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ABSTRACT -1~

This report covers further observations en patients
who have received total body radiation in the course of tréat-
ment of advanced cancer. The data which was previously sub- -
mitted in table form has been re-analyzed and presented in
graphic form for simplicity.

In the course of study of the significance of radio-
iron tracer studies as an index of.radiation effect, over
700 such studies on more than 300 patients have been carried
out. The interpretation of the data of patients with a
variety of hematopoietic disorders 1s presented as back
ground for evaluating radioiron tracer studies in radiation
effects.

The role of radioiron tracer studies as a measure of
radiation damage has been evaluated in cancer patients re-
ceiving total body radiation and limited-field radiation.

Extension of radioiron tracer studies to provide a
test for residual radiation damage is described and'discussed,
even though a preliminary experiment failed to indicate a
useful technique.

Procedures have been established for the identification
and quantitative estimation of enzyme systems in circulating
red blood cells with a view to establishing a biologic

dosimeter.




PROGRESS 2w

Continuing experience in the use of total body radiation
for the treatment for some forms of advanced cancer has resulted
in an increasing volume of data and some revision of expression
of observations without altering the tentative conclusions that
have been previously drawn. These have had to do with tolerance
values for whole body radiation delivered under clinical thera-
peutic circumstances.

There is limitation on the importance of these values in
that extrapolation to radiation exposures under emergency or
catastrophic conditions can be no better than the measurement
or estimation of quantity of radiation under such conditions.
Even if comprehensive physical measurements of radiation were
obtained, the circumstances of time, volume and geometry which
govern the biologlic aspects of dose may greatly alter the
significance of an exposure to any given number of roentgens.

For this reason particular attention has been given to
biologic responses which might reflect the quantitative physi-
cal exposure.

Several studles have been completed since the progress
report for the period ending 21 August 1955 (AFSWP-810).

From the beginning it was evident that radioiron tracer studies
as a clinical laboretory procedure would have to be evaluated
on & broad basis if the data related to radiation effects were
to be meaningful. More than 700 tests have been done and the
data studied. Appendix 1 is a compilation of this material

in a manuscript that was solicited for the Brazilian journal
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Resenha. It may be noted that the.test has established its
value in the dynamic evaluation of erythropoiegis in all
conditions studied.

A development of the studies on iron metabolism is
contained in Appendix 2. This is a paper by a graduate stu-
dent, R. Tinguely, wbrk;ng in the department. It presents a
simple procedure for determining the residual iron-binding
capacity of serum. This has been in routine use for the past
few months, primarily to determine how frequently the turn-
over rate of iron is limited by the capacity of the serum
iron transport mechanism. To date, no sera have been analyzed
which did not have ample residual binding capacity.

The use of iron tracer studies for the evaluation of
radiation damage in clinical medicine has been prepared for
presentation to the American Radium Society in April 1955.

A previous report on the therapeutic aspects of total body
rediation was made to this Society two years ago and is due

to appear in the March issue of the American Journal of
Roentgenology, Radium Therapy and Nuclear Medicine. This
menuscript is included as Appendix 3. This report summarizes
the experience of the department with reference to the effects
of whole and partial body radiation on the iron turnover test
results. It is concluded that the test provides a rapid and
useful index of body tolerance to systemic depressant agents,
but is of 1little or no value in the essessment of systemic

tolerance to protracted limited-field radiotherapy.
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Appendix 3 also contains a detailed account of an attempt
to unmask residual radiation damage.follqying apparent recovery
of rabbits from a total body radiation dose of 500r. The pro-
posal here was that the normal hematopoietic response to anoxia
might be impaired following radiation. If this were so, the
damage might be detected by radioiron tracer studies in animals
previously radiated and subjected to anoxia at the time of test.
The results have been inconclusive. Decreased functional re-
serve as a residual effect of radiation has not been demonstrated
but it is considered possible that an effect might be encountered
if the interval between radiation and stressing by anoxia is
inereased.

As one effort to establish a "biological dosimeter",
Dr. D. A. Rappoport has suggested that the enzyme systems of
the circulating red blood cells might show a quantitative re-
lationship to exposure of total body x-radiation.

Two premises were made as the basis of erythrocyte
enzymic dosimetry.

1. The long life-span of red cells will permit
examination of cells which have been exposed to x-rays at
prolonged periods after radiation (2 to 4 weeks).

2. The inability of erythrocytes to resynthesize new
proteins (or enzymes) indicated that damaged enzymic systems
(due to x-rays) will not be repaired; hence they will reflect

x-ray damage for long intervals after exposure.

Appendix 4 1is a summary report describing the work in
progress directed toward the ultimate objective of finding a

biological or enzymic dosimeter.



A radiation building has been completed and a
2 MeV Van de Graaff x-ray generator installed. Pre-
liminary calibration and dosimetry procedures have
been carried out and clinical usage including total
body radiation has begun. Ihe treatment room measures
35! x 18' and is designed to permit treatment by sta-
tionary or rotation technics at distances up to 8

meters.




FUTURE -6

1. Observations on patients receiving total body
radiation will be continued, giving particular attention to
protraction over very short to very long intervals with basic
observations on clinical systemic response and the effects on

peripheral blood and iron metabolism.

2. Material will be collected for the study of tetanus
antibody response in patients receiving whole body radiation.

3. The study of enzyme systems of red blood cells as
possible biologic dosimeters will be extended.

4. The possibilities for using stress technics to
reveal masked metabolic defects following apparent recovery

from radiation will be investigated further.

5. The aim of studies in the field of radiation effects
is to gauge the hazard of exposures that may be encountered
under any circumstance. Despite the volume of data that has
been amassed by the very numerous observers, the guantitative
and qualitative aspects of response of living tissue can be
measured or described in only the broadest terms. The failure

to establish clear and dependable relationships with precise

physical data may be due to the inadequacy of our observations
of biologic effects, or to studying inappropriate biologic
systems. Such uncertainty 1is not peculiar to radiobiology.




A similar problem exists in gerontologic studies. There
is no system of definition or measurement for senescence
or aging but these processes are associated with an in-
creased vulnerability to hazard and liability to death.
Some similarity to the delayed effects of radiation 1is
evident.

Consideration will be given to the adaption of
technics of studies of the aging process to the problem
of identifying radiation effects.




APPENDIX #]

Methods and Applications
of Radioiron Studies

From the Department of Radiology, Baylor University College of Medicine,
Houston, Texas.




Radioactive iron has been used for absut fifreen yours to investiprate iron
metabolism (1-5). The intravenous iron turnover test as a specific diagnostic aid
for the study of hemoglobin production was described by Hufr et al in 1950 (6).
That group and others have studied many clinical and expe;imental phises of iron
metabolism with this standardized techniaue, and utilizing other ;quipment and
techniques (7-32). A slight modification (33) has made it possible to perform
the teat more simply on a routine laboratory basis. Using the technique as
described below, over 700 tests on more than 300 patients have been performed in
this department, permitting some generalizations to be drawn:

The radioiron turnover test in its simplest form provides a method for
determining the daily production of hemoglobin, and for estimating the functional
status of the erythropoietic system. It is a useful aid in the differential
diagnosis of anemia, and also provides a quantitative statement of the severity
of the disorder. For example, a hemoglooin level of B grams per 100 ml. blood
tells only that the over-all balance between hemoglobin production and destruction
is such that the body can maintain approximately half of the normal hemoglobin
concentration. Radioiron studies will indicate whether this balance results from
half of the normal production, with a normal life span; or normal production with
half the normal span; or perhaps twice the normal production as a response to the
anemia, with a life span of the circulating erythrocytes of only one-fourth of
normal.

The first part of this test, the uclcrmination of the rate at which plasma-
bound iron is cleared from the circulation, can be performed in a matter of two

to three hours. While this part of the test is rarely sufficient in itself to

complete the quantitative diagnosis, it can serve as a very rapid index of ?
change of hemoglobin production. When hemoglobin production is depressed by
large doses of total body radiation or cancer chemotherapeutic agents, the change
can be readily docunented by successive iron turnovers within twenty-four hours.
Detailed analysis of the uses and advantages of radioiron tracer studies in

clinical practice will be given below in the section on "Interpretation".




-2

Part I

IRCE ETABCLISH

The: bLasis for the Use of the Trucer

The radioiron turnover test and its modifications can be logically derived
and interpreted from a consideration of normal iron metabolism (34-36). This
is shown schematically in Figure 1. ’

Normal metabolism is a "closed system”, i.e., the body tends to maintain its
iron supply with a minimum of excretion, and absorbs just enéugh to compensate for
the small losses. A normal 70 Kg. man has abcut 3.5 - 4.5 grams of iron, about
2.5 grams as hemoglobin iron, .002 - .003 grams as circulating plasma iron, and
the remainder as storage iron or in a relatively fixed status in myoglobin and
the cytochrome respiratory enzymes. The hemoglobin cycle (synthesis of new
hemoglobin and breakdown of old red cells) is responsible for the major turnover
of iron. Since 2.5 grams of iron are present at all times in red cells, and
since these cells live approximately 120 days, then about 0.83%, or about 21 mg.,
of this iron must be released fron -t.-ctroyed cells and a comparable amount re-
utilized in new hemoglobin formation each day. Iron is transported from the site
of destruction to the erythropoietic Lissue by the plasma, With the plasma
containing 2-3 mg. of iron at any given time, yet transporting at least 21 mg.
per day, there must be a replacement at least 7-10 times per day. In spite of
its small iron content, the plasmi transport system is of crucial importance.

It is also readily available for sanrling and serial analysis. The iron turnover
test is desipgned to measure the rate of the plasma iron replacement, and the rate
and extent of the utilization of this iron for hemoglobin formation.

Betwecn 90 and 100, of the total iron in the plasma occurs as traasport iron.
This portion is bound reversibly to a beta globulin, the IV~7 fraction of Cohn's
classification, also named transferrin, & portion of this protein-bound iron is

removed by the bone amarrow and storiape derots with euch circulation of the blood.
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Meanwhile, the plasma iron concentr:ition is maintzined by iron from the breakdown
of old red cells, to a lesser extent fror. the storawe derots, and by a still
smaller amount fromw intestinal absorption. This concentriation is not constant,
being subject to diurnal variations as well as reflectiné disease states (37-39).

The iron removed from the plasma by erythroroietic tissue is rapidly incor-
porated into hemoglobin and relcased back to the circulation in the red blood
cells. Usually 80 - 95% of the iron cleared from the plasma is so utilized, the
other 5 - 20% presumably having gone to the storage depots or to fixed systems. (Fig
Some of this radioiron reappears in the circulation in hemoglobin in as short a time
as 3-12 hours while maximum reappearance occurs within 5-10 days. There is good
evidence that mature red cells cannotl exchange hemoglobin iron with plasma iron,
although reticulocytes apparently can incorporate some iron dircctly from the
plasma. It is possible that the rapid clearance of plasma iron noted in severe
iron deficiency or hemolytic anemia results in part from direct incorporation
into reticulocytes.

A variable amount of iron exists in the reticulo-endothelial storage depots,
primarily of the liver, spleen, and bone marrow. In a normal state, the storage
depots function effectively to maintain the concentrution of transport iron,
accepting iron when the plasma concentration is high and yielding iron when the
plasma concentration falls., The turnover of the plasma iron is therefore due in
part to this equilibrium with storage iron, although normally this is of much less
magnitude than that due to the hemoglobin cycle.

A small amount of iron occurs in apparently fixed forms in myoglobin, the
ceytochrome enzymes, and to a lesser extent in other cellular components. Present
evidence indicates that this iron is probably not in equilibrium with the remainder
of the body iron, but is rcleased only with cell destruction or exfoliation., Loss
of body iron normally occurs largely by this method, urinary, fecal, and sweat
lcsses being small though measurable and of physiologic imrortance (21, L0-43).

Women have a regulur loss of hemoglobin iron during menses,
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The rate of renlacement of iron is cintrolled in the Intestinal mucosa by an

iron-binding enzyme, apo-ferritin. J3ince thore is ns whrsiolo-icul mechanism for

excreting excess iron, tne body content nust be lirived by absorbing only enough
from ingested food to replace actual loss. Apo-ferritin usually has attached a
saturating quantity of iron, this apo-ferritin iron complex being called ferritin.
When the body stores of iron are decreased, ferritin rcleases some of its iron to
the plasma, and can then absorb an ecual guantity from the intestinal contents.
There is uncertainty whether the release of irun by ferritin to the plasma is
controlled directly by the plasma iron concentration, or indirectly by the status
of the storage depots (44). Hemochromatosis is arnarently a disease associated
with uninhibited absorption of iron (20, 27, 32, 45-47).

PROCRDURE,

A purpose of the iron turnover test is to determine the amount of hemoglobin
formed per day. To do so, it is necesssry Lo know: (a) the plasma iron concen-
tration, (b) the rate at which this iron leaves the plasma, (c) the percentage
of this iron which is incorrorated into hemo~lobin, and (d) the blood volume.

The iron concentration is deter: ined by chemical rrocedures (48, 49). The re-
maining threc items are determincd usine rodioactive tracer techniaues.

If a functionally neecligible nuantity of a substance is distributed uniformly
throughout a metabolic pool of the same substance, it will react exactly as does
the native material, and will not alter the normal reactions., If the added
material is radioactive, its subsenuent distribution may be deternmined by
appropriate detection techninues. lleticulous attention must be paid to considera-
tion thai a true tracer studr ic beine performed: (a) that the tracer is truly

jdentical to the substence beinc traced; (b) that the tracer is not in such large

quantity as to menuurablv increase the salerial eresent, which ray alter its
subsecucnt. dictributicn; (e¢) rhit Lo sieo 1ine rrocedure docs not change the
systeor L any meccurcide evbont s and (17 that the radiotion does not affect the
syl

St iy bt wenel Lo Lhe




-5~

IV-7 plasma fraction. This iron protein comrlex can be injected intravenously to

become distributed uniformly ir the existing plasma iron. Samvles of plasma can

then be taken at intervals to deterrine the disappearance rate, and later whole

blood samples to evaluate reappearance. Initially the tracer was prepared by

incubating the patient's plasma with buffered iron salts at room temperature

for at least ten minutes, allowing the iron to become attached to transferrin,

before reinjection (6). It has been shown (33) that iron transfers from iron

citrate at pH 7 to the iron binding protein sufficiently rapidly as to permit

the direct injection of radioiron citrate. Latent iron binding capacity sufficient

to accept the minute quantity of iron injected is present even in conditions

associated with near saturation of the IV-7 fraction (50-51). This technique

has the advantage that the tracer may be prepared in bulk and stored in withdrawal

bottles for several weeks. The possibilities of bacterial contamination and of

denaturation of protein during the preparation procedures are also reduced.

Iron citrate can be prepared (33) from iron chloride as received from the

Atcmic Energy Commission, containing about one microgram of iron per microcurie

of radioactivity. A tracer dose of four microcuries will contain a quantity of

iron small (4-8 micrograms) in comparison to normal plasma iron levels (about

100 micrograms pcr 100 ml, of plasma). The radiation received by the body in

the course of an iron turnover is a small fraction of that received during a

routine chest roentgenogram. The taking of five or ten blood samples of

two-three ml. ecach is not likely to reduce the blood volume enough to measurably

affect hemoglobin production., Thus the criteria for a tracer study are well met.
The radiocactive tracer, consisting of protein-bound radioiron or radioiron

citrate, is introduced into the general circulation, where it usually equilibrates

within 5-10 minutes, With each circulation of the blood, a portion of the

redioactive as well as of the normal iron will be removed. While non-radiocactive

jron enters the circulation to raintain the plasma concentration, the radioactive

material is constantly being denleted, a similar percentase of the residual being
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removed with each circulaticn. Since a rortion only of the residual is removed,
all radioactive molecules can, in theory at leact, never be removed. This is
similar to cutting a string in half, then cuttirg one of the pieces in half
again, etc. In theory there will always be a piece left to cut in half, although
in practice this will soon become microscorically small, Since it is impossible
to state a time when all the iron has disappeared, two conventional expressions of
rate are used. One is to state the percentage removed in a convenient time
period, e.g., 40% per hour. The other is to give the time required to reach a
given percent of the initial activity, e.g., one-half. This later method,
expressed as half-time, is most frequently used in medical literature and will

be used here.

After the injection of radiociron, samrles of plasma are obtained at intervals,
and their radioactivity determined. The simplest way to obtain the clearance
half-time is to plot the activity of the plasma samples against time on semi-~
logarithmic graph paper (Figure II). If the activity is decreasing exactly by
halves, a straight line will be obtained, from which the half-tine is determinable.

The disappearance curve may not be a perfect straight line on semi~logarithmic
graph paper, since some radiociron, which initially is removed by the storage
depots, will be released back into the plasma. The activity may decrease less
rapidly than expected, giving a curved line with a steadily more gentle drop.

In our series we have encountered very few disappearance plots which are not
almost straight lines, although some workcrs report quite consistent curvature.
If iron citrate solution is kept for many months, it forms a colloid containing
iron hydroxide. Such suspensions, and also solutions of iron chloride, will
consistently yield curved disappearance plots which are of no value for these

" tracer studies.

To determine the daily clearance of iren {rcn the entire plasma pool, it is
necessary to know Lhe size of the plasma pool, This is obtained incidentally but

with considernble reproduecibilitr frop the isotopie disappearance rate test, Since
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a knuin quantity of radioactivity i: adaed to the plasma, a subsequent determination
of the activity of a plasma sample permits a determination of the degree of dilution
of the injected material. The fewer the plasma counts, the greater has been the
dilution, and therefore the greater the plasma volume. The most r;liable value

is obtained by drawing the disappearance curve backward to estimate the radio-
activity per milliliter of plasma just after injection and using this value to
obtain a dilution factor.

It is also necessary to count at least one sample of whole blood taken early
during the disappearance test (Figure II). This will permit a calculation of the
radioactivity per milliliter of whole blood at zero time, which will be used later
to determine percentage utilization in hemoglobin production. Simultaneously, a
comparison of the radiocactivity per milliliter of whole blood, and per milliliter
of plasma, gives an estimate of the peripheral hematocrit.

To obtain percentage utilization, whole blood samples are taken several days
after the disappearance test. By this time all of the radioiron has been removed
from the plasma. Some has been incorporated into hemoglobin and released back
into the ;irculation in red blood cells. By dividing the whole blood activity of
any sample several days after the disappearance test, by the activity of the zero
time whole blood, the percentage incorporation can be computed. It has been shown
that the ratio of plasma volume to red cell ﬁass in the whole body is not identical
to that of the peripheral venous blood (52, 53). The ratio of body hematocrit to
peripheral hematocrit is quite constant at about 0.91. The red cell mass is thus
about 86% of that calculated from the plasma volume and the peripheral hematocrit.
As a result, complete utilization of radioiron for hemoglobin production would
give a calculated utilization of 1164, The value obtained, even if over 100%,

.3s still the correct figure to use for subsequent calculations, since it indicates
that a known plasma pool is contributing iron to a red cell mass smaller than

calculated.




The data obtained experimentally are:

1. Plasma iron concentratiocn - Fep. (ur. #)

2. Plasma iron disaonearance n=11—t1re - I'/2 (hours)

3. Flasma volume -~ P.V. (ml.)

4. Hematocrit, either Winlrobe or isotore - Heto ()

5. Heroglobin, routine lub vrocedure - mu. <.

6. Percent waximur incorroration of radiciron in circulating
erythrocytes.

Calculated data are:

1. Daily Iron Clearance. Knowing the plasma iron concentration and the

rate of removal (and replacement), the amount of irun removed per day from the
plasma can be computed with the use of calculus., The formula obtained is:

Daily iron clearance per 100 ml. of plasma (in ug.) =

0.693 x 2, hours x Fepe (in ug. % plasma) . 16.6 x Fe
T/2 (hours) T/2

Daily clearance per 100 ml. of whole blood (in ug.) =

Elé.éT;QFepc% (1 - Het)

These calculations are subject to errors resulting from diurnal variations

in plasma iron concentration and in clearance rate (38).

2. Daily Hemoglobin formation. The iron cleared from the plasma per

day, times the percent incorporated into red cells, gives the quantity of iron
utilized per day for hemoglobin formation. Since there are 3.34 mg. of iron
in 1 gram of hemoglobin, the daily hemoglobin production is:

Grams Hgb formed per 100 ml. whole blood =

Daily iron clearance per 100 ml. whole blood (mg/day) x percent utilization
3.34

3. Percentape daily replacement of hemorlobin, The amount replaced daily

divided by the total amount present:

4 Replacement/day = 100 x grams replaced
frais prescont

4. Averape life span 1. inversely related to the percentage daily

replacenent:

Averare life span (days) - 100
o renlacement /43y




~G-

5. Total heroplobin rroduction for the body can be aprroxinately

caleculated.

1.

2.

3.

4.
5.

10.

11.

Blood volume (B.V.) is approximately eaual to P.V.
Peripheral Plasmacrit

Grams Hgb. formed/day - B.V. (in 100 mls) x Grams Hgb. formed per
100 ml. whole blood.

6. A composite formula for calculating red cell life span directly is:

Red cell life span (days) = Hgb. x T/2 x 175
Fepc x # uptake x (1-Het)

TECHNIQUE ’

Withdraw 3-5 cc. of blood into a heparinized syringe for whole blood and
plasma samples (1.0 - 2.0 cc.) for the determination of natural radio-
activity.

Inject intravenously 5.0 - 10.0 cc. of Fe’9 citrate soiution containing
4 microcuries of Fe59. Avoid venostasis,

Obtain heparinized blood samples (3 - 5 cc.) at 5, 15, 30, 60, and 120
minutes after injection. Avoid venostasis. Pipette 1.0 or 2.0 cc.
aliquot of whole blood from the 15 minute sample, and 1.0 or 2.0 cc. of
plasma from all samples into counting tubes,

Count all samples for steps 1 and 3. Subtract background counts.

Plot plasma activity (log scale) against time (linear scale) on semi-log
paper.

Extrapolate to obtain zero time plasma activity. Determine disappearance
half-time (T) of plasma Fe59.

Calculate plasma volume: P.V. = Total counts injected
Zero time counts/cc. plasma

Calculate hematocrit from activity of 15 minute samples:

Het = 1 - Plasmacrit = 1 - Counts/cc. whole blood
Counts/cc. Plasma
r/l
Calculate zero time whole blood activity by proporticnallty:

Zero time counts/cc. Whole Blood = Zero time count:/cc. Plasma x Plasmacrit
Calculate blood volume:

B.V. = Total counits injectcd
Zero time counts/ecc. whole btood

Pool plasma samples, deter.ine iron concentration on duplicate alinuots,
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12, Calculate daily rlac:a iren clesrince.

Fe cleared/day = 16.6 x Fepg mc3 i P.Y. (in 100 rlts,)
T/2 (hours)

13. Obtain blood samples (2 ml., heparinizea) at 3, 7, and 14 days. Count
1.0 or 2.0 ml. aliauot and hematocrit.

4. Determine approximate percent red cell incorroraticn of Fe’9;

% uptake = Count/ml. follow-up blcod sample x 100
Zero time count/ml. whole blood

15. Calculate Hgb. production per day:

Gms Hgb. Produced/Day = mg. plasma iron cleared/day x % uptake
3.34

16, Calculate total body hemoglobin:
Blood volume (in 100 ml's) x Hgb (pgm. %) = Total gms. hgb.
7. Calculate % daily replacement Hgb.:

% Daily Hgb. replacerent = Gm. Daily Hemoglobin Production x 100
Total Body Hgb.

18. Calculate average red cell life span:

Average red cell life span (days) = 100
Percent daily Hgb. replacement

In the above calculations, radioactive decay has not been mentioned. All
counting rates are assumed to have been corrected for background counts and
radioactive decay before being used for calculations. If the counter used is
very stable, decay corrections calculated on the basis of the half 1life of Fed?

of 47 days may be used. In general, it is more reliable and just as simple to

keep a sample of the initial iron preparation as a standard, and to correct observed

counting rates by a factor:

Initial countine rate of standard
Counting rate of standard on day of sample counting

For the normal adult with a normal hemonlobin level, values for the above

observed and calculated data are:

Plasma iron half-time of disaprearance 1 -2 hrs.
Plasma iron concentration 60 - 110 ug, &
Hemoptobin concentralion 13 - 16 gm, J
Blood velume #0 - 90 ml, Kg.

Hew - Loeril, LO - 5074




Plasma volume 4L0-55 ml/Kg.
Percent incorporation of radiciron into hercelobin 30-954 (corrected) in 7-10 days
Daily iron clearance/100 xl. plasra 0.7 - 0.8 ng.
Daily iron clearance/100 ml. whole blood 0.4 mg.
Daily hemoglobin formed/100 ml. whele Liood 1l - .13 gn.
Percent daily hcmoglcbin reolacement -0.8 - 0.852
Red cell life span 110 - 125 days
Part II
INTERPRETATLON

For the purpose of interpreting the radioiron turnover data, hematopoietic
disorders may be classified on a functional or dynamic basis as follows:

1. Iron deficiency anemia
2. Hemolytic anemia
. Hypoplastic anemia
. Blood loss anenia
. Polycythemia
. Miscellaneous conditions
a. Pernicious anemia
b. Mediterranean anemia
c. Anemia associated with cancer and infections
d. Hemochromatosis
e. Combinations of conditions

NP W

1. Iron deficiency. The hematopoietic tissue is functionally normal and

very active; the red cell life span is normal; and the plasma iron concentration

is low. Because of the decreased hemoglobin concentration, the avidity of the

bone marrow for iron is increased, resulting in an increased rate of plasma iron
clearance. With the low plasma iron concentration, the percentage removal of iron by
the marrow rises still further in an attempt to increase the total iron cleared,.
In asevere iron deficiency, the half-time may be as short as 15 minutes. This
probably represents a minimum value, a limit imposed by the time required for
;passage of the plasma pool through the bone marrow. The rapid clearance rate in
turn maintains a low plasma iron concentration, which may approach the zero level.
Since the hematopoietic tissue can function normally; and is usually hyperplastic,
the cleared iron is rapidly incorporated into red cells which are released into
the circulation. Essentially 100% reappearance in three days has been observed.
The red cell life span calculated as described above, has little meaning unless

the deficiency is in a steady state. During treatment, many times the normal
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amount of hemoglobin may be produced per day.

2. Hemolytic anemias. Iron surplies are adequate, and hemoglobin production

is normal or increased. The red blood cells may be inherently defective or cells
may be normal with excess destruction caused by.extfaneous égents. In response to
the resulting anemia, the clearance of iron by the marrow is increased, giving a
half-time'which may be as short as 20 minutes. The rapid clearance tends to reduce
the plasma iron concentration, while the adequate iron stores and return of iron
from increased red cell destruction tend to maintain a normal plasma iron concen-
tration. The end result is usually a somewhat reduced concentration of serum
iron (30-60 ug. %), although during hemolytic crises the concentration may rise
above normal., Since the marrow can respond normally to anemia, at least from a
guantitative viewpoint, it will become hyperplastic. The cleared iron will be
rapidly and completely incorporated into hemoglobin, giving close to 100% re-
appearance in 3-4 days. During periods of relative status quo, the calculated
life spans will give a close index of the degree of hemolysis, though the
relationship will not hold during crises.

3. Hypoplastic anemias., Supplies of iron and other precursors for red cell

production are adequate, and formed cells are adequate, but bone marrow activity
is decreased. Since the utilization of iron is decreased, the plasma clearance
rate is slowed, often to half-times of 4-6 hours. As a result of the decreased
clearance, the plasma iron concentration rises, In such conditions, the portion
of iron going to the storage depots may reach 80-95% of the iron leaving the
plasma while only 5-20 percent will be used in hemoglobin formation. The methods

outlined here for computing red cell life span are applicable in hypoplastic

anemias except for those of acute origin when the circulating hemoglobin level
has not yet come into equilibrium with the rate of production.

It is to be accented that the rate of exchange of plasma iron with storage
derot iron offers an upper limit to the length of the half-time. Even with

completely aplastic erythropoietic tissue, this exchange will usually limit the
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half-time to 8-10 hours. 7Tne observed nilf-tine will be a result of the two
half-times--that to the storage derots and that to the marrcw--according to

the equation:

Observed T/2 = Marrow T/2 x Devot T/2
¥arrow T/2 + Denot T/2

Thus, if the marrow T/2 is 16 hours, and the depot T/2 is 8 hours, the

observed plasma clearance T/2 will be:

Observed T/2 = 16 hours x & hours = 5 1/3 hours.
— 16 hours + 8 hours

In this case the depot clearance is of considerable importance. In a
normal person with a marrow clearance T/2 of 1 hour, the effect of a depot
clearance T/2 of 8 hours will be small, as:

Observed T/2 = 1 hour x 8 hours = 53 minutes.
1 hour + 8 hours

If the depot clearance T/2 is preater than 8 hours, the influence on the

1]

over-all T/2 will be even less.

Chronic Blood loss anemia: If the bleeding is not excessive and iron intake

is adenuate, blood loss anemia will present an uncomplicated pattern. In general,
however, if chronic blood loss is of sufficient magnitude to cause anemia, iron
deficiency will usually have been produced by the time the patient is first seen.
When iron deficiency is not a factor, the supplies of all red cell precursors will
be adequate, marrow function will be increased maximally in response to the anemia,
but the functional red cell life span will be reduced as a result of the actual
loss of cells. For the first three days of the test the data will thus be similar
, to that encountered in hemolytic disease; that is, very rapid clearance, somewhat
reduced iron concentration, and close to comnlete reappearance of the cleared iron
in red cells within 3-/4 days. From here the patterns will vary., In hemolytic
anemia the cclls, cven though of shortened life span, will remain in the circulation
mﬁintaininz a conslant level of circulating radioactivity. Even with cell destruc-
tion, the iron will be promntly reutilized, so that the blood radiocactivity will be

reasonably constant over many red cell life spans. 'Decrease in activity (other than
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that due to radioactive décay) will take place slowly due to partial storage and
excretion losses, with each reutilization, With blood loss however, the whole
blood radioactivity will start to drop immediately because of the loss from the
body of red cells of all ages. When uncomplicated, this;loss will follow an
exponential curve, a given percentage of all red cells being lost per day,
irrespective'of cell age. The rate of loss can be estimated initially from the
effective red cell life span calculated from data obtained during the first
three days, then subsequently confirmed from the observed rate of loss of whole
blood radiocactivity.

When iron deficiency has become superimposed, the pattern will be essentially
the same except that the anemia is likely to be more severe, plasma iron concentra-
tion will approach zero and the T/2 will approach 15 minutes. The proof of blood
loss will still rest upon the whole blood radioactivity curve over a period of

weeks.

Polycythemia: This condition, whether primary or secondary, represents over-

production of red cells in the face of already excessive hemoglobin. Iron stores
are adequate and red cell life span may be somewhat shortened. Because of the
overactivity of the hematopoietic system, the rate of plasma iron clearance is
increased, T/2's of 20-30 minutes being encountered frequently. Because ot the
rapid clearance rate, plasma iron concentration tends to be slichtly low although
normal or elevated concentrations have been observed. The red cell uptake of the
cleared iron reaches anproximately 1004 in 3-5 days,

Pernicious anemia and Mediterranean anemia: An unusual and, at this time,

unexplained combination of iron turnover constints is noted in untreated pernicious
anemia and in Mediterranean anemia. This combinition---rapid plasma clearance,
high plasma iron concentration, and poor red cell uptake over a prolonged poriod

of weecks—--has been obzerved in ol of nine piatients with untreated pernicious
anemia and five with thalwssimia,  Jith one exception (a patient with Gaucher's

discase), tuis piltern ha  uot been choerved in any other condition, ‘The failuse
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of the large quantity of cleared plasma iron to reapp;ar in circulating hemoglobin
indicates that it is not incorporated into useful erythrocytes. Three explanations
have been offered to account for this discrepancy.

1., The plasma iron is removed by the immature red cell precursors, but because
of "maturation arrest" is not released in circulating red cells. If this were the
case, the iron would eventually have to be released back to the plasma, since the
physical capacity of the cells in the marrow would soon be reached.

2. The cleared iron is initially released in erythrocytes, but most of these
are of defective structure and are rapidly destroyed. The radioiron in circulating
erythrocytes at any one time would be but a small part of that constantly being
reutilized for new hemoglobin production. The gradually increasing blood radio-
activity over a period of weeks is accounted for by the random incorporation of
radioiron into the small percentapge of adequate cells, where it is contained for
more normal periods of time. The main objection to this explanation is that it
requires the postulation of a tremendous degree of hemolysis, which is not confirmed
by the quantities of excreted breakdown products of hemoglobin. The excretion of
porphyrins is somewhat increased over normal, but not to the.extent which would
be required to support this theory.

3. The rapid clearance of plasma iron along with the elevated plasma iron
concentration, represents the rapid exchange of large quantities of iron between
plasma and storage depots to the exclusion of the marrow, The steady rise in
red cell radioactivity is explained by the repeated opportunities of any one iron
atom to be removed by the marrow, because of the rapid and continuous ejuilibrium
of the storage depot iron with the plasma. Some evidence to indicate that this
explanition may be correct, is offered from four patients with pernicious anemia.
On the basis of this explanation, and of the observed plasma iron concentru.tions,
clearance rates, and red cell incorporation curves, the quantity of storaze iron
was estimated. Complete utilization of this iron would have raised the circulatine

hemorlobin levels of these four patients to respectively 11, 13, 18, and 21 eui.l.
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Following vitamin Bj2 therary, the firct twe did becor - iron deficient at
approximately the rredicted heworlobin levels, while the c¢lher two were not iron
deficient when the hemorlobin concentrit’ ons stibili:ed at about 15-16 gm %. The
labile iron storage explanation gives no indicztion of the érlgin Qf or mechanism
for such rapid exchange, and also leaves other noints unexclained, but on the
basis of the available evidence is favored by the author at this time.

Anemias associated with cancer, infections, arthritis: In almost all of

the anemias in this group that we have studied, a hemolytic pattern has been
observed, with calculated red cell life spans aprroximately half of normal.
Anemia associated with generalized neorlastic disease is often ascribed to
decreased red cell production because of nhysicul replacement of marrow elements
by tumor. A hypoplastic pattern was observed in only three of over 200 anemic
cancer patients in our experience. Probuably, ecnlargement of the erythropoietic
_issues to include peripheral marrow spaces, and extramedullary hematopoiesis,
are able to compensate for a relatively slow and steady loss of normal marrow
space. The explanation for the hemolytic pattern associated with these disease
conditions is not indicated by radioiron studies.

Hemochromatosis: This disease arparently is caused by a defect in the

mechanism controlling the absorption of iron from the intestine, and is not
associated with any particular hematopoietic disorder, Iron is constantly
absorbed, uninhibited by the high plasma iron concentration and excessive storage
iron. Since the body has no mechanisw for eliminating excess iron, the absorbed
iron in turn must be stored. The nlasma iron concentrilion is high, the clearance

rate is normal, and percent untake is reduced. Tot- i hemoglobin production and

red cell life sran are normal (1),

Combined conditions in the nroduction »f anemina: Not infrequently, several
deficiencies or defects will sinultanecus)y contribute to an observed anemia. The
interpretation of the iren turn.ver fabt will often be semi-empirical in such

cases, For example, the nornad halr-tane i Aated to be 1-2 hours. With an
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impending iron deficient state, even thcugh the hermoclebin concentration, marrow
function, and red cell life sr2n are all norral, the rlasra iron concentration
ﬁill be low, and clearance racid. Similarly, with anemia caused by henolysis or
bleeding, it is to be expected that the T/2 will be short if the marrow is capable
of responding adenuately to the stimulus rrovided by the low hemoglobin. The half-
time will also be dependent uvon the status of the iron stores and the duration

of the anemia as well as upon its scverity. With a hemoglobin of 6-7 gm. % and
normal or low plasma iron concentration, a T/2 of l% hours would not be normal,
even though this lies within the stated normal range. .This would be interpreted

as a hynorlastic resronse to an anemia of cther primary etiology.

In our series, patients with the following combinations have beecn observed:

One with }Mediterranean anemia and iron deficiency.

One with hypothyroidism, hyporlastic anemia, and iron deficiency.

Three with hemolytic anemia and hyvoplasia,

Two with hemolytic anemia (one sickle cell) and iron deficiency.

Five with neorlastic disease with hemolytic anemia and iron deficiency.

One with anemia of pregnancy (megaloblastic), hemolytic disease, and
excessive plasma iron concentrition following large oral intake of ferrous
gluconate,

One with polycythemia and iron deficiency.

In Table I are presented the types of anemia which we have studied, along

with the radioiron turnover data observed.
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Part IIT
'Clinical Application of Radioiron Tracer Studies

‘1. Diagnostic:--Many hematopoietic disorders will be diagnosed as to type and
etiology quite readily from the history and physical examination of the patient,
the Wintrobe constants, and the stained blood smear. The overall séverity of the
disease will be ;vident from the hemoglobin level. Radioiron studies would then
be primarily of academic interest, and financially impractical. There are always
some patients whose condition defies diagnosis. Radioiron studies will usually
indicate the type and severity of the physiological defect; that is, a hemolytic
process with an average red cell life span of forty days may be indicated, even
though the cause for the hemolysis will not. The severity of a given pathological
process is often not appreciated with roﬁtine tests. For example, in hemplytic
disease, a hemoglobin of 10 gm. ¥ does not mean an abnormality with a quantitative

ratio of 10 . More likely, in response to the anemia, hemoglobin production is
15 gm

several times normal, but the hemolytic process is sufficiently severe that even
with the increased production a normal level cannot be maintained. Or a normal
hemoglobin may be maintained despite the loss of 1% of the total blood volume per
day, as a result of twice the normal hemoglobin production. The hemoglobin level
would give no indication of the severity of the bleeding.

Combined hematopoietic disorders are likely to give a confused picture with
routine diagnostic tests. The iron turnover patterns may also be confusing under
these circumstances, but we have had several cases where the correct combination
was diagnosed. The ocuantitative determination of the daily hemoglobin production
offers a useful starting point. The half-time and the rlasma iron concentra-
tion (50, 51, 54, 55) individually often gives an indication of the status of the
marrow and of the storage derot.s.

Additional tests may be verformed to further aid in the diagnosis of specific

conditions. For examrle, in iron deficiency anemia, the basic cause may be one
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of three:
1. Diet, inadequate in iron or containing chelating substances which bind iron.
2. 1Inability of the intestinal mucosa to absorb iron.,
3. Chronic blood loss.

Possibility 3 is best established by determining the whole blood radiocactivity
level for some time following a routine turnover test. Possibility 2 can be checked
by administering a tracer dose of radioiron sulphate with 5 mg. of therapeutic
ferrous sulrhate in the early morning, no food having been ingested since a light
supper at six the evening before, and food being withheld until noon. Failure of
a portion of the administered radioiron to appear in the circulating hemoglobin
within 3-5 days is almost certain evidence of inability to absorb iron. Adminis-
tration of an intravenous iron preparation is the treatment indicated, which may
also give additional confirmation of the defect involved. We have encountered one
such patient.

Another refinement described by Lawrence et al is designed to differentiate
polycythemia secondary to correctable oxygen deficiency from polycythemia vera
and uncorrectable decreased oxygenation. An initial half-time is obtained, which
is most likely to be rapid. The patient is then vlaced in an oxygen tent for
twenty-four hours. If the polycythemia is secondary to decreased tissue oxygenation
as a result of inadequate oxygen transfer across the pulmonary barrier, the oxygen
concentration of the blood while in the tent is likely to become normal or excessive,.
As a result, the stimulus for hemoglobin production will be decreased or eliminated,
and the plasma iron clearance rate will be slowed, giving a normal or a prolonged T/2.
Pﬁtients with polycythemia vera will be unaffected by the rich oxygen atmosphere.

2. Control of hematoroietic therary: Two main areas are to be considered.---

1. The rapid and auantitative evaluation of administered anti-anemic therapy.
2. The evaluation of treatment for relycytheria by hematoroietic depressants.
The major savinss which mav result fro~ the early evaluation of therapy directed

toward the treatment. of arewia, are the tir~ saved for the patient, and the expense
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for non-effective drugs. When.drugs are effective in altering the rate of hemo-
globin production, the change will usually be reflected in the plasma iron

clearance rate within twenty-four hours. When the drug in use is shown to be of

no value, the patient may be spared the expense of long and repeated trials. The
ineffectiveness would otherwise be evident only by failure of the hemoglobin level
to show a rise. The conclusion that hemoglobin production is not being improved

may take weeks or months to realize when the circulating level is the only criterion.
Reticulocyte response may be indicative when the rise is unequivocal, but is subject
to more uncertainty and less quantization.

Two examples of early detection of the response to therapy are those of
hypoplastic and of pernicious anemia. We have studied four patients with hypo-
plastic anemia who had failed to resrond to routine vitamin therapy. Each had a
half-time of between 3 and 5% hours. As a final trial, each was given large oral
doses of cobalt chloride. The half-times of two of these patients changed to less
than one hour within twenty-four hours after the initiation of therapy, and they
subsequently went on to fair clinical remissions. The other two showed no altera-
tion of half-time at twenty-four hours, and failed to show any improvement after
prolonged therany with cobalt and other hematemic agents.

In pernicious anemia, the half-time becomes even shorter than before treatment
within twenty-four hours after vitamin Bj2 administration. The utilization curve
chanpes more drastically, reaching almost 100% in 3-5 days. As treatment continues
and the hemoglobin level rises, the half-time and uptake curve gradually approach
normal. This will only be true if storage ircn is adequate for the production of
a nérmal auantity of hemorlebin.

In the treatment of volvcythe—ia vera with deorcssant therapy, the problem is
more comrlex. The intent is not to cause tne ~reatest rossible chanme, as in the
treatment of aner.ia: nor is the retic:locrie crunt of consistent value for
evaluatinr chanre., Cencervotive treat-snt, civins vnovwn sale doses of the

ar ritrceen nustard,

. cm il o~ ey
r N ToOTU

derressant, wirtaer it n~ ¢ ilnticr, ,
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ordinarily requires a delay of several months until the hemoglobin level
stabilizes between successive treatments. Vigorous treatment to reduce this
time lag may result in overtreatment and permanent anemia. Determination of the
radioiron half-time at appropriate intervals after each tréatment ;llows much
more rapid evaluation of the effect of treatment, and therefore less delay
between treatments, until a normal hemoglobin production is attainea. If siﬁgle
doses of total body radiation are used as the mode of therapy, a slowiﬁg of the
iron turnover will be evident within twenty-four hours, reaching peak depreSSion
at 3-4 days, with some recovery evident during the following one to two weeks.
It is well to aim initially at producing a half-time of about 2% hours, since
even with a normal hematopoietic system, hemoglobin production will be depressed
by the high hemoglobin level; also the high vlasma iron concentration which is
maintained for some time by the breakdown of the excess red cells will slow the
percentage rate of clearance. When all these phases have reached eqnilibrium,‘
most patients will show a partial return toward a rapid turnover, and will require
retreatment. The second treatment can then be given within a month with little
danger of overtreatment.

When radiophosphorus is used for treatment, additional uncertainty is caused
by the many weeks over which the radiation is delivered. Radioiron studies
will be of little value until about a month after phosphorus administration, and
stabilization of the hemoglobin concentration will be correspondingly delayed.

3. Control of hematoroietic damase by depressant agents in the treatment of

cancer: Total body radiation, internally administered radioisotopes, and the various
chemotherareutic agents for cancer all cause hematovoietic depression. In our

series of 23 patients all treated similarly with 200r skin dose total body radiation
delivered from a single anterior field, the plasma iron clearance rate changed

in ‘65% compared to 654 for the white cell elements, and 85% for platelets., De-
pression in the peripheral white count is rarely pronounced in less than one to

two weeks following total body radiation, and the drop in platelet count usually
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only starts in two-three weeks, reacning a low in four to seven weeks. The
advantage of the plasma clearance rate determination is that the change, when
present, is noted within twenty-four hours after the radiation is given with
maximal slowing at three days. Recovery of the half-time takes ﬁlace gradually
during the following two to three weeks. The turnover change is temporarily
quite severe, an indication that red cell formation is as radiosensitive as is
white cell or platelet formation. This would ordinarily not be appreciated,
since complete cessation of red cell formation for one to two weeks would not
produce a marked change in the peripheral blood count, due to the normal red
cell life span of about 120 days. This illustrates one of the advantages of
studying the dynamic value of production, rather than the static value of con-
centration.

In the practice of radiotherapy, the iron turnover test has been of
considerable help to us in the evaluation of impending intolerance to total body
irradiation (56). For such purpose, the full iron turnover test, with red
cell uptake determination, is not as practical an index as is the half-time.

For the test to be used to warn of hematornoietic depression from radiation frac-
tionated over several weeks, it is necessary that the test be repeated at periodic
intervals; for example, weekly along with the routine hematology. If the plateau
in the red cell uptake curve has not been reached by the time of the second test,
subsequent uptake percentages will be meaningless., After several tests have been
performed, further rise in red cell radioactivity becomes increasingly difficult
to ocuantitate as a percentage of the most recently administered radioiron. On

the other hand, the change in disaprearance half-time alone aprears to be of
considerable value. The half-time is reasonably constant over a period of several
weeks for any one individual. For example, 28 patients who had repeated turnovers
without intervenine therary of any type, and 13 who had small field external
radiation without any alteration of peripheral blood counts, showed practically

no chanre in half-time,
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Similar changes have beern shown following therary with nitrogen mustard

and triethylene melamine (57).
Suwrmary

The physiologic background and rationale for the cliniéal appiication of
radioiron tracer studies has been presented, along with detailed directions for
the performance of these studies. Interpretation of the data is discussed.
Over 700 turnover studies on more than 300 patients from our department have
been analyzed to present a table of normal and abnormal values for the

hematopoietic disorders studied.
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APPENDIX #2

Method for Determining the Iron-Binding Capacity of Serum

by

C. Richard Tinguely

From the Department of Radiology, Baylor University College of Medicine,
Houston, Texas.




The availability of radicactive iron has permitted a laboratory evaluation
of hematopoietic disorders based upon the rate and quantity of iron transport
by the serum, and the subsequent distribution of this iron (1,2,3). To interpret
the data obtained from iron turnover studies, it must be known that the serum
transport mechanism is not the limiting factor, by demonstrating residual iron-
‘binding capacity. _?he serum iron concentration and residual binding capacity
of normal persons and of patients with a variety of diseases have been
determined using several published chemical and isotopic procedures (4-15).
The simplicity of the method described here for analyzing for serum iron-
binding capacity has permitted this laboratory to obtain reproducible values
on a large number of samples, Iron labelled with a radiocactive tracer is
added to a serum sample in excess of the binding capacity, and that which
becomes attached is separated by protein precipitation and measured isotopically.
Preliminary studies indicated several potential pit-falls., Ionic iron will
not remain in solution at neutral pH, but precipitates as ferric hydroxide which
has a ks,p, of 1.1 x lO"36 (18°C). Several authors have advocated addition of
iron chloride in acid solution directly to serum to obtain protein-bound iron,
since the buffering capacity of serum is adequate to neutralize small volumes of
"these weakly acid solutions. If this is done, the iron is not dialysable, and

precipitates with the protein fraction. Nevertheless, much of the added iron




s -2
is in the hydroxide form, and will not permit determination of iron-binding
capacity, nor be a tracer for protein-bound iron in vivc. Iron complexes
which are stable at neutral pH may be used, but the stability of the complex
must not be sufficiently great as to inhibit iron from transferring to the
iron-binding protein fraction (IV-7, Cohn). A subsidiary study indicated

that iron will distribute between equal quantities by weight of citrate and

of iron-binding protein in a ratio of one to seventy. Gluconate binds iron
somewhat more firmly than does citrate, and versenate has even greater affinity
than does the protein. The most satisfactory agent was found to be ascorbic
acid in small concentration.

Ammonium sulfate is the precipitating agent of choice (11). The pre-
cipitated protein colloidal suspension is easily broken by ethanol, facili-
tating separation by centrifugation. Small amounts of the filtrate are
occluded in the precipitate during centrifugation. A washing procedure is
not necessary, however, since isotope studies indicated that less than 0.1l ml
containing less than 4% of the total excess iron in the filtrate is entrapped.
Filtration is laborious and time consuming, and often subject to errors of

adsorption.

Heparinized plasma cannot be used in place of serum, as there is apparently

an interference with iron transfer causing false low iron-binding capacity




values to be obtained.
A. Reagents:

(1) cCarrier-radioiron chloride solution: Fe59013 in HC1l is diluted
to approximately 0.2 uc/ml. Reagent grade Fe013'6320 is dissolved in the
solution to give a total iron concentration of about 60 ug/ml, and standardized
against a solution made from iron wire dissolved in HCl., This solution may be
stored in polyethelene bottles. If iron wire dissolved in HCl is used instead
of FeCl3 crystals, the total acidity of the final reagent (solution #2) must
not exceed the buffering capacity of the serum.

(2) Carrier-radioiron ascorbate solution: About 10 mg of pure
crystalline ascorbic acid is dissolved in 1,0 ml of solution #1 just prior
tc use,

(3) Saturated anmonium sulfate solution: 530 gm of reagent grade
(NHL )5S0, (iron not in excess of .0001%) is dissolved in almost one liter of
iron-free water, the pH adjusted to 6.0 by addition of NaOH solution, and
brought to a final volume of one liter. The pH of this solution should be

checked occasionally as it may become lowered due to loss of NH3 on long
standing.

(4) 954 ethanol.
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B. Procedure: All glassware is obtained new and maintained free from
iron. It is washed with a good detergent, rinsed thoroughly in tap water,
and finally rinsed twice with distilled water.

Steps:

1, Measure 0.1 ml carrier radioiron ascorbate solution into a pyrex
test tube 15 x 125;;n.

2. Add 1.0 ml serum and mix well. Allow to stand for 10 minutes at
room temperature and count the radioactivity.

3. Add 10.0 ml of (NH,)280;, solution, mix by shaking, and allow to stand
for one hour.

4. Add 1,0 ml ethanol, invert several times and centrifuge for ten
mindtes at about 2500 rpm.

5, With a fine glass stirring rod, gently tilt the protein plug and while
holding it against the wall of the tube, carefully pour off supernatent liquid.
Push the plug to the bottom of the tube and loosen any precipitate adherent to
the walls of the tube with the stirring rod and rinse down the rod and wall of
the tube with 1.0 ml distilled water.

6. Count the precipitate and calculate the iron-binding capacity according
to the formula:

Counts of the precipitate x ug Fe added x 100 = ug % binding capacity
Original counts added




The method was evaluated as follows:

1. Tagged iron was added to one ml samples of pooled patient sera in
successive increments of 0.5 ug, allowed to incubate 10 minutes after which
6.0 ug of cold iron as ascorbate was added, and the radioiron in the pre-
cipitated protein of each was measured. Results of this experiment show
that the radioiroﬁ_;dded to the unsaturated protein remains attached during
the test (Table I).

2., Pooled patient sera was saturated with cold iron ascorbate, and
radioiron ascorbate added secondly to prove that exchange does not take place
between bound iron and unbound iron (Table II),

3. Graded increments of cold iron ascorbate were added to pooled sera
samples, and residual iron-binding capacities measured (Table III).

Both serum iron concentration and iron-binding capacity can be determined
on the same one ml sample. The iron-binding capacity is determined as above.
The total iron in the tube is then determined chemically. The initial serum
iron concentration is the difference between the total iron and the iron-
binding capacity values.

The amount of iron in the (NHg)gsoh solution is approximately 150 ug %.

Less than 0.1 ml recains in the tube with the protein precipitate, this

additional iron being neglirible. Thus, if cold iron were used in the first




step, a modification of the procedure after step 5 would permit chemical,
rather than isotopic analysis. The modification would consist of determining
the total iron concentration in the tube containing the suspended protein
precipitate, as well as the original serum iron concentration using a separate
one ml sample, By difference, the iron-binding capacity could be calcﬁlated.

This method would ge of walue in a laboratory not egquipped to use radioisotopes.




TABLE 1
Recovery of Added Radioiron

Tube Feit ascorbate added to serum Fe¥* measured in protein plug
(ug of Fe) (ug of Fe)
1 0.5 47
2 1.0 .93
3 1.5 1.40
L 2,0 2.03
5 2.5 2,30%
6 5.0 2,37

#Serum saturated.




TABLE II

Results of adding Fe* to serum previously saturated with Fe

Tube Feit ascorbate added to Fe# measured in protein plug
saturated serum
(ug of Fe) (ug of Fe)
1l 0.5 0.04
2 2.5 0.18

3 5.0 0.26




TABLE III

Results of Iron-Binding capacity measurements following

the addition of various amounts of cold iron

Tube Fe added to serum Residual Difference in Fe-binding
ug ¥ Fe~-binding from original
capacity ug ¥
ug #

1 0] 296

2 50 250 L6
3 100 193 103
L 150 143 153
5 200 90 206
6 250 50 246

7 500 22 27
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Major interest in the use of radioiron tracer studies to evaluate radiation
damage to the erythropoietic system was stimulated by the work of Hennessy and
Huff (9). They were able to demonstrate a decrease in the rate and percent of
incorporation of injected radioiron into red cells in individual rats which
had received 5 r or more of total body radiation. Statistically, groups of
rats having received as little as 5 r could be differentiated from unirradiated
rats. The severity of depression is dependent upon the radiation dose, at
least up to 250 r (Figure I). Belcher et al (2) have confirmed these results.
The present studies were intended to assess the usefulness of one phase of
the radioiron turnover test as an adjunct to routine peripheral blood counts
in clinical radiotherapy.

Hennessy's data indicates that erythropoietic tissue is as radiosensitive
as are the tissues producing white cells and platelets., Because of the life
span of the normal erythrocyte however, complete cessation of production will
not appreciably affect the circulating hemoglobin level for one to two weeks.
The purpose of the complete radioiron turnover test is to determine the rate
of hemoglobin production, permitting appraisal of daily erythropoietic
function (11,25).

These tracer studies should be considered in relation to normal iron
metabolism (Figure II). The iron in the plasma is undergoing continuous
turnover in a reasonably steady state system. Most of the iron entering
the plasma pool is that released from destroyed red cells with lesser
contributions from storage depots and from the digestive system. Eighty
to ninety percent of the iron leaving the plasma is taken up by the
erythropoietic tissues, the rest going to storage depots, to growing tissues
for utilization in the cytochrome enzyme systems, and several milligrams per

_day being excreted in feces, urine, and sweat, The normal plasma iron
concentration is about 0.1 mg per 100 ml of plasma. The normal red cell life
span being about 120 days, each 100 ml of plasma has to transport about 1 mg

of iron per day to the bone marrow for hemoglobin ﬁroduction. Thus it is
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evident that the plasma iron must be replaced about 10 times per day. The iron
concentration alone does not permit estimation of the turnover rate. By
injecting a radioactive tracer into the vascular system and determining the
activity of successive blood or plasma samples, the clearance rate can be
measured (24). This radioactive tracer follows the same metabolic pathways
as does the native plasma iron present at the time of injection. A reasonably
constant portion is cleared by the erythropoietic tissues, the liver and other
"storage depots, aﬂa~miscellaneous tissues with each circulation. While non-
radioactive iron enters the circulation to replace that being removed, the
radiocactive component is continually being depleted. Since a constant
fraction is cleared with each circulation, the decrease in activity is ex-
ponential; the rate of decrease may be defined by the time required to reach
half of the initial activity-—-the half-time. Plasma iron clearance is
calculated from the equation:

Micrograms iron cleared per hour per 100 ml plasma =

0.693 x plasma iron concentration in micrograms 4
Half-time of disappearance in hours

The hourly clearance of iron from the entire plasma pool is calculated
from the clearance per 100 ml and the plasma volume., The plasma volume is
obtained from the initial dilution factor of the injected tracer, as part of
the clearance rate test. The daily clearance is approximately 24 times the
hourly clearance, but is subject to uncertainty due to diurnal changes in
iron concentratisn, plasma volume, and half-time (3,20). Since a variable
portion of the iron leaving the plasma is incorporated into red cells, this
percentage must be experimentally determined in order to calculate daily
hemoglobin production. Whole blood samples are analyzed for radioactivity
until a plateau is reached, usually at 5-7 days, and total red cell radio-
activity expressed as percent of injected activity. Hemoglobin production

is calculated from the enquation:



Hemoglobin produced per day (grams) =

16.6 x plasma vol. (ml) x plasma iron conc. (mg/ml) x percent utilization

Disapvearance half-time (hours) x 3.34 (mg/gm hgb)
Because of the interdependence of the four variable factors, some authors

report only the computed daily hemoglobin production. While the level of

hematopoietic activity is not determinable from any of the variables independently,

such condensation fails to utilize the available data to the maximum extent (6-8,
13,14,18,19,27,29).- Over 700 iron turnover tests have been performed by this
department in the past three years as a laboratory routine for the differential
diagnosis of hematopoietic disorders (25). The observed values for some condi-
tions are presented in Table I. In general, half-times of less than normal are
observed when anemia is present despite adequate erythrogenic activity, and
prolonged half-times when anemia is on a hypoplastic basis.

The usefulness of radioiron tracer studies for evaluation of radiation
damage results from the quantitative assessment of induced hypoplasia.
Decreased erythropoietic activity is usually characterized by long half-time,
high plasma iron concentration, and poor utilization of the cleared iron.

The animal studies of Hennessy and Huff correlate the last variable with dose
of radiation.

These workers have also used the change in plasma iron clearance half-time
as an index of marrow depression by radiophosphorus in the treatment of
polycythemia vera (11). The clearance rate would be a more satisfactory
variable than the percent uptake to use as a therapeutic control, if equal
usefulness could be established. The clearance rate can be determined in 1-3
hours. Since the plasma is cleared of significant activity within 24 hours,
tests can be repeated daily. The percent uptake cannot be dependably
determined until a plateau in the red cell radioactivity has been reached,
which may take from 5 to 7 days. If a second tracer is given before a

plateau has been obtained from the first, it is impossible to determine
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the percent incorporation of each. After several radioiron studies, the red cell

radioactivity becomes sufficiently high that additional activity is difficult to

determine accurately. This difficulty can be overcome by administering successively

larger tracer doses, but the acceptable human tracer burdén is séon reached. A
serious disadvantage of the half-time alone is that the site of clearance is not
indicated. As erythropoietic activity is depressed, an increasing portion of the
plasma iron is cleared by the liver. The present studies were conducted to
‘determine whether this uncertainty negates the value of the test as an adjunct

to routine blood counts for the evaluation of systemic tolerance in the practice
of radiotherapy.

The study had three phases:

1, Correlation of change in half-time with change in peripheral hematqlogy
and with symptomatology in patients receiving therapeutic levels of total body
radiation.

2., Similar comparison in patients receiving radiation through limited
portals,

3. Investigation in rabbits of an extended procedure using turnover studies
to detect residual hematopoietic damage at longer time periods following total
body radiation, when the peripheral blood levels have returned to normal and the
individual has apparently returned to pre-irradiation status.

Investigational

I. Sixteen persons, including staff personnel with apparently normal
hematopoietic systems and patients with a variety of disorders not directly
related to the hematopoietic system, had two or more determinations of their
plasma iron clearance rates at varying intervals. The variation between any
two half-times on the same individual was less than 30% in eighty~two of the
éightybeight possible comparisons. When summarizing subsequent data, change
of less than 30% was not considered s;gnificant.

Thirty patients with generalized neoplastic disease received total body
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radiation in doses ranging from 100 to 200r in single exposures, and from 250
to 550r total when fractionated (5,23). Dose is described as skin dose to

the mid-surface of the patient, the radiation factors being 250 KVP, HVL of
1.2-2.3 mm Cu, TSD of 360-400 cm. Changes in half time aft;r irra&iation for
ten of the patients who received 200r to the anterior body surface are shown
graphically in Figure III. Daily variation in peripheral blood counts and in
radioiron half-time of three of these patients are shown individually in
Figures IV-VI. The last of these shows the changes following two separate
doses of 200r each, separated by five months. Data on the thirty patients is
summarized in Table II, grouping patients with approximately equal radiation
exposure. The plasma clearance rate is altered about as frequently as is the
platelet and white cell count. Change in laboratory data is more frequent than
is symptomatology in this dose range. Change in clearance rate occurs more
promptly than does change in blood count and shows more rapid return to normal.
Some patients had alteration in only one or two of the functions studied.

II. Thirty-eight patients received fractionated radiation therapy through
limited portals. The percentage change in half-time for each is shown in
Figure VII, plotted as a function of energy absorbed. The plasma iron half-
time was determined within three days prior to the beginning of therapy, and
again on the last or next to last treatment day. Integral dose is calculated
as described elsewhere (26). No attempt has been made to compensate for the
dependence of effect upon both time and dose, since there are no useful factors
available which would permit meaningful adjustment of stated values to a common
baseline., Since most patients were treated over a three to five week period,
such adjustment would likely be of little importance. No correlation is evident
between interral dose and slowing of plasma clearance rate. Grouping the patients
by repion treated does not improve the correlation.

Laboratory data is given in Table III on two patients with seminoma who

received a mid-point tissue dose of 1500r in thr~e weeks to the lymphatic




drainage areas of the pelvis and abdomen, through opposing anterior and
posterior fields totalling 500 square centimeters to each side. Plasma
clearance rates were determined at weekly intervals. The half-time of

each slowed at first, then recovered as treatment contin;ed. These

changes may reflect an initial depression of marrow function within the
treated volume, followed by compensatory hyperfunction of unirradiated
erythropoietic tissues. The white count continued to decline during '
"treatment, consisésht with the decrease in residual tolerance as absorbed
dose increases. Possibly an occasional patient would show a dramatic

slowiné of the plasma iron clearance rate without subsequent recovery, as

an indication that erythropoiesis will limit the tolerable dose. The data
given suggests that this will occur infrequently if at all with local
irradiation.

III. A preliminary experiment was conducted, intended to develop a

method for measuring residual hematopoietic damage. Most organs of the body
are able to increase their functional level when the need arises, although
this reserve capacity is not usually evident or measured. Of two persons,
each with a normal hemoglobin concentration, it may be that one could greatly
increase hemoglobin production in response to a demand created by bleeding,
hemolysis, or hypoxia; while the other is just barely able to maintain a
normal level, and could not increase erythropoiesis even should the need
arise. Prior to the stimulus for increased production, routine hematological
examination would not reveal any difference between the two persons. A decrease
in reserve capacity could partially explain the greater response to a second
ecual dose of radiation which is usually observed even when no residual damage
from the first dose is apparent. Patient F. M. illustrates this increased
'response to total body radiation (Figure VI). This patient had generalized
lymphosarcoma, but was otherwise in good health. He was given 200r skin dose

to his anterior body surface, radiation factors being 250 KVP, HVL of 1.2 mm Cu,
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TSD of 400 cm. He developed no symptoms, and no significant change in white
count or plasma clearance rate. The platelet count remained within normal
limits despite a late drop. The generalized lymphadenopathy disappeared,
and the patient had no gross evidence of disease for fi%e montﬂs, when the
lymphadenopathy returned. Findings on physical examination and peripheral blood
study were similar to those of five months previously. Yet a second dose
of 200r caused nausea and vomiting for 3 days with considerable changé in
white and platelézhcounts and plasma iron clearance rate.

If loss of reserve capacity of various body systems does explain some
of the residual damage from radiation, it should be possible to demonstrate
the defect by presenting a stimulus to increased activity of a system, and
observing an inadequate response. Rabbits were chosen for study because
they are just large enough to permit repeated venipunctures and are available
in reasonahly homogeneous strains. Change in plasma iron clearance rate was
used as an index of alteration in function. Hypoxia was adopted as a
stimulus (12,21,22), the rabbits being maintained in a decompression chamber
at 2/3 atmosphere. The standard radiation dose was 500r surface dose, 250 KVP,
HVI~1.2 mm Cu, TSD of 100 cm, delivered from above to the back of each rabbit
in a 40 x 40 cm box filled with rice bolus. Clearance rate determinations
were limited to two per rabbit, since sipgnificant blood loss would act as a
stimulus similar to hypoxia, with additional changes possibly resulting from
removal of other blood elements. The plasma iron clearance rate of each
animal was determined initially, and arain at varying times after being
subjected to one of the three experimental conditions.

The first group was given 500r total body radiation. Each rabbit had
a second half-time determination within two wecks following radiation. In
" Figure VIII is shown the chance in half-timc with time after radiation.
Fach point on the curve represents ten rabbits., The shaded area represents

{ewer animals, and deronstrates the~ variability in time reauired for the




half-time of individual rabbits to return to normal,

The second group was placed in the decompression chamber at 2/3 atmosphere
for from one to five days. As shown in Figure IX, the iron clearance half-
times became shorter. The half-time changes were quite variable until the
third day, after which almost all rabbits had half-times of thirty to forty
minutes.

The third group was irradiated to 500r, and after varying periods of time
each rabbit was placed in the decompression chamber for three days. The second
clearance rate determination was performed immediately after removal from the
chamber. Eighteen rabbits were used in the preliminary phase of this experiment.
As shown in Figure X, the results were not sufficiently consistent to warrant
repetition with a larger group of rabbits under the same experimental conditions.
Rabbits which were irradiated and immediately placed in the decompression
chamber for three days, had slow half-times similar to those of rabbits
receiving radiation alone. This was expected, as it was considered unlikely
that excess stimulus could overcome the damage caused by radiation. Several
of the rabbits maintained at atmosvheric pressure for a week or longer after
irradiation, then subjected to three days of hypoxia prior to the second clearance
rate determination, demonstrated the inadequate response to hypoxia which was
anticipated. However, some rabbits having had only five to nine days to recover
from 500r, already showed a normal response to the er&thropoietic stimulus,
™his data is not sufficient to either prove or disprove the concept of decreased

‘ functional reserve as a radiation residuum. It is certainly too inconsistent
to suggest a potential clinical test.
Discussion

Radioiron tracer studies are of clinical value for the diagnosis of anemias
whose etiology is not completely apparent from less esoteric examination; and
for the diagnosis and control of therary of rolycythemia vera. As a research

tool, radioiron has been used as a tracer for the elucidation of various
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pathways and mechanisms of iron metabolism; for the guantitative evaluation of
the effects of whole body radiation in animal species; for the study of the mode
of action of radiation upon the erythropoietic system; and for the appraisal of
agents which may stimulate or depress erythropoietic function (1,15-17,28).

In the initial studies on rats by Hennessy and Huff, iron was injected at
varying times following irradiation and the rate of red cell incorporation
determined. The best correlation between dose of radiation and reduction of
‘incorporation was noted when the iron was injected twenty-foup hours after
irradiation. Greater time delay resulted in varying degrees of recovery, tﬁe
rate of recovery also being dependent upon the dose administered. With doses
of less than 200r, the initial depression for several days was followed by a
return past normal to an increascd utilization for several days (10). This .
overcompensation may be due to the stimulus of the slightly decreased hemoglobin
resulting from the period of depressed hematopoietic activity.

The relationship betwecn dose of radiation and depression of iron utiliza-
tion is more nearly exponential than linear, with successively larger doses
being required to cause additional equal depression. It has been postulated
that this relationship indicates direct damage to the red cell precursors,
inhibiting their ability to divide and produce new red cells. An alternative
explanation would be that radiation blocks one or more of the reactions
involved in hemoglobin formation, by direct inhibition of some enzymes.
Evidence for the direct effect of radiation on red cell precursors is
provided by studies of Lejtha and Suit (17). These workers investigated
the utilization of radioiron by bone marrow cultures using radioautographic
techniques, and noted that iron was incorporuted into the developing cells
primarily durins the latc pronormoblast and basophilic normoblast stages.

When the marrow cultures were irradiated, and iron incorporation studied at
successive intervals thereafter, it was noted that the accumulation of

radiviron by cells of a riven developmental stage wias not impaired, DLmnature
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cells continued to progress toward more mature forms, but no new cells were
produced. A gradually shifting cell population resulted. Within several
déys after radiation, cells at the iron-accepting level of development were
almost entirely absent, and iron incorporation by the culture practically
ceased. These studies provide direct evidence on the mechanism of radiation
damage, which explains our in vivo observation that maximal depression of
the plasma iron clearance rate occurs about three days after total bodf
irradiation in huma§§ and in rabbits, The failure of the plasma iron
clearance rate to change in proportion to the dose of partial body
radiation is also consistent with a direct effect of radiation upon marrow
cells. Hennessy (10) studied the utilization of iron by rats having received
varying doses to the abdomen from sharply defined beams of deuterons,
positioned to avoid all bone marrow. Even though the rats showed other
radiation effects, none, even those having received a lethal dose, showed
change in iron utilization.

Radioiron tracer studies have been shown to be of value for the
evaluation of erythropoietic depression following the administration of
systemic agents and deserve more widespread use. John H. Lawrence and
co-workers have already established the usefulness of the test to control
the treatment of polycythemia vera by radiophosrhorus. That most chemo-
therapeutic agents used for the treatment of patients with cancer are
hematopoietic depressants is accepted; that such depression is reflected
in the iron turnover test has been shown. The intent of treatment is.usually
'to cause the greatest possible controlled destruction from which the patient
can satisfactorily recover. Any additional examination or test which can
help establish this limit should be utilized whenever possible.

The problem of measuring residual radiation damage may become one of
masor importance. At the present time, only a relatively few persons are

exposed to radiation, usually in a manner which is controllable and can be
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held to an insignificant level. With the likely increase in the number and
types of nuclear reactors, it is possible that a much larger portion of the
population will join the chronically exposed group. It may be that the
further economic development of the country will some day necessitate a
relaxation of the present permissible tolerance levels. Should this necessity
arise, possible radiation damage may become accepted as an industrial hazard
with a known calculated risk, similar to silicosis in miners, or the possibility
- of falling among construction workers. A method for measuring damage before
it becomes grossly evident and irreversible would then be of value. The
leukopenia and anemia which is occasionally observed in persons having received
prolonged chronic exposure are apparently almost irreversible. This is
consistent with the concept of a gradual depletion of reserve functional
capacity. Even though the experiment reported above failed to confirm this
concept, the conditions chosen may not have been adequate.

Should the basic concept prove useful, other methods of demonstrating
the residual radiation defect will have to be found. To spend several days
in a decompression chamber is feasible as a research procedure, but not
practicable as a routine for thousands or millions of persons. Possible
alternatives are apparent. There is some evidence of a circulating hormone
which stimulates erythropoiesis. Should this hormone be isolated, it could serve
in lieu of hypoxia as a maximal stimulus. Other radiosensitive tissues or functions
other than erythropoiesis should be studied. A variety of insults to the
body cause a leukocytosis. Perhaps a reasonably quantitative response to an
injection of dead bacteria could be established as a test system. The
production of hydrochloric acid by the gastric mucosa is depressed by acute
radiation exposure. If this function is also depressed by chronic low-
level exposure, the alcohol-histamine test is already available as the
;timulus for maximal production. It is disappointing that this study was

unsuccessful, but the problem of residual radiation,damage is considered of




sufficient importance to warraﬁt further efforts.
Summary

The plasma iron clearance rate was determined during and following
treatment in cancer patients receiving total body and limited field
irradiation. Slowing of the clearance rate as an index of erythropoietic
depression, was compared with radiation dosage, symptomatology, and other
laboratory evidence of systemic depression. This data suggests the usefulness
of radioiron tracer studies on a routine basis for early indication of
impending intolerance to generalized therapy for cancer. No useful correla-
tion was observed with limited field irradiation.

Extension of radioiron tracer studies to provide a test for residual
radiation damage is described and discussed, even though a preliminary

experiment failed to indicate a useful technique.
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HYMATOLOGICAL COMDITION FEP-C T/2 UPTAKE
s HOURS
NORMAL 60-110 1-2 UP T0 90% IN 1 WEEX. THEN PLATEAU.
ANEMIA :
IRON DEFICIENCY 0-50 0.3-0.5 APPROACHING 1008 IN 3-4 DAYS. THEN PLATEAU.
CHRONIC BLOOD LOSS 0-50 0.3-0.5 APPROACHING 100% IN 3-4 DAYS. THEN STEADY PALL OFF.
HEMOLYTIC 40-70 (OCC. HIGH)  0.3-0.5 APPROACHING 100% IN 3-4 DAYS. THEN PLATEAU.
CHRONIC INFECTICNS)
MALIGMANT TUMORS )
LEUKEMIAS ) 4070 0.3-1 APPROACHING 100% IN 3-4 DATS. THEN PLATEAU.
LIVER DISEASES )
APLASTIC 150-300 2-6 VERY LOW AND SLOWLY RISING.
ADDISONTAN
UNTREATED 150-200 0.3-0.6 SLOW RISE OVER MANY WEEKS, NO PLATEAU.
REMISSION
EARLY 40-70 0.3-0.4 APPROACHING NORMAL.
IATE 60-110 1-2
MEDI TERRANEAN 150-200 0.3-0.6 SLOW RISE OVER MANY WEEKS, NO PLATEAU.
POLYCTTHEMIA
PRIMARY, UNTREATED 50-100 (OCC. HIGH) ©0.3-0.5 APPROACHING 100%.
RENISSION 60-110 1-2 NORMAL.
REPEATED PHLEBOTOMY  40-70 0.3-0.5 APPROACHING 100%.
SECOMDARY 50-100 (OCC. HIGH) 0.3-0.5 APPROACHING 100%.
200-250 1-2 LOW UPTAKE.

HEOCHROMATISTS

Table 1




RADIOIRON TURNOVER HALFTIME CONTROL EXPRESSED AS 100%

250¢

200}

PERCENT

t50¢

O Kohiden  Hodgkin's Disease

@ Baker Co of Poncreos

@ Booker Retroperitoneci Lymphosarcomo
® Gorza Ewing's Tumor

4 Boss Co of Tongue and Mouth

A Lemons Chr Lymphatic Leukemia

o Dovis Co of Lung

s Denson Co of Pancreas

Reticulum Cell Sorcomo

Mornis

A R
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DOSE SYMPTOMS WBC PLATELETS 141
100 R 0/1 i1 11 1/1
125 R o/1 11 1N
150 R o/ 11 01 1/1
200 R INCLUDING
18T RX. 7/23 16/23 16/19 11/17
20R
« 100 R (5 wWks) | 0/1 0/1 on o1
200 R
+ 200R (5 M08) | 1/1 11 1/1 iNn
200 R
+ 200 R (3wWKS) | 1A 1/1 1/1
S0R x§ 0/3 3/3 3/3 1/2
55 R x 10 11 1/1 11 11 -—

x/y indicates number of patients showing a change out of the number
studied for the item in question.

Table II




FINAL HALF-TIME IN PERCENT
OF PRE-THERAPY HALF-TIME

EFFECT OF LOCAL RADIATION ON THE
PLASMA |RON CLEARANCE RATE

300
™
°
'Y
.. b
200 B
¢ i
® o
°® o I °
10 p~------=--l--- P R R T B == - - - - -
° °
100 3 —q—oto LA
® o ® ™
70--. ------- Y °-’-4°--'-4 -----------
° o
i i i ] 1

0 S 10 1S 20 25 30 35 40 48 80
ABSORBED RADIATION DOSE IN MEGAGRAM-ROENTGENS

03 vrwa ITT




PATIENT J.N.
TUMOR DOSE - 1500 R/3 Wis
INTECRAL DOSE - 26.6 MOR/3 WKS

PATIENT ¥.M.
TIMOR DOSE - 1500 R/3 WKS
INTEORAL DOSE - 31.4k MGR/3 WKS

PRE- "END END END
THERAPY 1ST WEEX 2ND WEEX 3RD WEEX
wBC 4, 500 9,300 5,500 5,250
PLATELETS | 236,000 224,000 194,000 166,000
HOB. 12.8 13.) 12.0 11.9
T/2 82 750 i 76
ric 85 15 127 9
PR~ B0 "B )
THERAPY 1ST WEEK 28D WEEX JRD WEEX
wBC 12,700 6,900 7,400 4,9%
PLATELETS | 264,000 288,000 184,000 256,000
HOB. 13.8 .2 13.5 12,6
T/2 102+ U2 145 an
e 121 9 164 103

Tanle TTT




CHANGE IN HALF-TIME IN RABBITS FOLLOWING
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SUCCESSIVE HALF-TIMES
AS PERCENT OF PRE-HYPOXIA
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DECOMPRESSION CHAMBER

200 -

100

\\q
| ] i

o 1 2 3 4 5

DAYS AT %3 ATMOSPHERE  _

X—X
| |

0

Figure IX
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INVESTIGATIONS OF ENZYMIC
X-RAY DOSIMETERS IN RED BLOOD CELLS

D. A. RAPPOPORT and V., P. COLLINS

I. Glutathione Biosynthetic System

The present report is a summary of the preliminay findings
on the formation of glutathione by particulates from hemolysates
of rabbit, dog and human subjects. These results are easentially
a confirmation of the work of Dimant, Landsberg and London (J.
Biol. Chem., 213, 769 (1955)) who first found this system in
erythrocytes.

Experimental

Blood was obtailned by cardiac puncture from rabbits, by
arterial puncture from dogs and by venipuncture from noiual
human subjects. The erythrocytes were separated from plasma by
centrifugation, washed four times with cold isotonic saline and
then lysed with an equal volume of deionized water. The hemoly-
sate was then centrifuged at 25,000 x g for 20 minutes in a
refrigerated Servall centrifuge and the gel-like pellet was
separated from the supernatant and resuspended in an equal
volume of isotonic saline. )

Incubation mixtures were prepared using 2.5 ml, of re-
suspended red cell particulate and 2.5 ml. of buffer and addi-
tives. Both "tris"-buffer and phosphate buffer (both 0.05M
at pH 7.4) were used. The additives consisted of the following

components:'
L-glutamic acid 0.008M
L-cystelne 0.008M
MgSOy 0.01M

KC1 0.02M ‘




glucose, glycogen or 0.03M
phosphoglyceric acid

2-cl¥_giycine 0.004M

ATP 0.0016M

The incubations were carried out in a Dubnoff metabolilc
shaker for 3 hours at 37° C.

After incubation, the proteins were precipitated with
cold trichloracetic acid and the supernatant was desalted on
Dowex 2 resin (oH-form). The desalted solutions were then
treated with one or two drops of 30 percent hydrogen peroxide
to oxidize reduced glutathione. The solution was then con-
centrated to a small volume (approximately 0.2 ml.) on a
steam bath and subsequently aliquots were placed on Whatman
3MM paper for descending chromatography. t-Butanol, formic
acid and water (75:15:15) was the developing solvent which
separated 2-Cl%-glycine (Rf 0.35) from oxidized Cl¥-glutathione
(Rf 0.08). The glutathione was then eluted fiom the paper,
concentrated on the steam bath to a small volume and then
transferred to stainless steel planchets for radioactive
determination with an ultra thin-window gas flow GM tube
(Nuclear).

Results and Discussion -

with 2-C1*-glycine, hemolysates of rabbit, dog and human
subjects synthesized glutathione in vitro. The best results
were obtained in incubates with phosphate buffer and glucose
as an energy source. This data and findings are listed below.

Expt. No. Source of Blood Energy Substrate)AM oxid. Glutathlone

and Buffer er ml. incubate
1 Dog glycogen,ph-buifer 0.46

2 Dog glycogen,ph-buffer 0.45
3 Rabbit glucose;tris-buffer 0.32




(contd.)
0

Expt. llo. Scurce of Bloed Inergy Sutctrate ;M oxid. Glutathione
“nd buifr rer ml, incubate
Rabbit glucose,tris-buffer 0.26
Rabbit ciucate, ph-buffer 0.49

Rabbit ph-glycerate,vrig-buffer 0.16
Rabbit ph-glycerate,tris-buffer 0.16
Human glue e, ph-buffer 0.34

QO O\ &

Certain advantages and disadvantages are inherent in the
glutathione blosynthetic systen. The advantage is that a sulf-
hydryl compound 1s formed, hence i1t is more likely to be influenc-
ed by X-radiation. The disadvantage in this system 1s the
laborious technique in isolating and analyzing the product.
However, it is the primary purpose of these studies to find
a radiation sensitive enzymic system first, then it 1s planned
to investigate better methods of analysis.

Since the preliminary study was essentially a carrier-
free analysis of glutathione, at this time an isotope dilution
technique is under investigation. Also, irradiation studiles
are now initiated to study the influence of varying doses of
total body radiation (rabbits) on the biosynthesis of gluta-
thione by red cell stroma.

In addition to the above glutathione asystem, a study
of radiation effects on nucleotide (ATP and DPN) hydrolyzing

enzymes in red cell stroma has also been initiated:

1




APPENDIX 85

Effects of Total Body Radiation on Iron Turnover,

Platelet Count and White Cell Count

From the Department of Radiology, Baylor University College of Medicine,
Houston, Texas.,
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