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The Effect of Erythropoietic Stimulation on Marrow 
Distribution in Man, Rabbit and Rat as 

Shown by Fe"9 and Fe" 

By DOXALD VAN DYKE, HAL ASCER AND MYRON POLLYCOVE 

N EVALUATING MARROIV, one usually studies an aliquot of the 
marrow and from the findings drawns conclusions regarding the entire 

marrow compartment. The aliquot consists of a sample from one bone, or in 
experimental animals, the entire marrow from a given bone. Conclusions are 
misleading if significant changes are occurring in the volume of the marrow 
or in distribution of marrow within the skeleton. Methods are needed to 
obtain information on the marrow as a whole. 

This report presents three methods for obtaining information on' the total 
marrow in the skeleton, making use of in vivo labeling of the marrow com- 
partment with radioactive iron. The methods are ( a )  scanning large subjects 
such as human beings with a whole-body scanner using Fe52 or Fe59; ( b )  
taking scintiphotos with the positron scintillation camera using FeS2; and ( c )  
using a well counter and FeS9 for assaying individual bones of small animals. 

In clinical investigations of human subjects, a whole-body scan at the 
time of maximum incorporation of iron in the marrow produces a good 
qualitative image of the marrow as well as of the liver and spleen. High- 
resolution pictures of smaller areas can be taken with the recently developed 
positron scintillation camera and the short-lived positron emitter, Fe52. 

In experimental animals all major iroxi-containing compartments other than 
the marrow are removed by exsanguination, perfusion, and evisceration. 
Scintiphotos then show the distribution of radioiron in the erythropoietic 
marrow. The resolution obtained with the positron scintillation camera and 
Fe52 is adequate to show the distribution of the isotope in the major bones of 
small animals. 

The third method utilizes a well-type scintillation counter to compare 
individual bones of a skeleton. The skeleton of a small animal is cleaned by 
a colony of carnivorous beetles (Dermestes milpinus), as used by vertebrate 
zoo1ogists.l The Fe59 content of each bone is determined by 7-ray counting, 
and the fraction of the total marrow within each bone can be calculated. 

I 

INSTRU1LIESTATIOS AKD PRODLKTION OF FE"* 
Information on the distribution of marrow in the skeleton of human subjects is routinely 

obtained at Donner Laboratory by scanning with a 10-channel whole-body scanner % 
hours after administration of Fe59. The dose is usually 40 pc., which is given in connection 
with diagnostic ferrokinetic studies. 
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The whole body scanner has been described in the literature.2.3 It has 10 heavily 
shielded scintillation counters with single-bore collimators inch in diameter by 3 inches 
long. Signals from the counters go through discriminator circuits to driver circuits which 
cause one of 10 glow lamps to Bash with each count detected by a scintillation counter. 
Two images of each scan are recorded on Polaroid film. A telephoto lens and mirror ar- 
rangement allows recording an automatically superimposed optical image of the patient 
on one of the two y-ray images. The other ?-ray image is recorded without the optical 
image. 
The positron scintillation camera is a non-scanning electronic instrument that produces 

pictures of the distribution of positron-emitting isotopes in animal or human subjects. The 
instrument has been described,4 and is presently being used clinically to localize brain 
tumors in human subjects, with Ga66.5 Its image detector consists of a large solid sodium 
iodide scintillator, 11.5 inches in diameter by 0.5 inch thick, viewed by a bank of 19 
multiplier phototubes and a focal detector. The subject is placed as close as possible to 
the image detector, and on the opposite side of the subject, about 24 inches away, is 
placed the focal detector, consisting of a bank of 19 scintillation counters. When positrons 
are emitted in the subject, two annihilation 7-rays are created which travel away in ex- 
actly opposite directions, producing coincident scintillations in the two detectors. Scintil- 
lations in the image detector that are coincident with scintillations in the focal detector 
are reproduced as flashes of light in their proper location on a cathode ray oscilloscope. 
There they are Tecorded by a time exposure on photographic film. Each gamma pair de- 
tected produces one dot on the film. The sensitivity of the instrument is such that a p s i -  
tron emitter with 100 per cent abundance produces 1500 dots per minute per pc. on the 
resulting picture. 

The Feaz is produced by alpha bombardment of natural chromium in the Lawrence 
Radiation Laboratory 88-inch cyclotron. The radioactive iron is separated from the chro- 
mium by ether extraction.* The half-life of Fe52 is 8.2 hours. It decays by positron emis- 
sion 57 per cent of the time into a radioactive daughter, Mn52m, which in turn decays LOO 
per cent of the time by positron emission into inactive Cr52. The half-life of Mn52m is 21 
minutes. Fe52 has an effective positron abundance of 1.57, producing on the scintiphoto 
about 2400 dots per minute per pc. of Fe52. Although the daughter bln52m does not have 
the same distribution in the body as does iron, its half-life is short enough so that when it 
is used in an animal that i s  killed and then photographed, most of it will have decayed 
before the picture is taken. That Mn52m that is formed in the dead animal will have the 
same distribution as its parent iron. 

EXPERIMENTAL hlETHODS 

Marrow distribution in severely anemic and in normal New Zealand white rabbits was 
compared by means of the positron camera. Severe hemolytic anemia w a s  p d u c e d  b 
daily administration of 0.7 ml. of a 2.5 per cent solution of phenylhydrazine to a 6-lb. fe- 
male rabbit on days 1 through 7.f By the 8th day the reticulocyte count was 93 per cent 
and the hemoglobin concentration was 4.7 g/100 ml. On day 9, 5 pc. of Fe52 were 
given intravenously; 5 hours later the rabbit was exsanguinated, perfused, and eviscerated, 
and positron scintiphotos were taken to show the distribution of Fe52. 

Marrow distribution in severely bled and in normal rats of the Long-Evans strain was 
also studied with the positron camera. A 490-Gm. male rat was bled 8, 7.5, 8, 2.5, and 8 
ml. by cardiac puncture on days 1, 2, 3, 5 ,  and 6, respectively. On day 7, 5 pc. of Fe62 
were given intravenously; 5 hours later the rat was exsanguinated, perfused, and evis- 
cerated, and positron scintiphotos were taken, At the time of Fe32 administration the 
hematocrit of the bled animal was 23.3 per cent and reticulocyte count was 39.7 per cent. 

. ‘The Fej? used in these studies was prepared by hlr. Yukio Yano. 
fThe phenylhydrazine-treated rabbit was kindly supplied by Dr. Geoffrey Keighley, 

California Institute of Technology, Pasadena, California. 
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The normal controls were subjected to the same procedure 5 hours after injection of F#. 
Because the field of view of the positron camera is about 9 inches in diameter, separate 

pictures were taken of the anterior and posterior parts of the rat. Three views were neces- 
sary for the rabbits, and many views for a man. Exposure times vaned from 5 minutes to 
4 hours. A standard roentgenogram of the skeleton was also taken for comparison with the 
positron picture. 

When the Fe59 content of individual bones in the rat was to be determined, the proce- 
dure was as follows: Rats were given Fe59 intravenously. Five b u s  later [shown to be 
the time of maximum uptake of Fe59 by marrow in normal ratss], the rats were anesthetized 
with ether, and a sample of blood was drawn from the inferior vena cava for determina- 
tion of hematocrit and hemoglobin. A canula was inserted in the abdominal aorta and the 
animal thoroughly perfused (the inferior vena cava was lacerated to allow outflow of 
blood and perfusate) until the heart stopped beating. 

The efficiency of the perfusion was demonstrated in a separate group of rats by giving 
a transfusion of Fe69-labeled erythrocytes prior to perfusion and subsequently counting one 
tibia. The amount of activity remaining in the bone as a result of contamination with 
blood following perfusion was shown to be insignificant, less than 0.1 per cent. 

After perfusion the spleen and liver were weighed and counted for Fe59 contenf gsd 
imprints were made for subsequent morphologic study. A well-type scintillation couqter 
was used for determination of Fe59 content of all samples. Liver and spleen imprints were 
stained by LoBue's modification of Ralph's hemoglobin staining technic.78 

The right tibia was cleaned of all soft tissue and counted for Fe59; the ends were then 
perforated with a dental drill and the marrow was washed out by flushing 1 ml. of serum 
through the shaft with a syringe. The washed-out bone was recounted to determine com- 
pleteness of marrow collection. An even suspension of the marrow was made in a .known 
volume of serum by gently hawing it through a pipette. Duplicate cell counts of this 
suspension were made with a standard Levy hemocytometer. The suspension was then 
gently centrifuged, the packed marrow cells were smeared and stained as above. 

The left tibia was cleaned of all soft tissue, counted for Fe59 content, opened, and a 
portion of the marrow was removed, weighed, and counted to determine radioactivity per 
mg. marrow. 
The carcass was then eviscerated, skinned, rapidly and thoroughly desiccated in hot, dry 

air to avoid loss of marrow from the bones through liquefaction. It was then placed in a 
colony of carnivorous beetles. When the larvae had completely cleaned the skeleton exter- 
nally,-the larvae not being able to penetrate the nutritive foramina of the rat-the Fe50 
content of the individual bones was determined by counting in a well-type scintillation 
counter. 

For these studies, spec& pathogen-free male rats, either untreated or erythropoietin- 
stimulated, and of the same age and strain, were used. Two rats of the Long-Evans strain 
were given 13 Standard A units of erythropoietin daily fur 14 days prior to Fe59 adminis- 
tration. The erythropoietin was obtained by collodion adsorption from the urine of a pa- 
tient with aplastic anemia. It had been assayed by a variety of methods9 and standardized 
against a sample of Standard A provided by the Bureau of Biological Standards, Medical 
Reseamh Council of Great Britain. Diet #1 was fed ad libitum.' 

RESULTS 
Human Beings 

Whole body scans of the distribution of Fe59 at the time of maximum 
marrow incorporation in one normal human being, one severe chronic bleeder, 
and one with relatively acute hemolytic anemia are shown in figure 1. The 

*The diet, obtained from Simonsen Laboratories, Gilroy, California, consisted of 59.0 per 
cent wheat, 11.7 per cent skim milk, 11.2 per cent casein, 11.2 per cent rice bran, 3.3 per 
cent vegetable oil, 1.3 per cent CaC03, 0.7 per cent NaCl, and vitamin and mineral m b  
tures to 100 per cent. 

0 0 1 1 2 0 1  
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Fig. 1A.-Whole-body scan showing Fe5* distribution in a normal, adult, male 
human being. 

ribs are visible in all three subjects, the liver in ( A )  and (C) ,  and the 
spleen in (B)  and (C).  In normal subject (A)  the iron (except that in the 
liver) is coxicentrated in a cross-shaped area corresponding to spine and 
shoulders, in a diffuse thoracic area corresponding to the ribs, and in a 
rectangular area corresponding to the pelvis. There is no significant amount 
of radioiron in the extremities except for the heads of the humeri and femora. 
Radioiron distribution for the patient with severe bleeding of many years' 
duration ( B )  is clearly different from the normal, with extension of erythro- 
poietic marrow into the lower limbs, particularly the knee. (This patient had 
aching pain and tenderness in this'region.) The distribution of radioiron in the 
patient with subacute severe hemolytic anemia of 1-2 months' duration and 
erythropoiesis increased to 13 times normal ( C )  and is the same as that 
of the normal control, except there is less radioiron in the lumbar spine. The 
distribution patterns shown are illustrative of those seen in congenital anemia 

0 0 1  1 2 0 2  
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Fig. lB.-Whole-body scan showing Fe59 distribution in an adult, male patient 
with chronic severe bleeding. 

or anemia of long duration ( B )  and in acquired anemia of relatively short 
duration ( C ) . 

Figure 2 is a composite of positron-camera pictures of the same patient 
(chronic blood loss) whose whole-body scan is shown in figure 1 (B) .  To 
provide orientation, the positron pictures are superimposed on a copy of 
plate 21 of Vesalius’ Fabrica of 1543. A comparison of the two figures illus- 
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c n 
Fig. lC.-Whole-body scan showing Fe50 distribution in an adult, male patient 

with acute hemolytic anemia. 

bates how much greater resolution is obtained with the positron camera 
than with the whole-body scann'er. 

A summary of the case history of this patient has been published previ- 
ously (Reference 10: Case K, TabIe 1). The patient has severe anemia of 
20 years' duration, an elevakd erythropoietin titer, and a markedly accele- 
rated rate of red cell production due to chronic blood loss. At the time the 
whole-body scan was made, the rate of hemoglobin synthesis, calculated from 
the rate of loss of erythrocyte radioiron as measued with a whole-body 
counter, was 9 times normal. Ifi order to prevent iron deficiency, 1500 mg. iron 
( Imferon) per week were administered intravenously. 

The second case (figure IC)  is that of a 32-year-old male of American Indian extraction 
with an 18-month history of mild fatigue and dyspnea on exertion, and severe symptoms 
associated with pallor and dizziness for several weeks prior to this study. At the time the 
scan was taken, his hemoglobin was 6.6 Gm. per cent, hematocrit 20 per cent. Leukocyte 
and platelet count were normal. The reticulocyte count was 9 per cent and the spleen was 
palpable 2 fingerbreadths below the costal margin. Serum bilirubin was 1.2 mg. per cent. 
A direct Coombs test was positive at  32 and 20 C. The indirect Coombs was negative. 
The marrow was markedly cellular, with tremendous erythroid hyperplasia and no evi- 
dence of maturation block. White cell elements and megakaryocytes appeared normal. 
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Fig. 2.-Positron scintillation camera closeups of Fe.’Z distribution in selected 
areas of patient ( B )  of figure 1. The exposure time for each area viewed was 10 
minutes. 

Complete iron kinetics studies,ll as shown in figure 3, for a period of 2 weeks demon- 
strated marked increase of hemoglobin synthesis to 70.43 Gm./dsy, 16.6 Gm./liter of 
blood/day (normal, 1.0-1.6). A mean erythron life span of only 2.7 days was obtained. 

In vivo measurements demonstrated rapid initial accumulation of radioiron in sacral 
marrow, with almost none in liver or spleen. There was rapid but incomplete net release 
of radioiron from sacral marrow, which attained virtual equilibrium by the 8th day. There 
was an associated marked secondary accumulation of radioiron in liver and spleen, slight- 
ly more in liver, reaching a maximum on the 6th day. There was some decrease but still 
distinctly positive accumulation of radioiron in liver and spleen at the end of 2 weeks. 

The iron kinetic study demonstrated marked destruction of circulating erythrocytes, with 
sequestration and destruction of red cells in both liver and spleen. There was slightly 
more destruction in liver than in spleen; this abnormal finding suggested marked agglutina- 
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Table 1.-Proportion of the Marrow Fe59 Contained in the Major 
Bones and Groups of Bones in the Rat 

Proportion of Total Marrow (%) 
Erythropoietin* 

Long-Evans Long-Evans Long-Evans 
404 Gm. 386 Gm. 427 Gin. 

Normal 

Sprague-Dawleu Long-Evans 
Bone 214 Grn. 430 Gm. 

Femur (one) 7.66 8.99 8.69 7.89 10.75 
Tibia (one) 4.80 5.61 6.56 8.17 7.29 
Tibial epiphysis (one) t 1.02 1 .m 1.53 1.38 
Fibula (one) t -  0.08 0.13 0.12 0.10 
Innominate (one) 5.31 3.22 3.98 5.39 3.24 
Skull 6.31 3.26 2.65 2.61 7.38 
Mandible 3.05 2.35 2.34 2.36 1.68 
Humerus (one) 3.38 3.88 3.18 4.25 3.24 
Sternum (entire) 2.99 5.43 3.9s 4.17 2.83 
Scapula (one) 0.92 0.66 0.73 0.74 0.72 
Cervical vertebrae (7) 2.89 1.69 2.65 1.19 1.32 

Lumbar vertebrae (4) 6.39 8.41 8.01 7.38 8.84 

Caudal vertebrae (30) 9.30 4.24 3.70 6.21 3.50 

Ulna (one) 0.509 0.445 0.580 0.610 0.594 
Radius (one) 0.212 0.140 0.245 0.313 0.236 
Clavicle (one) 0.143 0.078 0.094 0.171 0.098 
Front foot (one) 0.188 0.064 0.063 0.073 0.068 
Hind foot (one) 0.273 0.130 0.145 0.119 0.186 
'13 Standard A units per day for 14 days prior to Fe59 administration. 
t Not counted. 

Thoracic vertebrae (13) 7.78 11.58 10.27 5.89 7.56 

Sacral vertebrae (5) 8.82 9.53 11.06 9.78 7.88 

Ribs (26) 5.70 6.40 6.57 4.44 5.57 

tion of circulating red cells.12 Partially compensatory erythropoiesis was increased ap- 
proximately thirteenfold. This however, was distinctly inadequate to compensate for the 
marked destruction of red cells, which reduced their mean life span to approximately 1/45 
of normal. The diagnosis was idiopathic autoimmune hemolytic anemia. 

Rabbits 
A typical positron scintiphoto of the marrow compartment of an adult 

white Zealand rabbit is shown id figure 4A. The blood, spleen and liver have 
been removed. A comparison of the intensity in d i fhent  areas of the positron 
scintiphoto with a roentgenogram of the skeleton, 4B, shows quaIitatively the 
distribution of erythropoietic marrow within the skeleton as a whole, and 
also the distribution in the large iridividual bones. One can conclude that 
the rabbit normally has marrow distributed throughout the skeleton, since 
the picture of the marrow distribution closely resembles the roentgenogram 
of the skeleton. 

Figure 4C shows a positron scintiphoto of the distribution of iron in the 
skeleton of a rabbit made severely anemic with phenylhydrazine. A small 
but distinct differen'ce exists between the distribution here and that obtained 
in several normal controls. The severely anemic rabbit shows an even distribu- 
tion of radioiron through the bones of the foreleg and along the shaft of the 



Prednisone started Prednisone r1orl.d 

0 4 8 1 2 0  4 8 I 2  0 2 4 0  4 8 I 2  
Days Days Hours Days 

Time after intravenous inlection of Fe” 

Fig. 3.-Iron kinetic data of the case whose whole-body Fei9 scan on day 1 is 
shown in figure 1C. The severity of the anemia ne2essitated initiation of prednisone 
therap! 36 hours after beginning of stud). The beneficial effect of the corticosteroid 
is shown after day 6 by the decrease of hepatic and sp!enic erythrocyte sequestra- 
tion and the increase of Fe59 in circulating erythrocytes. Hepatic sequestration of 
red cells, which is even greater than the severe splenic sequestration, suggests 
marked agglutination of circulating red cells.Iz The greatly shortened life span was 
calculated by relating hemoglobin synthesis (calculated from plasma radioiron data) 
to the circulating hemoglobin (determined by red cell volume measurement- 
Ref. 11). 

tibia, whereas in normal rabbits little activity is seen in the distal % of the 
bones of the foreleg and in the distal 

Rats 
Positron scintiphotos of the marrow compartment of a severely bled, evis- 

cerated and perfused rat were indistinguishable from those of normal controls; 
(fig. 5) however, at the time chosen (5 hours after Few administration) 17 
per cent longer exposure was required for the bled rat than for the normal 
control in order to obtain an equal number of dots in the positron picture. The 
marrow of the bled rat, therefore, must have contained 17 per cent less 
Fe5?, 5 hours after administration, than the normal. 

An exact quantitation of the amount of marrow in the different bones was 
possible using a well counter and FeZ9 for individual bones following clean- 
ing of the rat skeleton by the beetles. Table 1 lists the part of the total 
marrow volume (Fe59) cokained in each of the major bones and groups of 
bones. (Bones were arbitrarily grouped in order to shorten the list.) The FeS9 
activity per mg. of marrow was determined using marrow from one tibia 
prior to placing the carcass in with the beetles. Ha\.ing determined the Fes9 
activity per mg. of marrow and having determined the Fe39 activity of the 
individual bones, one can calculate the mg. of marrow per bone. The sum 
of these values gives the total amount of marrow in the entire skeleton, 
assuming that the myeloid-ervthroid ratio and the proportion of storage iron 
in the tibia is representati1.e of all bones. (In the absence of information 
on’ the variations in the p2rcentage erythroid content of marrow in the 

of the tibia. 
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various bones, the authors have made this assumption.) Total marrow volume 
in two normal adult control rats was found to be 0.46 and 0.42 per cent of 
body weight, as shown in table 2. This value is considerably smaller than 
estimates by previous investigators. 

Counts of total nucleated cells and differential counts done on' marrow 
from the tibia showed no significant difference between erythropoietin- 
treated and untreated rats. Morphologic examination of the smears from liver 
and spleen revealed no recognizable normoblasts in the liver and an average 
of 3.1 per cent in the spleens of the erythropoietin-treated rats as compared 
with an average of 2.2 per cent in spleens of untreated rats. A subsequent 
study of nine erythropoietin-treated and nine untreated rats confirmed the 
observation that at the dose used no significant change occurred in marrow- 
nucleated-cell count or marrow differential count. A detailed analysis of iron 
kinetics and marrow morphology of erythropoietin-treated rats is presented 
in another report.13 

DISCUSSION 
It is apparent from the whole-body scans of the three human subjects 

presented that the human being is capable of considerable peripheral exten- 
sion of his bone marrow. However, significant extension occurs only after 
prolonged, massive stimulation,. Increases in red cell production up to 13 
times normal can be achieved without any great marrow extension. It is well 
known14 that in the human being blood loss or any other demand for in- 
creased erythropoiesis is followed by rapidly increasing density of erythroid 
elements in the marrow. I t  is apparent that a patient such as the one illu- 
strated in part C of figure 1 can increase the concentration of erythroid 
elements and thereby increase erythropoiesis 13-fold without evidence of 
significant peripheral extension of the marrow. 

In severely anemic rabbits and rats, positron pictures also indicate no 
considerable redistribution of marrow within the skeleton during the initial 
erythropoietic response. 

Whereas the rabbit normally has marrow distributed throughout the 
skeleton (fig. 4) ,  and therefore can have little peripheral expansion, the 
normal rat is intermediate between man' and rabbit in that the marrow is 
concentrated in the spine, pelvis and proximal portion of the legs, with rela- 
tively little in the distal portion of the legs or the tail (fig. 5 ) .  

Correlation of figure SA with the FeSQ assay of the individual bones for 
mature rat (table 1) shows comparable distribution. The values obtained 
in this study for the fraction of marrow contained id one femur in normal 
rats (7.6 to 8.9 per cent) are in agreement with the 8 per cent obtained by 
Lamerton for young growing rats of the August strain.15 The values obtained 
by Lamerton for distribution of FejQ within the skeleton are similar to those 
obtained in' this study, with the exception that he observed considerably 
less activity in the tail. Neither Lamerton's findings for marrow distribution 
nor the results of this study agree with those of Kindred,ls obtained by cell 
counts in serial sections. 

0 0  I1208 
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Fig. 5.-Positron scintiphoto of the marrow of a normal adult rat with a roent- 
genogram for comparison. 

From figure 5 it can be seen that the femur of the rat contains marrow 
along its entire length, with con'centrations at the proximal and distal ends. 
This is in agreement with the finding by LoBue et al.7 that in the rat femur 
55 to 65 per cent of the marrow is located in the diaphysis, the remainder 
being in the epiphyseal region. In the positron picture the tibia, which 
contains approximately 6 per cent of the marrow, is clearly visible only at its 
profmal end. When counted after separation at the proximal epiphyseal 
plate, the proximal epiphysis of the tibia was found to contain only 15 per 
cent of the activity (table 1). The dense spot in the positron picture 
represents the concentration of marrow in the distal end of the femur and 
proximal end of the tibial shaft. 

A comparison of the individual bones of the 200-g Sprague-Dawley rat with 
those of the 400-g Long-Evans rats in table 1 shows the two strains to be 
generally similar except for a greater proportion of the activity in the caudal 
vertebrae, and possibly also in the feet, of the smaller (younger) Sprague- 
Dawley rat. It is not known whether this difference is due to difference in 
age or in strain. 

The values obtained for total marrow volume in normal rats were 0.42 per 

0 0 1 1 2 1 0  I 
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Table P.-Effect of Erythropoietin on Organ and Body Weights, Hematologic 
Values, and Mawow Volume of Adult Rats 

Marrow 
Total Fraction of 

Body Wt. Liver Wt. Spleen Wt. Hct. Hsb. Marrow Body Weioht 
Group (Grn.) (Gm.) (Gm.) (%) (Gm./lOO ml.) (Gm.) (70) 

Erythropoietin- 427 9.5 0.79 60.0 16.4 1.95 0.46 
treated 386 9.8 0.96 56.1 14.7 1.52 0.39 

Saline control 430 11.5 0.66 46.1 11.9 1.94 0.46 
404 9.9 0.55 41.1 12.8 1.68 0.42 

cent and 0.46 per cent of body weight, which is less than half the value 
usually quoted in the literature. Kindredle estimated 1.176 per cent of body 
weight, and Huff et al.17 estimated 1 per cent of body weight. It must be 
remembered that the small figures obtained for marrow volume in this 
study apply to relatively old rats, whereas the values obtained by Kindred 
were from studies of relatively young rats (80 days of age). Because of 
the changing demands on the marrow during growth and aging,6 it is quite 
possible that the dissimilar values obtained by different investigators are 
correct for the specific age of rat studied. Using Fej9 marrow incorporation, 
Garciae estimated marrow volume to be 0.8 per cent of body weight in 150- 
and 250-day-old rats and 1.2 per cent in 50-day-old rats of the Long-Evans 
strain. 

The dose of erythropoietin (13 standard A units) was arbitrarily chosen 
as that which would triple or quadruple the rate of red cell formation and 
produce an increase of approximately 60 per cent in total circulating red 
cells in 14 days.9 The effectiven,ess of this dose of erythropoietin in increas- 
ing hematocrit and hemoglobin is shown in table 2. 

Comparison of the Fe59 content of the individual bones (table 1) and of 
the total marrow (table 2)  in erythropoietin-treated and in control rats 
revealed only slight difference in' the size or distribution of marrow in the 
skeleton. The results indicate that erythropoiesis was markedly stimulated 
for 2 weeks by the administration of erythropoietin, but do not indicate 
considerable expansion of marrow volume. 

The fact that no difference was demonstrated in the distribution of mar- 
row within the skeleton between' severely bled and normal rats is in agree- 
ment with the results of Hudson,18 who studied the effect of hypoxia on the 
marrow volume of the guinea pig. Hudson concluded that the bone marrow 
volume of the hypoxic guinea pig showed no increase over that of the con- 
trols, and that this finding applied both to total bone marrow volume and to 
haemopoietic (red) bone marrow volume. 

Dallwig et al.I9 fourid in rabbits exposed to reduced barometric pressure 
for 1 week that the bone marrow showed macroscopically a disappearance 
of fat and art extension of the marrow, and microscopically a marked 
hyperplasia of the erythrocyte-forming centers. 

In the rat, failure to demonstrate an increase in erythropoietic marrow 
volume in the presence of a red cell production rate approximately 3 to 4 
times normal raises the question: By what mechanism is the increased pro- 
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duction achieved? One concludes that at least with this degree of stimulation 
and during the time period studied (14 days) red cell production in the 
rat must be increased by mechanisms other than increased marrow mass. 
Other mechanisms by which erythropoietin may have its effect 'have re- 
cently been discussed by Borsook et a1.,20 Hodgson and Eskuche,2l Fischer,22 
and Stohlman et al.Z3 That one effect of erythropoietin is to stimulate con- 
version of stem cells into the erythron has been conclusively demonstrated 
by Gurney et al.24 Our report does not deny such a mechanism but points 
out the possibility of other sites of action of erythropoietin. 

CONCLUSIONS 
Distribution of marrow within the skeleton has been determined in man, 

rabbits, and rats by in vivo labeling of the marrow compartment with 
radioiron and either assaying each bone separately for radioactivity or ob- 
taining a gamma-ray image of the distribution of the marrow by whole body 
scanner or positron scintillation camera. In man, extension of marrow into 
unusual sites was demonstrated after prolonged and severe stimulation, 
excessive blood loss, or hemolysis for a long period. A rabbit made severely 
anemic by administration' of phenylhydrazine for 7 days showed extension of 
marrow into the distal portion of the humeri and femora. In rats in which 
erythropoiesis was stimulated by erythropoietin administration there was no 
significant increase in total marrow volume and no change in distribution' of 
marrow within the skeleton. 

The positron scintillation camera provides an excellent method for qualita- 
tive evaluation of the marr3w distribution. I t  has sufficient resolving power 
to give a good picture of the distribution' of marrow with Fe52 in a skeleton 
as small as that of the rat. The distribution apparent from the positron pic- 
tures has been confirmed by complete skeletal analysis of individual bones. 

SUMMVZARIO IN INTERLINGUA 
Le distribution de medulla intra le skeleto esseva determinate in humanos, 

conilios, e rattos per marcar in vivo le compartimento de medulla con radio- 
ferro e per (1 )  essayar omne osso separatemente pro radio-activitate o (2) 
obtener un imagine de radios gamma del distribution del medulla con le us0 
de un scrutinator de corpore total o un camera a scintillation positronic. In 
humanos, le extension de medulla ad in sitos inusual esseva demonstrate 
solmente post stimulation prolongate e sever, post excessive perditas de 
sanguine, o post hemolyse durante prolongate periodos de tempore. Un conilio 
que habeva essite rendite severmente anemic per le administration de  phenyl- 
hydrazina durante 7 dies manifestava extension de medulla ad in le portion 
distal del humeros e femores. In rattos in que le erythropoiese esseva stimulate 
per le administration de erythropoietina, nulle significative augment0 esseva 
notate in le volumine total de medulla e nulle alteration del distribution de 
medulla intra le skeleto. 

Le camera a scintillation positronic provide un excellente methodo pro le 
evalutation qualitative del distribution de medulla. 1110 ha un sufficiente 
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potentia de resolution pro fornir un bon imagine del distribution de medulla 
con Fe52 in skeletos del micritude illos de rattos. Le distribution apparente a 
base del imagines positronic esseva confirmate per le complete analyse de ossos 
individual in le skeleto. 

ADDENDUM 
Since this paper was written, Edwards et al.25 have published marrow distribution stud- 

ies done with colloidal Au198 and the ORNL research scanner. Although good scans are ob- 
tained, they list the disadvantages of this technic as ( 1 ) high absorbed radiation dose ( 18 r 
for the marrow and a much higher dose to the liver and spleen), ( 2 )  heavy uptake of the 
colloidal compound in liver and spleen, as well as variable amounts in the lungs and heart 
in some cases, and ( 3 )  colloidal materials demonstrate reticuloendothelial function and give 
only indirect evidence of hematopoietic function. Also, 2 days are required to perform the 
scans. 

The use of Fe52 and the positron camera overcomes the disadvantages of colloidal Aul98. 
The upper limit of radiation dose to the bone marrow of a normal adult has been calculated 
to be 2.5 r for a 100 pc. dose,26 the average dose used in this study. No uptake has been 
seen in the liver or spleen unless known erythropoietic activity was present in these organs. 
Only 2 hours are required to obtain pictures that illustrate marrow distribution in sig- 
nificant areas of the body. 
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