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A number of noninvasive imaging techniques have been used for the evaluation of bone
marrow, including magnetic resonance imaging (MR and bone marrow scintigraphy. The
appearance of bone marrow on MR varies considerably depending on the proportion of red and
yellow marrow, and the composition of the red marrow and its distribution with relation to age
and sex. The composition of bone marrow also can vary under physiological and pathological
conditions. MRl is a highly sensitive technique for evaluating the bone marrow, but it is limited
in its practical use for whole-body bone marrow screening. Bone marrow scintigraphy with
radiolabeled compounds such as technetium-99m-labeled nanocolloid and monoclonal anti-
bodies has the advantage of evaluating the entire bone marrow, and has been used for the
diagnosis of various bone marrow disorders. In addition, '8F-fluorodeoxyglucose positron
emission tomography (FDG-PET) imaging can be used to evaluate bone marrow metabolism
and disease and to provide information about the state of the primary tumor, lymph nodes, and
distant metastases. Understanding of the appearance of normal bone marrow, including age-
and sex-specific differences with each of these imaging modalities, is essential to permit
accurate diagnosis of benign and malignant bone marrow disorders. We present a review of
MRI and scintigraphy of normal bone marrow with some emphasis on FDG-PET imaging in
assessing marrow activity in normal and abnormal states and also present preliminary data
regarding normal age-related changes in bone marrow through use of FDG-PET, as well as the
role of segmentation of bone marrow on MRI for quantitative calculation of the metabolic
volumetric product for red marrow metabolism using FDG-PET.
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To date, several useful techniques, such as bone marrow
aspiration and biopsy, magnetic resonance imaging
(MRI), and bone marrow scintigraphy have been used for the
evaluation of bone marrow in clinical practice. Among them,
bone marrow biopsy is an excellent procedure, is the com-
monest technique for evaluating bone marrow, and provides
a specific diagnosis. However, the procedure is invasive and
is limited by sampling error.!

MRI is a highly sensitive technique for the evaluation of bone
marrow. Bone marrow can be affected by a number of benign
and malignant processes; therefore, a thorough understanding
of the MRI appearance of normal bone marrow and its patterns
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of distribution in the osseous structures and causes of marrow
disease is essential to accurately detect abnormal states. Radio-
nuclide bone marrow scintigraphy is another simple noninva-
sive technique that has been used to evaluate for marrow dis-
ease. Several radiotracers have been developed that can target
the reticuloendothelial system, erythropoietic cells, and granu-
lopoietic cells, permitting evaluation of the whole-body distri-
bution of red marrow and the diagnosis of several disorders.>* A
new emerging technique for assessment of bone marrow is
whole-body '®F-fluorodeoxyglucose positron emission tomog-
raphy (FDG-PET), which can provide information about func-
tioning normal bone marrow and its physiologic distribution as
well as allow for the detection of pathologic lesions with in-
creased glucose metabolism.

Bone Marrow Constituents

Bone is a highly differentiated connective tissue that allows
for the mechanical support of muscles and functions for
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Figure 1 Diagrammatic representation of the amount and distribution of red marrow in tubular bones from birth until
25 years. At birth, unossified epiphyses do not contain red marrow. (Color version of figure is available online.)

hematopoiesis, the immune system, coagulation, and cal-
cium and phosphorus metabolism among others.? The
majority of the medullary cavity of bone is composed of
bone marrow, with only approximately 15% being trabec-
ular bone.* The amount of fat and nonfat components of
bone marrow is altered with age, with a normal physio-
logic progressive conversion of red to yellow marrow in
the peripheral skeleton and a progressive increase in the
proportion of fat cells in the axial skeleton over time,
accounting for the age-related change in red marrow dis-
tribution and composition.

At birth, virtually all marrow is hematopoietic. During fetal
growth, hematopoiesis takes place in all skeletal compart-
ments as well as in the liver and spleen. Before birth, splenic
and hepatic hematopoiesis disappears. Red to yellow marrow
conversion typically begins in the distal phalanges and pro-
ceeds in a centripetal fashion, with the adult pattern of mar-
row distribution generally achieved by the age of 25, when
the red marrow is distributed primarily in the axial skeleton,
sternum, ribs, and proximal femora and humeri (Fig. 1). In
individual long bones, such as the tibia and femur, conver-
sion begins in the diaphysis and progresses both distally and
proximally within the bone, although conversion to the distal
end is more rapid.>° Persistent isolated or confluent islands
of hematopoietic marrow may remain within the medullary
cavity of the long bones. Overall, marrow conversion
progresses at a slower rate in adulthood.”

Adult bone marrow volume is approximately 50% yellow
marrow located predominantly in the appendicular skeleton
and 50% red marrow located primarily in the axial skeleton
and proximal aspect of the limbs (Fig. 2).>8 Yellow marrow
contains approximately 95% fat cells and 5% nonfat cells

whereas red marrow comprises 60% hematopoietic cells and
40% fat cells.” The 3 major components of the red marrow
are hematopoietic (erythropoietic and myelopoietic) cells,
reticuloendothelial cells, and a trabecular framework that
supports both cell types. The proportion of fat and nonfat
cells influences the signal intensity of the bone marrow and
hence its appearance on MRI. Nerves and vascular sinusoids
also course throughout the hematopoietic marrow. Bone
marrow normally weighs approximately 3,000 g in adult
men and 2,600 g in adult females. However, because approx-
imately one half of the red marrow, by weight, is adipose
tissue, approximately 75% of the total marrow weight in
adults is composed of adipose tissue.!°

In addition, the bone marrow has a dual blood supply
consisting of a periosteal capillary network and a nutrient
artery that penetrates the cortex and branches within the
myeloid tissue. The estimated blood flow through the
bone marrow, as assessed with PET and a °O-labeled CO,
steady-state technique, is approximately 10 mL/min/100
cm? in healthy adults.!!

Benign bone marrow hyperplasia is found in association
with long-distance running, smoking, and obesity and is
more common in females than males. Benign bone marrow
hyperplasia has been reported in 9.7% to 35% of the healthy
population and generally is seen as an increase in red marrow
within the distal metaphyseal region of the humerus or femur
or within the proximal metaphyseal region of the tibia.!>-1*
When there are additional demands for hematopoiesis, as
seen with chronic anemia or red marrow replacement by
fibrosis or malignant processes, the reconversion of yellow
to red marrow occurs in a reverse pattern relative to con-
version.
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Figure 2 Whole-body FDG-PET images of subjects at different ages: younger than 20 years (A), at 35 years (B), at 55
years (C), and at 75 years (D). Note that red marrow activity and distribution in the spine, pelvic bones, and femora are

more prominent in younger age.

MRI of Normal Bone Marrow

MRI s a highly sensitive technique for imaging of normal and
abnormal marrow. The MR appearance of bone marrow is
strongly influenced by the proportion of fat present. Fat pro-
tons are bound in hydrophobic CH, groups of relatively
heavy molecular complexes that permit efficient spin-lattice
relaxation and a short T1 relaxation time, leading to in-
creased T1-weighted signal intensity.!>!” The spin—spin re-
laxation of fat protons, however, results in a relatively long T2
relaxation time with associated increased signal intensity on
T2-weighted images. The signal intensity of red marrow de-
pends on the proportion of fat protons to water protons, and
is lower than that of yellow marrow but higher than that of
muscle with the contrast between red and yellow marrow
most apparent on Tl-weighted and fat suppressed se-
quences.

The signal intensity of red marrow is variable on gradient
echo images. On opposed phase gradient echo images, the
net difference between water and fat proton magnetizations,
which affects the voxel signal intensity, typically approaches
zero as there are usually equivalent amounts of water and
fatin red marrow. However, if there are increased amounts
of fat as in yellow marrow or increased amounts of water as
in infiltrated red marrow, the marrow signal will remain
elevated.!218

Fat suppression sequences are routinely used to null the
signal intensity from fat and increase the conspicuity of
pathologic marrow lesions. Short inversion-time-inversion-
recovery (STIR) sequences have been used to null the signal
of fat protons, allowing for greater conspicuity of pathologic
lesions and uninvolved bone marrow. STIR images have a
reduced signal-to-noise ratio but are less susceptible to mo-
tion artifact as the signal from fat is suppressed. Chemical
shift selective fat suppression also is used frequently in con-
junction with T2-weighted fast spin echo imaging but is sus-
ceptible to magnetic field inhomogeneities especially with
large fields of view.

Patterns of normal bone marrow distribution on MRI in
the spine were reported by Ricci and colleagues.!® With pat-
tern 1, the vertebral body has uniformly low signal intensity
except for some regions near the basivertebral vein; with
pattern 2, there are band-like and triangular areas of high
signal found in the periphery near the endplates and anteri-
orly and posteriorly at the corners of the vertebral bodies;
pattern 3 is characterized by diffusely distributed areas of
high signal intensity consisting of either numerous indistinct
dots or fairly well-marginated areas. In the lumbar spine,
most of the patients with pattern 1 were younger than 30
years old, and there was a monotonic increase in patterns 2
and 3 with age.
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Figure 3 Sagittal T1-fluid-attenuated inversion recovery MR images through lumbar spine in subjects of different age in
both women (A) and men (B). Note increase in high signal intensity fat content in vertebral bone marrow with age.

Duda and coworkers used chemical shift techniques to
demonstrate that there is lower fat content in the marrow of
the sacral vertebral bodies when compared with the lateral
masses of the sacrum in both males and females and attrib-
uted this finding to the peripheral-to-central orientation of
marrow conversion.?® In addition, they found a higher level
of signal intensity in the yellow marrow of the lateral masses
in men than in women and a significantly greater proportion
of sacral nonfatty marrow in women than men.?° Mitchell
and coworkers did report statistically significant sex-related
differences in intertrochanteric marrow composition among
healthy persons younger than 50 years of age, with a greater
proportion of hematopoietic marrow in women than in
men.?! Ishijima and colleagues evaluated the water fraction of
lumbar vertebral bone marrow estimated from chemical shift
misregistration on MRI and noted that the water fraction was
significantly greater in reproductive-age women than in men
of corresponding age.??> Kugel and coworkers, using MR
spectroscopy, demonstrated that the relative proportion of
fat in the vertebral bone marrow increases with age from 24%
in those ages 11 to 20 years to 54% in those of age =61 years
but is less in female subjects than male subjects in the same
age groups (Fig. 3).2> Other studies have failed to show a
significant sex-related difference in vertebral marrow compo-
sition in the lumbar spine of healthy patients. Dooms and
coworkers reported that the values for T1 and T2 relaxation
times of the bone marrow of the lumbar vertebral bodies were
slightly greater for women than men, but this value was not
statistically significant. However, the measurements of T1
and T2 relaxation times did show a progressive and statisti-
cally significant decrease in mean values according to age for
their patient population.?* According to quantitative histo-
logical studies, the mean percentage volume of hematopoi-
etic marrow in adults decreases progressively with age, com-
prising 29.2% in the eighth decade of life as compared with
57.9% in the first decade.?

The enhancement of normal marrow in the adult after the
intravenous administration of a gadolinium chelate is usually
barely perceptible, although a measurable increase in signal
intensity can be calculated if a region of interest is applied to
ascertain signal intensity values.?® Montazel and coworkers
noted that the maximum percentage of enhancement of bone
marrow in the thoracolumbar spine with ultrafast dynamic
MRI was significantly related to age, with greater values in
patients younger than 40 years compared with those ages 40
and older and also noted that the maximum percentage of
enhancement decreased as fat content increased.?’ Perfor-
mance of precontrast and postcontrast T1-weighted fat sup-
pressed imaging with subsequent application of image sub-
traction techniques also can aid in the detection of abnormal
marrow enhancement. Enhancement of the marrow caused
by hypervascularity, increased marrow cellularity, and the
presence of an extensive extravascular space that allows for
contrast agent to pool can be seen in young children.?® In
fact, whole-body MRI has been performed in young adults
and children to assess bone marrow metastasis in its entirety
throughout the skeletal system.?° However, the practical use
of MRI for this purpose is limited.

Radiotracer-Based
Bone Marrow Imaging

Radionuclide bone marrow scan (BMS) is a simple noninva-
sive technique that provides information about the whole-
body distribution of functioning red bone marrow in various
clinical states and also aids in the differential diagnosis of
various disorders.3%-32 Since the introduction of ?®Au colloid
for BMS in 1958, many other radiotracers have been used for
this purpose. Most early radiotracers were noted to have poor
imaging characteristics and/or unfavorable radiation dosim-
etry.>2 However, the introduction of new radiopharmaceuti-



Imaging of normal hone marrow and age-related changes 189
Tahle 1 Radiotracers for Bone Marrow Imaging

Principal Photon Physical Liver/Spleen

Radiotracers Dose (mCi) Energy (keV) Half-Life Localization Activity

99mTe-sulfur colloid 5-15 140 6h RES ++++
99mTc-nanocolloid 10-20 140 6h RES +++
52Fe 0.1-0.2 165, 511 8.2 h Erythropoietic No
"n-chloride 2-4 174, 247 28d Unclear ++
"1n-WBC 0.5 174, 247 28d Probably RES ++
9mTc.WBC 10-20 140 6h Probably RES ++
99mTc-NSAb 8 140 6h Granulopoietic +
8F.FDG 10-15 511 2h Active elements +

cal agents that localize in the bone marrow such as FDG has
substantially improved the quality of scintigraphic images
that can be generated with PET.

Several radiotracers that are used for BMS (Table 1) have
been developed against 3 main targets: (1) the reticuloendo-
thelial system (RES), (2) erythropoietic cells, and (3) granu-
lopoietic cells.?-33 The RES can be imaged by use of radiola-
beled colloids, erythropoietic marrow activity can be imaged
with radioactive iron (°2Fe), and several monoclonal antibod-
ies directed against antigens of granulopoiesis have been de-
veloped for imaging of the granulopoietic marrow.>*3° 1'In
chloride also has been used as a marrow imaging agent, al-
though the exact target cells have not been identified.**3?

At present, ™ Tc-sulfur colloid (SC) is the most commonly
used agent in scintigraphy for bone marrow evaluation.
These particles are taken up by the RES in the red marrow,
liver, and spleen. Because of the smaller particle size, sulfur
colloid prepared by the hydrogen sulfide bubbling technique
(<100 nm) yields better marrow images than that prepared
by acid reduction of sodium thiosulfate (100-1,000 nm).
Nanocolloids (*™Tc-microaggregated human serum albu-
min and *™Tc-antimony sulfide colloid) demonstrate rela-
tive selectivity for bone marrow (15% to 20% of the in-
jected dose) and less hepatic and splenic uptake.30.33:40:41
However, it has been reported that these nanocolloids
show greater background and greater urinary bladder ac-
tivity than *™Tc-SC.

>2Fe citrate is physiologically the ideal agent for the assess-
ment of erythropoietic marrow activity.*? Unfortunately, it is
relatively expensive because it is produced in a cyclotron and
requires PET for its optimal utilization. However, the lack of
radiotracer uptake in the liver and spleen with this approach
allows evaluation of extramedullary hematopoiesis in these
organs as well as in the spine.

n binds to transferrin in exactly the same manner as
iron but the biological behavior of indium and iron is differ-
ent (In>* is not reduced like iron to In?* state) in as many
respects as they are similar,* and marrow !"'In uptake likely
reflects the distribution of erythropoietic marrow. Although
the mechanism of marrow uptake of this radiotracer is un-
clear,® the distribution is similar to that of ®™Tc-SC in pa-
tients with normal bone marrow. Many investigators believe
that ''In is essentially a reticuloendothelial cell agent. Ap-
proximately 30% of ''In is found in the bone marrow, 20%

in the liver, 7% in the kidneys, 1% in the spleen, and the rest
shows nonspecific distribution throughout the body.

9mTc-HMPAO labeled white blood cells are useful as a
good bone marrow imaging tracer. As these granulocytes are
damaged during the labeling process and are therefore
trapped in the marrow, the images presumably represent the
distribution of marrow reticuloendothelial cells. Although
there is considerable liver activity with this technique, it is
significantly less than that seen with the colloid agents so that
the spine is usually minimally obscured.” However, the
labor-intensive cell labeling procedure makes this technique
impractical.

Immunoscintigraphy of the bone marrow has been per-
formed with *™Tc labeled murine monoclonal antibodies
(mTc-NSAb) directed against nonspecific cross-reacting an-
tigen, which is expressed in the cytoplasm and at the cell
membrane of granulocytes in the blood as well as in mature
granulopoietic cells in the bone marrow.>”-*° Granulopoietic
bone marrow cells have a concentration ratio of 50 to 100 to
1 excess when compared with granulocytes in the peripheral
blood. Therefore, *™Tc-NSAb distributes primarily to granu-
lopoietic bone marrow after intravenous injection and pro-
vides high-quality images. However, increasing hepatic and
splenic uptake have been reported after repeated injections of
murine monoclonal antibody.

The distributions of the RES and hematopoietic system are
similar in healthy individuals and in most disease states, as
confirmed by simultaneous imaging with radioactive iron
and radiocolloids.*#+*> Therefore, any tracer that targets ei-
ther of these 2 systems may potentially be used for clinical
purposes to evaluate the bone marrow. However, discrepan-
cies in the distributions of the hematopoietic system and the
RES have been reported, most often in the setting of aplastic
anemia.*® This dissociation has not been seen in patients with
marrow expansion resulting from hemolytic anemia, and in
this setting, radiocolloids appear to be the agents of choice to
demonstrate the extent of marrow expansion and the pattern
of distribution.

FDG

FDG is a glucose analog, and its whole-body distribution can
be imaged by using modern PET instrumentation. After
transport into cells by glucose transporters, FDG becomes
trapped inside the cells after phosphorylation by hexokinase



190

J.S. Blehea et al

Figure 4 Patient with non-Hodgkin’s lymphoma underwent FDG-PET after intense chemotherapy and administration
of granulocyte colony-stimulating factor. Whole-body PET images demonstrate diffusely increased uptake in entire

skeleton and in spleen due to marrow recovery.

to FDG-6-phosphate. Therefore, FDG can approximate the
rate of glycolytic metabolism in both normal and abnormal
states. Tumor cells generally have a greater rate of glycolysis
as a result of the increased activity of glycolytic enzymes and
increased membrane glucose transport. Although FDG is not
a bone marrow-specific tracer, it is useful for examination of
functioning red marrow as well as for detection of bone mar-
row involvement by both benign and malignant disorders.*

FDG-PET allows one to detect lesions directly based on the
degree of metabolic activity rather than on the alteration of
structure, which is in contrast to bone marrow imaging using
other tracers that typically demonstrate uptake in normally
functioning bone marrow and decreased uptake in sites of
disease whether currently active or not. PET/CT provides the
synergistic advantages of precise anatomic localization of ra-
diotracer uptake, high contrast and spatial resolution, and
accurate quantification of metabolic activity at sites of radio-
tracer uptake.*®>2 Uptake of FDG in the skeleton is caused by
active hematopoietic marrow, and its pattern and amount
can vary with age and with the level of marrow function at the
time of PET examination.”

Cytokine therapy-induced hypermetabolic bone marrow
and extramedullary hematopoiesis in the spleen has been
reported with many agents, including *™Tc-SC, *™c-meth-
ylene diphosphonate (MDP), 20! Tl-chloride, 5’Ga-citrate, and
FDG-PET scan imaging.5*> Diffusely increased bone mar-
row uptake on FDG-PET as the result of this condition can
simulate generalized bone marrow metastatic disease. How-
ever, the timing of the FDG-PET study is of value in differ-
entiating these 2 conditions. In general, the metabolic rate of
the bone marrow rapidly will decrease 3 to 5 days after ces-
sation of cytokine therapy, although it can remain higher
than baseline for up to 4 weeks.>® The increased background
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Figure 5 A 38-year-old man with a history of recently diagnosed
brain tumor. Upper, middle, and lower rows show axial, sagittal,
and coronal slices, respectively, of whole-body FDG-PET scan. Left,
middle, and right columns of upper row are at proximal femora, L5
vertebral, and T12 vertebral levels, respectively. Regions of interest
were drawn over sites of corresponding axial slices visualized in
field of view, and the respective SUVs were calculated.
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Figure 6 (A) and (B) demonstrate changes in SUV,,, of proximal femoral and humeral red marrow, respectively, on
FDG-PET imaging in relation to increasing age for women and men. There was no significant difference of FDG uptake
between red marrow of bilateral humeri or bilateral femora, or between red marrow of males and females (P > 0.05, ns).
SUVpnax in extremities declined significantly with advancing age.

uptake of FDG in the bone marrow associated with cytokine
therapy can make assessment of focal marrow metastases and
their response to treatment difficult (Fig. 4). Consequently, it
has been suggested that FDG-PET be delayed for at least 5
days after completion of cytokine therapy when FDG uptake
in bone marrow is more likely to return to near baseline
levels.>”

Assessment of Aging
Effects on Bone Marrow
Metabolism Using FDG-PET

After we obtained institutional review board approval for
retrospective data collection and image analysis, along with a
HIPAA waiver from the Hospital of the University of Penn-
sylvania, we retrospectively examined 112 subjects (56 men,
56 women; mean age, 40 * 20 years, age range, 2-85 years)
to determine age-related changes that occur in the red mar-
row with regard to its distribution and the degree of its met-
abolic activity by whole-body FDG-PET. These 112 subjects
were classified into 8 age categories with equal gender distri-
bution in each as follows: 0 to 15 years (12 subjects), 16 to 25
years (n = 20), 26 to 35 years (n = 10), 36 to 45 years (n =
20), 46 to 55 years (n = 14), 56 to 65 years (n = 16), 66 to
75 years (n = 14), and 76 to 85 years (n = 6). Whole-body
FDG-PET images were performed at 60 minutes after the
intravenous administration of 140 uCi/kg (5.18 MBq/kg) of
FDG by using a dedicated whole-body PET scanner. Maxi-
mum standard uptake values (SUV,,,,) were calculated from
the axial sections of the upper thirds of the humeri and fem-
ora, manubrium of the sternum, 12th thoracic and 5th lum-
bar vertebrae, and anterior superior iliac crests of the pelvis.
All available results from other imaging examinations (MRI,
CT, and conventional radiography), laboratory data, biop-

.
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sies, and the clinical course of these subjects were reviewed to
make certain that the bone marrow sites examined were free
of any known pathologies.

There was no significant difference of SUV,,, in the red
marrow activity and distribution between men and women in
the same age group (P > 0.05, ns) of the entire population.
Also, there was no significant difference of SUV,,,, between
the red bone marrow of either humeri or femora and of the
anterior superior iliac crests of either side (P > 0.05, ns;
Fig. 5). SUV, values in the extremities declined signifi-
cantly with advancing age (range of r = —0.60 to —0.67,P <
0.01; Fig. 6). However, the SUV,,,, in the axial bone marrow
including the manubrium, 12% thoracic and fifth lumbar
vertebrae, and anterior superior iliac crests demonstrated a
weak correlation with advancing age (range r = —0.28 to
—0.48, P < 0.05; Fig. 7).

This is the first endeavor to provide information about the
functioning bone marrow using whole-body FDG-PET. To
our knowledge, no other report in the literature has de-
scribed typical patterns of physiological distribution of the
marrow in the human skeleton by using FDG-PET, or has
assessed the changes in red marrow that occur with normal
aging over a wide age range. However, there are a few limi-
tations to our study. Although we had adopted exclusion
criteria of no chemotherapy for 3 months before imaging and
a lack of detectable bone marrow involvement by malig-
nancy, these subjects were to known to have cancer and
therefore cannot be considered to be completely normal. In
addition, there were only two subjects below the age of 10
years in our study sample, which limits the data we were able
to obtain from individuals in this decade of life. Therefore,
there is room for further prospective studies to evaluate the
bone marrow using FDG-PET in larger populations among
all age groups.
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Figure 7 (A) and (B) demonstrate changes in SUV,, of axial skeleton red marrow of anterior superior iliac crest and
L5 vertebra, respectively, on FDG-PET imaging in relation to increasing age for women and men. There was a
statistically significant but weakly correlated trend of decreasing SUV,,,, in red marrow of these sites with

increasing age.
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Figure 8 Bone marrow segmentation using sagittal T1 MRI images (A). Tracing of the interior of the vertebral body (B).
Segmented yellow marrow by using a threshold interval (C), then subtracting (A) from (B) to obtain a segmentation of

the red marrow (D).

Use of Bone
Marrow Segmentation
on MRI for Quantitative

Calculation of Red Marrow
Metabolism Using FDG-PET

We retrospectively examined 5 subjects (2 men, 3 women,
age 55 * 6 years) who underwent both MRI and FDG-PET to
introduce a new concept for measuring the global metabolic
activity of the red marrow. This concept is based on the
combination of volumetric segmentation data from structural
imaging techniques such as MRI and quantitative metabolic
information provided by functional modalities such as PET.
In all 5 subjects, MRI of the lumbar spine revealed no abnor-
malities and FDG uptake was homogenous in the lumbar
bone marrow. The mean blood glucose level was 96 * 25
mg/dL.

The vertebral volume at L1, L3, and L5 were calculated
from the available MRI studies. The red and yellow marrow
were segmented within the lumbar vertebrae using a novel
technique developed in our department (Fig. 8) and their
volumes were also calculated.’® The mean standardized up-
take values (SUV,,.,) for the bone marrow were calculated in
the lumbar spine, and global red marrow activity was calcu-
lated through the following: (1) whole vertebral metabolic
activity (WVMA) = vertebral volume X SUV,,, of the mar-
row, (2) whole vertebral metabolic activity for yellow marrow
(WVMAy,) = yellow marrow volume X SUV,,,, of fat (ob-
tained from measurements of subcutaneous fat), (3) whole
vertebral vertebral metabolic activity for red marrow
(WVMAgy) = WMVA — WMVAyy; and finally, (4) metabolic
volumetric product (MVP) for red marrow = WMVAgy X red
marrow volume.

The mean volume of the lumbar vertebral body was
15.6 = 1.4 cm?, the average bone marrow SUV e, was 1.5 =
0.3, and the MVP for the lumbar vertebral body was 23.4 *
5.9. The mean volume of the yellow marrow in the lumbar
vertebral body was 7.7 £ 1.1 cm?, the average yellow marrow
SUV,ean Was estimated to be 0.38 = 0.1, and the MVP for
the yellow marrow in the lumbar vertebral body was 2.9 =
0.9. The mean volume of the red marrow in lumbar ver-
tebral body was 7.9 = 1.1 cm?, the average red marrow
SUV pean Was estimated to be 2.6 = 0.6, and the MVP for

the red marrow in the lumbar vertebral body was 20.5 =
5.9.

These data demonstrate the crtitical role of modern
quantitative techniques such as tissue segmentation for
accurate calculation of metabolic activities of complex
structures such as bone marrow. These data also demon-
strate the importance of partial volume correction using
high spatial resolution structural imaging techniques such
as MRI to be combined with PET for accurate assessment
of metabolic activities of small structures such as red mar-
row. Furthermore, these measurements will assist in the
calculation of global metabolic activities of these tissues in
the assessment of normal physiologic as well as pathologic
states.

Conclusion

Structural and functional imaging techniques are available to
assess the state of the bone marrow in health and in a multi-
tude of benign and malignant disorders. Although the role of
structural imaging with MRI has been well established for
evaluation of bone marrow, further studies will be necessary
to determine the complementary utility of metabolic imaging
with FDG-PET as well as other radiotracers. We believe that
the combination of these approaches will ultimately enhance
the role of medical imaging in the management of primary
and secondary marrow disorders.
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