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Abstract

Objective To evaluate the correlation between bone marrow cellularity (BMC) and metabolic activity in healthy subjects and to
see whether yellow marrow is indeed metabolically quiescent. Because metabolic activity can be assumed to reflect vascularity, we
assessed the relationship between regional metabolic activity and geographic frequency of metastases as noted in the literature.
Materials and methods Two hundred and twenty locations (ten in each side of the pelvis and proximal femur) were evaluated in
11 consecutive healthy volunteers with simultaneous PET/MR. BMC was calculated through precise water—fat fraction quanti-
fication with a 6-echo gradient echo. We analyzed correlations between cellularity and SUVr, age, and R2*. We also looked at the
relation between our results and the reported prevalence of metastases.

Results There was moderate but statistically significant correlation between BMC and metabolic activity (» = 0.636, p < 0.0001).
Interestingly, the iliac and sacrum had higher metabolic activity relative to cellularity, whereas the femoral neck and lesser
trochanter showed lower SUVr than other regions with the similar cellularity. The relatively lower metabolic status of the femoral
neck conflicted with its reported high frequency of metastasis. Excluding regions with almost no remaining red marrow,
cellularity showed inverse relationship with age (»r=0.476, p <0.0001) and direct relationship with R2* (»=0.532, p <0.0010).
Conclusions Metabolic activity of bone marrow was largely dependent on BMC while yellow marrow seems metabolically
quiescent. The discrepancy between the assumed vascularity as determined by metabolic activity and reported sites of metastasis
suggested that the process of bone metastasis may not depend entirely on vascularity.
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Introduction

Bone marrow is one of the largest organs in the body, and is
composed of red marrow and yellow marrow [1]. Red marrow
is responsible for hematopoiesis and is largely confined to the
axial skeleton and proximal metaphysis of the long bones in
adults [2]. Red marrow is more vascularized than yellow mar-
row [3, 4], and is the predominant site for hematogenous
seeding of cancer cells [5-7]. Although at the current time
the role of peripheral white or brown adipose tissue is fairly
well understood, the function of yellow marrow remains
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somewhat cryptic [8]. Classically yellow marrow was thought
to be quiescent tissue of limited metabolic importance [9]. A
prior PET/MR study in cancer patients did not find metabolic
activity in fatty marrow [10] but the relationship between cel-
lularity and metabolic activity has not been studied. Also, red
marrow, although considered more metabolically active, may
become functionally quiescent to protect from “exhaustion”
[11]. Hence, it might be important to determine the metabolic
activity of normal subjects yellow and red marrow.
Metastases are felt to follow the distribution of the highly
vascularized red marrow, although there is little information
available about the metabolic activity of hematopoietic mar-
row [12]. Prior authors have suggested a correlation between
metabolic activity and vascularity in normal bone and sug-
gested the concept that metabolic activity could be used as
biomarker assumption of vascularity [13, 14]. Because some
red marrow is assumed to be more quiescent than others, the
other component, fatty marrow could have variable metabolic
activities.. Hence, better knowledge of the relationship
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between metabolic activity and the components of bone mar-
row is needed. This information in and of itself would be
useful in understanding the biologic marrow activity and the
relationship of this map with the distribution of metastasis.

PET/MR is useful for exploring bone marrow metabolism
because of its simultaneous acquisition of metabolic activity
and high tissue-contrast images. According to previous histo-
logical correlation [15], because of the high water content in
hematopoietic cells, we can approximate bone marrow cellu-
larity (BMC) through water fraction quantification with gra-
dient echo images [16]. As has been shown with multiple
studies in the liver, and other organs, multi-echo gradient echo
sequences provide precise water—fat quantification by elimi-
nating B, inhomogeneity effects from the surrounding trabec-
ular network [17, 18].

Therefore, our purpose was to analyze the correlation be-
tween BMC determined from multi-echo gradient echo im-
ages and the metabolic activity of the pelvis and proximal
femur in healthy subjects using PET/MR. We compared the
results with tendencies of metastasis from published literature
to clarify the contribution of metabolic activity to these ten-
dencies. We also investigated the relationship between BMC
and R2* values that suggested regional trabecular patterns.

Materials and methods
Subjects

This prospective study enrolled 11 consecutive volunteers
(age=39.3£12, seven females) with no known cancer or
marrow disorders who underwent PET/MR scans for other
research protocols from March 2015 to November 2015.
This prospective study was approved by institutional ethics
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committee and written informed consent was obtained from
all subjects.

PET/MR examination

All subjects fasted overnight and were required to remain
seated or recumbent to minimize glucose uptake in muscles
after injection of the FDG (~5 mCi dose). One hour after
injection, 10-min simultaneous 3-T PET/MR acquisitions of
the pelvis and proximal femur were acquired on a Biograph
mMR (Siemens Healthcare. Software version: VB20P). We
used an 8-channel spinal coil and a 4-channel flexible surface
coil. Both coils are dedicated PET/MR compatible coils pro-
vided by the vendor.

PET images reconstruction

PET images were reconstructed using a vendor-provided PSF-
OSEM algorithm with three iterations and 21 subsets, 2.80-
mm pixel spacing, and 2.03-mm thick slices. Attenuation cor-
rection was performed using a standard vendor-provided
Dixon sequence. Mean standardized uptake values (SUV
mean) were used to assess FDG uptake of bone marrow.

MR sequence

We measured apparent BMC through water—fat quantification
with 3D Cartesian 6-echo gradient-echo pulse sequences
(Fig. 1). The acquisition parameters were: 48 slices, acquisi-
tion matrix 192 x 126, pixel size =2.08 x 2.08 mm?, slice
thickness/gapping =4 mm/0 mm, flip angle=6°, TR =
11 ms, six echoes with echo time=1.37, 2.66, 4.92, 6.15,
7.33, 8.81 ms, 1 average, acquisition time = 1 min 40s, band-
width = 1240 Hz/pixel. Water—fat signal separation was per-
formed using a graph-cut algorithm with field inhomogeneity
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and R2* correction using the magnitude and phase images
based on a 6-peak fat-signal model [19].

Data analysis

As shown in Fig. 2, 20 (ten on each side) l-cm? representative
regions-of-interest (ROIs) were drawn manually in each sub-
ject on the corresponding axial PET and MR images using
Osirix Lite 8.0 (Pixmeo SARL, Switzerland) in the sacral
ala, iliac bone, ischium, acetabulum, pubic bone, femoral
head, femoral neck, greater trochanter, lesser trochanter, and
femoral subtrochanter by a musculoskeletal radiologist with
10 years of experience. The apparent water fraction for BMC
and R2* in each ROI was extracted.

To standardize the SUV mean in each bone marrow site, we
calculated the FDG SUV ratio (SUVr) normalized by the SUV
in the gluteal muscle in each individual based on previous
reports [20, 21].

Using the measured BMC and SUVr, we analyzed the sym-
metry of each parameter at the corresponding bilateral site.
The expected inverse relationship between BMC and age
was also analyzed. To look for any correlation between red
marrow amount and metabolic activity—in other words, to
show the yellow marrow is metabolically quiescent—we an-
alyzed the correlation between BMC and SUVr of each site.
We compared the relationship between BMC and SUVr with
previously reported prevalence of bone metastasis among our
evaluated sites. We also analyzed the relationship between
BMC and R2*.

Statistical analysis

Pearson correlation was used to assess the correlation of BMC
and SUVr between the bilateral marrow sites. We also used
Pearson correlation to compare BMC and SUVr, age, and

SupbEtrochanter;

Fig. 2 ROIs used in this study. Volume rendering in 3D slicer using a
separate CT volume as the reference standard

R2*. A p value less than 0.05 was considered statistically
significant using SPSS.

Results

As shown in Fig. 3, the apparent BMC and SUVr has a fairly
symmetrical distribution for each of the ROI pairs within in-
dividual subjects (correlation coefficient » = 0.965, p < 0.0001
for cellularity, and = 0.960, p <0.0001 for SUVr).

Excluding the femoral head and greater trochanter, where
almost complete conversion to yellow marrow had already
occurred, there was an inverse correlation between BMC
and age (r=0.476, p <0.0001) as in Fig. 4. The inverse cor-
relation at each region was also confirmed graphically (data
not shown) but we did not analyze each region because the
number of subjects was too small.

Figure 5 shows a moderate but statistically significant lin-
ear correlation between marrow cellularity and its correspond-
ing SUVr (r=0.636, p <0.0001). This suggests that the met-
abolic activity of bone marrow is regulated by its cellularity.
Of all the sites, we found the highest ratio of SUVr to BMC in
the sacrum and iliac in the pelvic ring. While the neck and
lesser trochanter of the femur had the lowest ratio of SUVr to
BMC.

Data from the Rizzoli Institute regarding the first loca-
tions of 4110 metastatic bone tumors showed the high
incidence as 12.6% for the iliac bones and 3.4% for the
sacrum in axial skeleton [22]. These are the same areas of
bone marrow with high FDG uptake to cellularity in our
study. The Rizzoli data showed a high prevalence of met-
astatic tumors in the proximal femur (20.4%) and it has
also been reported that half of femoral metastases occur in
the femoral neck [23]. However, our results showed less
metabolic activity in the femoral neck despite the pres-
ence of a fair amount of BMC.

The relationship between BMC and R2* is shown in Fig. 6.
Combining data from the pelvis, femoral neck, lessor trochan-
ter, and femoral subtrochanter showed a moderate direct cor-
relation (= 0.532, p < 0.0010), but the R2* values in the fem-
oral head and greater trochanter varied despite their consis-
tently low cellularity (»=0.583, p =0.0044).

Discussion

Bone marrow biopsy is still regarded as the gold standard for
bone marrow evaluation. It is, however, invasive and uncom-
fortable for the patient and produces only a small geographi-
cally limited sample. Both PET and MRI have been shown to
be promising methods to provide quantitative assessment of
bone marrow. Using simultaneous PET/MR allows one to
potentially match several indicators of marrow metabolic
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Fig. 3 Symmetry of bone marrow cellularity and SUVr between the left and right ROIs. There was strong symmetricity with correlation coefficients of

7=0.965 in bone marrow cellularity (a) and »=0.950 in SUVr (b)

activity, as FDG-PET scans provide in vivo semi-quantitative
assessment of glucose metabolism by evaluating FDG
uptake [24] and MR imaging enables differentiation of
the two types of bone marrow with high tissue contrast reso-
lution [1].

Yellow marrow has fewer hematopoietic components and
composition of more than 80% fat [2]. It yields higher signal
intensity than skeletal muscle on T1-weighted images. Even
though red marrow shows lower signal intensity than subcu-
taneous fat on T1-weighted images, the signal is still higher
than skeletal muscle, due a fat fraction of 40% [2]. Because fat
is a major component even in red marrow, and MR is sensitive
to fat, a small amount of hematopoietic cells may not be mor-
phologically evaluable on conventional T1-weighted images

[25], marrow cellularity might be a more accurate measure of
the non-fatty components of bone marrow and might be a
window into nonquiescent marrow.

Water and fat can be effectively separated on MR by using
“in- and out of phase” imaging, which was first described by
Dixon in 1984 [16]. In this study, we used a multi-echo gra-
dient echo technique to measure marrow cellularity as it is
known that water—fat quantification by two-point DIXON is
affected by the trabecular network because of By inhomoge-
neity [26], as well as R2* decay. This multi-echo gradient
echo is the optimal method to evaluate the cellular and the
R* values, the trabecular aspects of marrow. Acquiring this
data, concurrently with FDG PET provides additional meta-
bolic data [27].
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It is well known that physiologic conversion from red to
yellow marrow occurs in a symmetrical and predictable se-
quence [1]. Our results mirrored these known relationships
between BMC and age. Our results also showed that the fem-
oral head and greater trochanter of the femur had the lowest
cellularity among the evaluated sites, again as expected [28],
and also showed the least FDG uptake. Sambuceti et al. sug-
gested a threshold SUVof 1.11 to differentiate red and yellow
marrow on PET/CT [29]. Red marrow is known to contain
approximately 60% hematopoietic cells [30], concordant with
our results. Our observation of cellularity and SUVr showed
that 60% cellularity approximated an SUVr of around 1.0. We
also have shown that BMC and metabolic activity were sym-
metrically distributed, as has been noted previously using al-
ternate methodologies [1, 24].
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We found that the metabolic activity of bone marrow cor-
related with BMC, which suggests that the metabolic activity
of bone marrow depends on the amount of cellularity. This
also implied that bone marrow adipose tissue, which is dom-
inant in yellow marrow, is metabolically quiescent.
Previously, Schraml et al. investigated the relationship be-
tween fat fraction with two-point DIXON and FDG uptake
in cancer patients [10]. They showed an inverse correlation
of fat fraction and FDG uptake in bone marrow, which could
be considered to parallel our results. Because our subjects
were free from cancer or chemoradiation therapy, and we used
a multi-echo gradient echo technique to more accurately mea-
sure the water—fat composition, our results are based on nor-
mal bone marrow function with more precise hematopoietic
component quantification, than any prior study.
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Fig. 6 Relationship between BMC and R2*. A direct linear correlation was found in the pelvis and femur, but excluding the femoral head and greater
trochanter (a). Excluded regions showed variable R2* regardless of consistently low marrow cellularity (b)
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When looking at the relationship between BMC and meta-
bolic activity, some parts of the bone marrow had relatively
higher or lower metabolic activity rates even with similar cel-
lularity values. The sacrum and iliac had relatively high SUVr,
while the femoral neck and lesser trochanter of femur had
relatively low SUVr even though they all had similar mea-
sured cellularity. Although this could also be in part due to
imperfect attenuation correction provided by the vendor, our
results suggest interesting information that the metabolic ac-
tivity of hematopoietic cells might vary by location.

If we assume that marrow with high levels of metabolic
activity are also more highly vascularized, we could postulate
that these areas with high metabolic activity would naturally
indicate areas of potential tumor seeding, since the distribution
of’bone metastases is usually explained by the high vascularity
in red marrow [4]. However, this conjecture did not perfectly
agree with epidemiological data of bone metastasis. Among
femur bone metastases, half occur in the femoral neck follow-
ed by subtrochanteric and intertrochanteric sites [23] but our
results showed that red marrow in the femoral neck had rela-
tively low metabolic activity, which is conjectured to reflect
vascularity. Although the static FDG uptake we used to esti-
mate vascularity was not a direct measurement of vascularity
and some caution should be needed for its interpretation, our
finding suggested that the process of bone metastasis might
not be explained by vascularity alone. In fact, despite its clin-
ical importance, the mechanism of tumor metastasis is not
well understood. Historically, the “seed and soil” theory by
Paget [31] has gained acceptance as a basic principle of met-
astatic spread, displacing the hemodynamic theory. The theory
proposes that tumor cells are able to survive and grow in
specific microenvironments in specific organs and are not
ruled only by vascularity [32]. In our results, the bone marrow
metabolic activity, an indication of vascularity, did not perfect-
ly correlate with the reported metastatic tendency, which may
suggest that the process of metastasis could be more compli-
cated than simple tissue vascularity. Consequently, further
studies are needed to better understand why red marrow is
specifically a good soil for metastasis. However, even though
a parallel relationship between glucose uptake and blood flow
was suggested in normal bone tissue previously [13, 14], glu-
cose metabolism is not a direct measurement of vascularity.
Also, this study was not guaranteeing the utility of static FDG
uptake for vascularity assumption in other organs or cancer
tissues. Therefore, exploring the relationship between direct
assessment of vascularity with dynamic contrast enhancement
or dynamic NaF-PET scan and metabolic status or marrow
cellularity would be necessary and helpful for further under-
standing of these complex interactions.

Because R2* values can also be generated using the multi-
echo gradient echo technique, we evaluated the relationship of
BMC and R2*. It is known that the R2* value decreases in
osteoporosis [33, 34]. Our results showed that there was
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positive correlation between cellularity and R2* values in
the pelvis and femur except for the femoral head and greater
trochanter. This may indirectly suggest a decrease in the he-
matopoietic component in osteoporotic bone marrow, as had
been previously suggested [34]. The femoral head and greater
trochanter, however, showed a variety of R2* values despite
their consistently low cellularity. The reason is not clear but
because the R2* value is dependent on the orientation of the
trabecula relative to the polarizing field [35], the value could
vary in some parts of the femur due to rotation or abduction
while in the scanner. In addition, the femoral head can have a
variety of subchondral changes, which can cause susceptibil-
ity effects due to weight-loading articulation. These factors
together can make it hard to perform a reliable R2* evaluation.

Several limitations in this preliminary study should be ac-
knowledged. First, the sample size is relatively small. Our
subjects, however, were all healthy volunteers and the neces-
sity of radiation exposure precluded ethically including more
subjects. To compensate, we evaluated multiple sites in each
individual to maximize the amount of data we could obtain
from the limited number of subjects. In addition, because the
majority of PET/MR studies were not conducted with healthy
volunteers, we believe our study can provide new insight
about normal bone marrow function. Secondly, we used the
data of healthy subjects from another prospective study, so the
age, sex, smoking history, and obesity of the subjects were not
balanced. Although, sex has little potential to affect bone mar-
row function [29], age should have a critical effect and our
subjects were relatively young. A young population, however,
could be more suitable for examining the relationship between
bone marrow metabolism and marrow cellularity because red
marrow converts to yellow with age. Smoking history and
obesity were the factors that could potentially affect marrow
function, thereby, it should be balanced in any future studies.
Thirdly, accurate attenuation correction of bone regions in
PET/MR is still challenging, and the vendor-provided attenu-
ation correction used here was suboptimal. An underestima-
tion of SUV quantification in bone of as much as 14% was
reported previously [36]. However, all the bone regions
should be similarly underestimated and we believe there was
little effect on our correlation analysis. This limitation was
accepted in a previous PET/MR study for bone marrow in-
cluding pelvis and femur [10]. Fourthly, a similar dose of
5 mCi was used for all subjects. The dose should be optimized
depending on the weight, but a relative small dose was only
approved by our IRB. Lastly, we performed cross-sectional
analysis but longitudinal analysis would be more helpful to
understand our results and make them more reliable.

In conclusion, metabolic activity of bone marrow in
healthy subjects was correlated with the amount of BMC,
and the adipose tissue that is dominant in yellow marrow
could be regarded as metabolically quiescent. Furthermore,
while the sacrum and iliac bones showed relatively higher
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metabolic rates than other bones at the same cellularity, the
femoral neck and lesser trochanter of the femur showed lower
rates. Because metabolic activity could be assumed to reflect
vascularity in normal marrow, we compared this tendency
with the previously reported frequency of bone metastasis
and found they did not perfectly agree. This suggests that
the process of bone metastasis may not depend solely on vas-
cularity. However, as metabolic activity is not a direct measure
of vascularity, further studies are required to validate the find-
ings of this preliminary study.
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