figure
23. A similar rise is seen in the ileum with Na levels reaching approximately
120 meq/L and the Cl rising to only one-half the sodium value. Bicarbonate is
the other cation present.

The exponential form would suggest that the rate of Ne shift into the bowel
is constant and that the transfer from the lumen to the plasma is proportional

to the concentration of sodium in the lumen(16rl7)18). Such an analysis gives

rise to the equation:
Na = K; (L -e - Kat)

k2

vhere: Na = Sodium concentration in the lumen at any time, t.
Kl = rate of Na shift into the lumen.

Ké = rate of Na shift out of the lumen.
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The value of K, can be obtained from the slope at the origin and the
value of K, then calculated from the equilibrium concentration. The theoretical
curve obtained from such a calculation is also shown in Figure 27.

To verify the dynamic nature of this equilibrium, a mixture of electrolytes
of composition identical with the equilibrium mixture was introduced into the
lumen. The rate of appearance of Na2lt was memsured and the meqg. of plasma
sodium which this activity represented was calculated from the plasma specific
activity. Results of a typical jejunal and ileal experiment are shown in
Figures 28 and 29. Also shown in Figure 29 is the calculated curve and the slope
of the origin is indicated.

The isolated loop may be perfused with MgSOu or other solutions of salt
mixtures at varying perfusion78t§:'both jejunum (Fig. 30) and ileum (Fig. 31)
the concentration of electrolytes in the collected perfusate decreases with
increasing perfusion rate. If the concentration 1s plotted as a function of
the reciprocal of the perfusion rate (min./cc) a linearly increasing relation
is obtained indicating that the concentration of electrolytes in the collected
perfusate is directly proportional to the time which the perfusate is in con-
tact with the bowel wall.

Dogs were given Na2l+ twenty-four hours before experiments were performed
to permit equilibration of the tracer with the extracellular sodium. Loops
were then perfused at a constant rate (1.58 cc/min.) with solutions conteining
varying concentrations of sodium. The tonicity was kept conmstant with the
appropriate amount of MgSO,. Total sodium (Nai) put into the lumen could be
calculated from the concentration,as measured on the flame photometer, times

the volume perfused. Similarly the total sodium in the collected perfusate
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(Nao) may be calculated from the flame photometer measurement of the concen-
tration. The total plesma sodium shifted into the lumen (NaP,L ) may be
obtained from the CFM in the collected perfusate divided by the plasma specific
activity.

Clearly, the total sodium in the collected perfusate is equal to the
total sodium perfused plus the amount shifted into the lumen from the plasma
minus whatever sodium was shifted back into the plasme from the lumen (NaL_P).

Hence, we obtain the equation:

Nao = Nai - NaL-P NaP_L

where:
Na°= total sodium in the collected perfusate

Na;= total sodium in perfusing solution

total sodium shifted from lumen to the plasma

Nag.p
Nap.y, = total sodium shifted from plasma to the lumen
All quantities in this equation can be measured directly except for
NaL-P' The equation may be solved for this quantity, and hence the shifts of
sodium in and out of the lumen can be measured. Figures 32 and 33 show that
in both jejunum and ileum the transfer of sodium from the lumen to the plasma
is directly proportional to the concentration of sodium within the lumen, and
the shift of sodium from body stores into the lumen is independent of the
concentration within the bowel.
Electrolyte handling in the colon is markedly different, in that concer-

tration gradients can be maintained across the colonic mucoea(l9). The most

striking feature of the colon is the large water absorption when isotonic

solutions are introduced.
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Isotonic solutions containing varying concentrations of potassium tagged
wvith Kl"2 were introduced into the isolated loop and sampled as & function of
time. The counts per minute of any sample when divided by the initial specific
activity are a measure of the meq/L of initial potassium remeining. The total
potassium could be measured on the flame photometer. In all experiments the
total potassium rose slightly regardless of the concentration which was intro-
duced and the potassium which was introduced fell slightly (Fig. 34). Using
calculations similar to those outlined above, the total potassium shift can be
measured. In all cases the total potessium shifting from the colon into the
plasma was found to be proportional to the concentration of potassium instilled.
The techniques do not permit any statement to be made about the plasme to
lumen transfer. Becaugse of the marked water absgorption, better methods of
measuring electrolyte transfer must be worked out.

Because of the extensive work which was required to develop techniques
for the study of the normal physiology of the intestine, only preliminary
radiation studies have been done. Isolated locps of jejunum and ileum receiving
doses of 500 and 1000 r have shown no qualitative changes in electrolyte
transfer mechanisms. Quantitative differences do exist. No definitive state-
ment can be made at this tlme as to the magnitude of these changes. Moreover
at higher doses, where extensive damage is done to the gut epithelium, breakdown

of transport mechanism may occur.

SUMMARY AND CONCIUSIONS

1. Thirteen patients have been studied following total body irradiation
with doses ranging from 20 -150 r using alterations in the formed elements of
the blood, coproporphyrin excretion in the urine, and changes in the serum

lipoprotein levels as objective criteria.
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2. There was & decrease in the formed elements of the blood with the time
of fall being in the order of lymphocytes, platelets, and granulocytes. The
maximum depression occurred at about the fourth week after irrasdiation in con-
trast to the experimental animal deta which show a maximal depresslon in the
formed elements of the blood at two weeks. The degree of depression was more
severe in patients who had received previous total body irradjation or
"radiomimetic" drugs. It is felt that this is of considerable importance in
the milltary setting and that persons who have received one exposure in the
range of 100 r should not be re-exposed within at least 6-8 weeks. This is
not a conservative estimate and further investigation along this line will be
pursued.,

3. Increased coproporphyrin excretion in the urine has not been a
systematic finding. VWhen it does occur the increase ocecurs within the first
few days end in some instances within the first few hours. 1In general, even
though the level of excretion in any 24 hour period did not exceed the upper
limit of pnormal, the lintegral excretion post-irradiation was lncreased. It
is felt that radiation damage blocks the decarboxylation of coproporphyrin III
to protoporphyrin IX with a subsequent increase ln the excretion of copropor-
phyrin III.

k. It is probable that the observations on serum lipoprotein levels in
animaels following total body irradiation may be carried over to man though the
time scales may be different. Almost every patient who developed a thrombo-

cytopenia associated with a bleeding tendency showed an increase in clearing

factor at that time.
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5. The rate of transport of electrolytes into the lumen of the dog
bowel is constant and independent of the concentration within the lumen. The
rate of absorption from the lumen is proportional to the concentration within
the lumen in the Jjejunum and ileum. Meximal activity in the colon is
apgsoclated with water absorption. Preliminary studies would suggest that

irrediation alters these mechanisms qualitatively but not quantitatively.
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Figure 7

S.F., Ca. of Stomach with Liver Metastases
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Figure 9

M.D., Synovioma [150r in air
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M. H., Epidermord Carcinoma of Vulva.
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_Figure 15
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ricure 12
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Pigure 21
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_ Figure 23

600 1

—~marked
reaction

500 4

wol |
1507 total body

300 A

mg. Y%

2004

100 A

1 [l

Pl B C.
Ca. Cervix
150r in air o midpiane

™ —

—~eS5f2-10

— —® Top chol.(low density p<1.064)

s

. Sfi1-20
sf21-100
Bottomchol.{0>1.064)

£ 1

2 4q

6

30

DAYS POST-IRRADIATION

e S AT e n ity o WA TSI

TURBIDITY 0.042 0.046 0.036 0.051 Pt M D
(0.0.) Synovioma
- /50 r in air to midplane
+ 1507 total body
300
® 200
g ——— sf2-10
100 ‘_.—’\\. |
Top chol. (low density o< 1.064)
T2 Bottom chol. (density o> 1.064)
+>®=s"4% sf 21-100
. . , Sf11-20
| 3 6

DAYS POST-IRRADIATION

Washington National Record Center
OffTice of the Army Surgeon General
Record Group 112

Accession #: GHA 2((|

Box #: 123

File: Deg. M(Chﬁy\ m HO(J{\

MD 532 Sloan -Haﬁzﬁrimms—\im




Figure 25
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Dog 78 lleum Appearance of Plasma Sodium in the Lumen with
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_ Fleure 31

15r Sodium Concentration in Collected Fluid vs. Perfusion Rate-20 min.
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SODIUM CONCENTRATION EXCHANGED DURING PERFUSATE TRANSIT
TIME VS PERFUSATE SODIUM CONCENTRATION
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Total Shift Na in mEq IN ond OUT vs. Perfused [Na]
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