
material exhibits changes which follow 
a bimodal pattern (Fig. 2), the higher 
values indicating a relatively high ab- 
sorption by PAF-stained material 
around the nucleus, the lower values a 
relatively high absorption toward the 
axon. Again the variance in the posi- 
tion of a maximum or minimum be- 
tween individuals, between strains, or 
between different staining techniques is 
up to 3 hours; the highest value, how- 
ever, for the ratio of "circumnuclear" 
to peripheral absorption remains con- 
sistently at dawn. These bimodal 
changes in the distribution of neuro- 
secretory material suggest a flow from 
the nucleus to the axon, the release of 
these granules into the neural path- 
way occurring at the middle or end of 
every light and dark phase. This can 
be confirmed by the observation that 
neurosecretory granules appear in the 
corpus cardiacum mainly 3 hours be- 
fore dawn and dusk, whereas no gran- 
ules can be detected shortly after the 
transition from light to dark. 

The bimodal pattern of activity in 
neurosecretory cells, and in the corpus 
allatum has its parallel in the pattern 
of the locomotory activity (6) and 
oxygen consumption (7) which show 
peaks around dawn and dusk, so that 
neuro- and corpus allatum hormones 
may be a part of the activity controll- 
ing mechanism. The phase relation 
of corpus allatum cells to neurosecre- 
tory cells may suggest an activating 
influence from the corpus allatum hor- 
mone on neurosecretion as well as an 
inhibition in the opposite direction, 
which would amount to a negative feed- 
back control (8). The transport of neu- 
rosecretory granules to the corpus car- 
diacum, the release, and the effect 
seem to occur within a few hours. 
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Human Bone Marrow Distribution Shown in vivo by 
Iron-52 and the Positron Scintillation Camera 

Abstract. Radioactive iron, which concentrates in erythropoietic marrow, is 
given intravenously, and 16 hours later pictures of its distribution are taken 
with the positron camera. The instrument is an imaging device that produces 
pictures of the distribution of positron-emitting nuclides without scanning. 
Wide variations in the distribution of marrow are found in various diseases. 

Human Bone Marrow Distribution Shown in vivo by 
Iron-52 and the Positron Scintillation Camera 

Abstract. Radioactive iron, which concentrates in erythropoietic marrow, is 
given intravenously, and 16 hours later pictures of its distribution are taken 
with the positron camera. The instrument is an imaging device that produces 
pictures of the distribution of positron-emitting nuclides without scanning. 
Wide variations in the distribution of marrow are found in various diseases. 

The positron scintillation camera is 
a sensitive electronic instrument for pro- 
ducing pictures of the distribution of 
positron-emitting isotopes in vivo. Iron- 
52 is a cyclotron-produced positron- 
emitting isotope with a half-life of 8.2 
hours. With this new instrument and 
isotope, we are taking relatively clear 
pictures of the distribution of erythro- 
poietic marrow in living subjects; we use 
a dose of Fe5' that is within the limit 
permissible for diagnostic purposes. 
Less clear pictures of the distribution 
of marrow in the skeleton have been 
obtained in the past by the use of Fe59 
and special scanning devices (1), but 
the positron camera and Fe52 provide 
information previously obtainable only 
by laborious postmortem examination. 

Study of a number of cases has 
begun to yield characteristic patterns 
of bone marrow distribution for various 
disease states. In addition to being of 
potential diagnostic value, it is ex- 
pected that these studies will aid our 
understanding of the pathogenesis of 
diseases of the bone marrow (2). This 
report deals with the technique and 
initial clinical results. 

The positron scintillation camera has 
already been described (3, 4). It is be- 
ing used to localize brain tumors with 
Ga'8 EDTA (5), to study the deposi- 
tion of F18 in bones and teeth of human 
subjects, and to determine the distribu- 
tion of positron-emitting tracer com- 
pounds in small animals as a function 
of time after administration. 

A diagram of the instrument is shown 
in Fig. 1. Immediately above the sub- 
ject is an image detector consisting of 
a single sodium iodide crystal, 29 cm 
in diameter and 12 mm thick, activated 
by thallium-viewed by an array of 
multiplier phototubes. Below the sub- 
ject is a focal detector consisting of 
an array of 19 scintillation counters 
with separate crystals. Both detectors 
remain stationary during the time a 
picture is being taken. 

When a positron is emitted in tissue, 
it travels a few millimeters, and then 
combines with an electron. Two simul- 
taneous annihilation gamma rays (0.51 
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When a positron is emitted in tissue, 
it travels a few millimeters, and then 
combines with an electron. Two simul- 
taneous annihilation gamma rays (0.51 

Mev) are produced that travel away 
from the point of origin in opposite 
directions. The mean variation from 
180 deg is 1/137 radian or ? 0.4 deg 
(6). 

By use of a coincidence circuil and 
analog computing techniques, a two- 
dimensional readout of the distribution 
of the positron emitter is displayed as 
a series of position-oriented flashes of 
light on an oscilloscope. They are re- 
corded on Polaroid film and an image 
of the distribution of the positron emit- 
ter results. 

In the image detector, the phototubes 
are spaced about 7 cm from the crystal 
so that they view overlapping re- 
gions. When a scintillation occurs, the 
light divides among the tubes. The 
computing circuits sense the position 
of the scintillation and determine its x 
and y coordinates so that the scintilla- 
tion can be displayed as a point of light 
on the oscilloscope if coincidence and 
pulse-height requirements are met. 
When scintillations occur at interme- 
diate points between the phototubes, 
their position is still accurately deter- 
mined because of the proportionate di- 
vision of light among the tubes. The 
useful diameter of the crystal, over 
which an essentially undistorted image 
is obtained, is about 24 cm. 

By summing the outputs from the 
phototubes, a signal is obtained that 
is proportional to the brightness of the 
scintillation without regard to where it 
occurred. This signal is sent to a pulse- 
height selector tuned to the photopeak 
of the 0.51-Mev gamma ray. Gamma 
rays that have lost an appreciable 
amount of energy by scattering are 
rejected. The same image detector is 
used with pinhole and multichannel col- 
limators to display the distribution of 
nuclides that emit gamma rays (4). 

For positron emitters, however, the 
focal detector and coincidence circuits 
are used because of the higher sensitiv- 
ity achieved. Imagine a simplified ver- 
sion of the focal detector with only a 
single counter located at the center of 
the array shown in Fig. 1. When one 
gamma ray hits the counter, the other 
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impinges on the image detector. A 
coincidence circuit, which responds 
only to simultaneous pulses from the 
two detectors, allows the scintillation 
to be displayed on the oscilloscope. All 
scintillations that are not coincident 
with counts in the focal detector are 
not displayed. An image of the sub- 
ject is effectively "projected" onto the 
image detector because the focal de- 
tector counter is a point of intersec- 
tion for all gamma-ray pairs accepted 
by the coincidence circuit. 

Each point in the subject is projected 
as a small disc on the image detector. 
The size of the disc is determined by 
the diameter of the focal detector 
crystal and the distances involved. To 
maintain good resolution, the focal de- 
tector crystal must be relatively small 
and far away from the subject, even 
though higher sensitivity could be ob- 
tained with a larger or closer crystal. 

In practice 19 scintillation counters 
are used in the focal detector. With this 
arrangement high sensitivity is ob- 

Scintillation coordinate Z 
computer circuit, X 

Pulse-height selectors; 
and Coincidence circuit 

Fig. 1 (top). Block diagram of positron scintillation camera showing subject in position 
for picture of shoulder area. Bottom row: Fig. 2 (left). Bone marrow distribution in 
normal subject. Fig. 3 (middle). Bone marrow distribution in subject with mild cyanotic 
congenital heart disease. Fig. 4 (right). Bone marrow distribution in subject with 
polycythemia secondary to severe cyanotic heart disease. 
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tained, and at the same time good res- 
olution can be maintained on any 
chosen plane within the subject. Com- 
pensating signals are sent from the focal 
detector array to the computer so that 
any point source on a chosen plane is 
imaged as a single disc on the oscil- 
loscope, even though it is projected to 
a different place on the image detector 
by each of the 19 counters. 

The correction is perfect for only 
one plane, since the computer can bring, 
the 19 discs exactly together only for 
points lying on a single horizontal plane. 
This is called the "plane of best focus." 
Its location can be changed to any 
desired level in the subject by adjust- 
ment of the focal-plane selector-an 
attenuator in the electronic computing 
circuits. Although the parts of the sub- 
ject lying on the plane of best focus 
are clearest, the compensation for other 
planes within 5 to 7 cm is almost exact, 
so they are shown in approximate focus 
(7). A certain "depth of focus" is ob- 
tained, just as with an optical camera. 

The positron camera is sensitive to 

activity located on all planes within the 

subject. Those closest to the plane of 
best focus are most sharply resolved, 
but the camera responds with nearly 
equal sensitivity to activity on the other 

planes, and they are shown superim- 
posed in the image. 

The overall resolution is such that 
small sources of annihilation radiation 
no more than 9 mm apart in the sub- 

ject can be resolved. At the same time, 
1 xc of Fe62 in equilibrium with its ra- 
dioactive daughter product results in 
about 2500 dots min-'1 c-~ on the pic- 
ture, less the correction for tissue at- 
tenuation, which amounts to a factor 
of 2 for every 10 cm of soft tissue that 
the gamma rays penetrate. A more 

complete description of the positron 
scintillation camera is in preparation (8). 

The Fe52 is produced by alpha bom- 
bardment of pure natural chromium in 
the Lawrence Radiation Laboratory 88- 
inch cyclotron. The principal reaction 
is 

CrT? (a, 2n) Fe52 

The Fe52 is separated from the chro- 
mium by ether extraction (9), after 
the addition of 2 ,ug of carrier iron. The 
radioactive iron is then formed into a 

complex with citrate and made iso- 
tonic for intravenous injection. About 
100 cAC of Fea5 is obtained after chem- 
ical processing from a 1-hour bombard- 
ment. 

Iron-52 has an 8.2 hour half-life 
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and decays 57 percent by positron emis- 
sion and 43 percent by electron capture 
to the radioactive daughter (metastable) 
Mn2"'. The daughter decays 100 per- 
cent by positron emission with a half- 
life of 21.3 minutes. The scintillation 
camera detects annihilation radiation 
from both nuclides, and there is no 
method of discriminating between them. 
This is a possible source of ambiguity 
in the pictures if the Mn62m becomes 
free and able to travel about the body. 
However, there is no evidence that the 
Mn2"' does indeed become free. Man- 
ganese ion is removed from blood in the 
liver, but most patients examined by this 
method show no radioactivity in the 
liver. Those with known abnormal re- 
tention of iron in the liver have shown 
the expected uptake. The tentative con- 
clusion has been made that the Mn52m 
stays in the vicinity where it was formed 
by Fe"2 decay, or at least does not con- 
centrate in any specific organ. 

The upper limit of radiation dose to 
the bone marrow of a normal adult has 
been calculated to be 2.5 roentgens for 
a 100-/c dose, if immediate uptake of 
the Fe52 in 1500 g of marrow is as- 
sumed, and if it is assumed that Mn"2m 
decays in the marrow. The irradiation 
is delivered almost entirely by positrons 
before they are converted to gamma- 
ray pairs. The average range of the 
positron is a few millimeters in soft 
tissue. Therefore the fat associated 
with marrow is irradiated, and its mass 
is included in the dose calculations. 

A small amount of Fe6 (~ 5 [/c) is 
produced when 100 ,tc of Fe52 is made 
by bombardment of natural chromium. 
The half-life of Fe" is 2.6 years, but it 
decays entirely by electron capture and 
emits only 5.5-kev x-rays. This radiation 
is not detectable by the scintillation 
camera. The permitted continuous body 
burden of this isotope is 1 mc (10), so 
the few microcuries administered are of 
no practical consequence. 

Pictures are taken about 16 hours 
after intravenous administration of 50 
to 150 fAc of Fe", when its uptake in 
marrow is maximum and its concen- 
tration in the blood is low. The field of 
view of the scintillation camera shows 
the marrow distribution in an area 20 
cm in diameter with each exposure. 
Ten-minute exposures are taken of the 
areas where marrow may be found. To 
provide orientation, the pictures are 
cut out and glued to a drawing of a 
typical human skeleton. For this pur- 
pose, plate 21 of Vesalius's Fabrica is 
used. The size of the drawing is matched 
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approximately to the patient's height. 
This report is not intended to be a 

study of specific diseases, but rather it 
is a description of a new method and 
an illustration of the wide variations 
in marrow distribution that occur in 
association with different diseases. The 
cases have been chosen primarily to 
illustrate the remarkable differences in 
distribution of marrow within the body. 
The cases presented here may not be 
typical of their disease, and therefore 
the physiopathological significance of 
the observed changes in marrow distri- 
bution must await a more detailed study 
of each disease state. 

Pictures of normal adult humans 
have shown a distribution pattern of 
erythropoietic marrow that agrees with 
the well-known clinical-pathological 
studies of the past. An example of the 
distribution in a 40-year-old male is 
shown in Fig. 2. It can be seen that 
marrow is located in the pelvis, spine, 
ribs, and the proximal ends of the ex- 
tremities. In the legs, marrow is found 
in the area of the lesser trochanter of 
the femur and, in very small amounts, 
in the proximal one-fourth of the shaft. 
No significant amount is found in the 
area of the greater trochanter or in the 
head and neck of the femur. In the 
shoulder, marrow is shown in the 
glenoid fossa of the scapula and the 
distal end of the clavicle. It is also 
found in the proximal end of the hu- 
merus, with a small amount in the 
proximal one-half or one-quarter of the 
shaft. The spleen and liver do not ac- 
cumulate sufficient iron to be seen un- 
der these conditions. 

Two patients with polycythemia sec- 
ondary to cyanotic congenital heart 
disease were studied. One was a 28- 
year-old man with mild cyanosis sec- 
ondary to tetralogy of Fallot. He had 
a resting arterial oxygen saturation of 
84 percent (normal 90 to 100 percent) 
and a total circulating red cell volume 
of 37 ml/kg (normal 24 to 33 ml/kg). 
The distribution of marrow in this pa- 
tient, shown in Fig. 3, is comparable to 
that of the normal control except that 
the head and neck of the femur, which 
were not seen in the normal, are clear- 
ly seen. 

The other patient with secondary 
polycythemia, a 46-year-old man with 
severe cyanosis secondary to tetralogy 
of Fallot, is shown in Fig. 4. This pa- 
tient had a resting arterial oxygen satu- 
ration of 79 percent and a markedly 
elevated total circulating red cell vol- 
ume of 69 ml/kg. His red cell produc- 

tion rate was 2.7 times normal, as de- 
termined by ferrokinetic studies. He 
was most unusual in that, in the plasma, 
the concentration of erythropoietin, the 
hormone that stimulates red cell pro- 
duction, was sufficiently elevated to be 
measurable in the starved-rat assay (11). 

This patient had a very abnormal 
distribution of marrow. The entire 
femur, the proximal portion of the 
tibia, and the tarsal bones were ob- 
served. In the upper extremity, marrow 
extended distally to the middle of the' 
forearm. There was a small amount in 
the bones of the wrist. In spite of the 
extensive peripheral extension of mar- 
row, there was no evidence of extra- 
medullary erythropoiesis in the spleen. 

With the use of Fe" and the newly 
developed positron scintillation camera, 
the bone marrow, a major organ of the 
body whose distribution could not be 
previously delineated in the living pa- 
tient, can now be made visible with 
sufficient clarity to show the gross dis- 
tribution. The first studies with this 
technique have demonstrated remark- 
able differences in marrow distribution 
associated with diseases of the blood- 
forming tissues. Marrow distribution 
studies may prove to be a valuable ad- 
junct to diagnosis and may provide im- 
portant additions to our knowledge of 
the physiopathological processes op- 
erating in a variety of disease states. 

HAL 0. ANGER 
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