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Abstract

Purpose of Review To summarize current knowledge with
regards to age-related changes in the bone marrow from
childhood to senility and discuss how these changes are
affected in patients with osteoporosis.

Recent Findings There is a dramatic increase in marrow
fat content in females around the time of the menopause in
line with a reduction in bone mass. Marrow fat content is
very responsive to physiological changes in estrogen and
increase in marrow fat can be reversed by estrogen
replacement. Marrow fat composition, rather than content,
seems to be related to insufficiency fracture and diabetes.
Summary MR imaging is a very good way of non-inva-
sively studying marrow fat changes throughout life—both
content and composition. Marrow fat content is an inverse
marker of red marrow content. Red marrow content drives
bone perfusion. Bone perfusion affects marrow nutrition
and bone healing. Research into the fascinating bone-fat-
perfusion relationship has only just began.

Keywords Bone marrow - Marrow perfusion - Marrow fat -
Marrow diffusion - Magnetic resonance imaging - Bone
densitometry

This article is part of the Topical Collection on Geriatrics.

D James F. Griffith
griffith@cuhk.edu.hk

Department of Imaging and Interventional Radiology, Prince
of Wales Hospital, The Chinese University of Hong Kong,
Shatin, Hong Kong

Introduction

The study of the relationship between bone, marrow fat,
and bone perfusion is a fascinating one which has only just
began. Imaging-based studies have shown how changes in
bone, marrow fat/red marrow, and bone perfusion parallel
each other throughout life, while laboratory-based studies
have identified pluripotent marrow stem cells with the
ability to differentiate along adipocytic, osteoblastic, and
hematopoietic cell lines. One needs to first appreciate the
physiological age-related changes that occur in the bone
marrow to better understand this bone marrow perfusion
connect as a prelude to recognizing changes that occur in
this relationship with diseases such as osteoporosis and
insufficiency fracture.

The Bone Marrow

The bone marrow is supported by bony trabeculae and a
fibrous retinaculum and contained within a bone cortex of
variable thickness. The bone marrow accounts for 4% body
weight or 2.8 kg in a 70 kg man, such that it only behind
the bony skeleton, the skin, and subcutaneous fat in terms
of weight [1, 2]. A ‘normal’ bone marrow cavity is made
up of trabecular bone (20%), marrow fat (50%), non-fatty
cellular elements (25%), and vascular channels (5%). The
actual composition varies greatly with age, anatomical
location, and physiological state [2]. The non-fatty cellular
elements comprise stem cells, hemopoietic cells (erythro-
cytes, granulocytes, lymphocytes, monocytes, and plate-
lets), and their precursors. Erythropoiesis takes place in
distinct anatomical units (‘erythroblastic islands’); granu-
lopoiesis takes place in less distinct foci, and platelet
production (megakaryocytosis) occurs adjacent to the sinus
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epithelium [1]. Upon maturation, hemopoietic cells trans-
verse the wall of the venous sinuses to enter the blood-
stream, while platelets enter the bloodstream by cytoplastic
processes from megakaryocytes penetrating the sinus wall
into the sinus lumen [1]. Hematopoietic stem cells, which
have the capacity to build the entire adult hematopoietic
system, reside particularly in the metaphyseal regions of
tubular bone, less so in the diaphyseal and hardly in the
epiphyseal regions [3]. They also preferentially located in
the endosteal areas of the medullary canal rather than the
central medullary area [4+¢]. Young hematopoietic stem
cells localize closer to the vasculature than more mature
stem cells suggesting that their location is affected by aging
[5]. With aging, although hematopoietic stem cells are
increased in number, their self-renewal capacity and
potential for marrow reconstitution is reduced [6°¢]. Also
they tend to become more myeloid in their differentiation
potential [6e¢]. This changing behavior of these aging
hematopoietic stem cells may reflect changes in the bone
marrow microenvironment [6°¢].

In wutero, the bone marrow is almost entirely
hematopoietic expect for the epiphyses and apophyses
which are nearly all fat. About two-thirds of full term
infants show fatty marrow change in the toes at the time of
birth [7]. Thereafter with maturation, the appendicular
marrow converts to a mainly fatty marrow in a symmetrical
centripetal fashion from the periphery to the central
skeleton [2]. Simultaneously, red marrow converts to fatty
marrow in the tubular bones proceeding from the diaphysis
to the metaphysis [2, 8] (Fig. 1). This physiological mat-
uration process is known as ‘conversion’ of the bone
marrow. By 10 years of age, marrow conversion of red to
fatty marrow has begun in the diaphyses [2] (Fig. 1). By
20 years, nearly all of the long bone marrow is fatty except
for the proximal metaphyses [2] (Fig. 1). By thirty years of
age, some red marrow remain only in the proximal meta-
physes, and the axial skeletal (pelvis, spine, scapulae,

[111]

Fig. 1 From birth, red marrow converts to fatty marrow from the
periphery to the central skeleton. Superimposed on this, red marrow
converts to fatty marrow in the tubular bones proceeding from
diaphysis to metaphysis until by the age of about 30 years only the
proximal metaphysis contains appreciable red marrow (Color
figure online)
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clavicles, sternum, and skull). This distribution then per-
sists throughout life though with a gradual lessening of the
amount of red marrow and an increase in the amount of
fatty marrow in each of these areas. In the event of an
increased functional demand for hematopoiesis, this
sequence of events can reconvert with fatty marrow
reconverting to red marrow in a reverse, symmetrical
centrifugal manner [9]. When the marrow conversion is
complete, the distribution of red:fatty marrow areas is quite
consistent For example in the hip region, red marrow is
consistently most abundant in the acetabulum > in-
tertrochanteric region and proximal diaphysis > proximal
femoral neck > femoral head > greater trochanter [10ee].

Red and fatty marrow areas are not composed purely of
either non-fatty cells or fat cells, respectively. ‘Red mar-
row’ typically contains about 60% hematopoietic cells and
about 40% fat cells (Fig. 2a, b) while ‘fatty marrow’
contains about 5% hematopoietic cells and about 95%
adipocytes [2, 11]. In other words, ‘fatty marrow’ tends to
be fattier than ‘red marrow’ is red. Fat cells (adipocytes) as
expected contain more lipid than hematopoietic cells.
Hematopoietic cells contain slightly more water and pro-
tein than adipocytes. The approximate chemical composi-
tion of fatty marrow is about 80% lipid, 15% water, and 5%
protein, while that of red marrow is about 50% lipid, 35%
water, and 15% protein [2, 11] (Fig. 3). This is relevant as
MR quantification techniques such as MR spectroscopy use
the fat:water ratio to determine marrow fat fraction (also
referred to as fat content %). Twenty-two different fatty
acids have been identified in the bone marrow and subcu-
taneous fat [12]. Significant differences in fatty acid
composition do exist between marrow and subcutaneous fat
as well as between marrow fat samples obtained from the
proximal femur (predominantly hematopoietic marrow
site) and the proximal tibia (predominantly fatty marrow
site) [12].

Bone Marrow Fat

MR spectroscopy (MRS) is the most widely used method to
measure marrow fat. In the bone marrow, the focus of MRS
is the hydrogen nucleus (proton MRS or 'H-MRS), since
this is the most abundant nucleus and emits the most
intense radiofrequency signal. MRS readout utilizes a
“parts per million or “ppm” scale to describe the “posi-
tion” of the resonance frequencies on the x axis. Because
the position on the x axis is influenced by the microenvi-
ronment of the hydrogen nucleus, MRS has the capacity to
analyze the type of fat as well as the quantity of fat present
in the bone marrow. Non-spectroscopic, yet precise,
methods of quantifying fat fraction are also available such
as the three-point IDEAL (Iterative Decomposition of
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Fig. 2 a Histology of
predominantly red marrow.
There is still a considerable
number of fat cells present.

b Histology of predominantly
fatty marrow. Few red cells are
present (Color figure online)

Chemical Composition
Red Marrow

Chemical Composition
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50% Fat
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5% Protein
Fig. 3 Chemical composition of red marrow and fatty marrow.

Hematopoietic marrow contains more water than fatty marrow (Color
figure online)

35%

15% Protein

water and fat with Echo Asymmetry and Least-squares
estimation) or the 2-point Dixon method which involves
sequential suppression or fat and water. The reproducibility
of "H-MR spectroscopy and fat/water suppression imag-
ing is high, tending to be best in those areas with the
highest inherent fat fraction [13, 14].

Age-Related Changes in Marrow Fat Content
and Composition

Lifelong studies addressing physiological changes in mar-
row fat content show a gradual physiological increase in
percentage marrow fat content with advancing years
[15, 16]. An easily remembered approximation is that
vertebral body marrow fat content increases from 25% at
25 years of age to 65% at 65 years of age [15-18]. The
mean volume of a lumbar vertebral body is about
16 + 1.5 cm® [17, 18]. The fat content of the vertebral
bodies tends to increase from L1 to L4.

Over and above this increase in marrow fat content with
age, MR-based studies have shown how a distinct sex
difference does exist in marrow fat content [15, 19]. From
the time of skeletal maturation to extreme old age, males
show a gradual increase in lumbar vertebral marrow fat
content of 7% per decade throughout life [15, 19]
(Table 1). In contrast, females show a less steep increase in
marrow fat of about 5% per decade up to 55 years though a
dramatic increase in marrow fat content between the ages
of 55 and 65 years [15, 19] (Table 1; Fig. 4). Male lumbar
vertebrae possess about 10% more fat than female verte-
brae of comparable age from skeletal maturation up to
50 years [15]. Between 50 and 60 years, this sex difference
narrows and disappears [15]. By 60 years of age, healthy
females tend to possess about 10% more marrow fat in
their vertebrae than males [19] (Table 1; Fig. 4).

Marrow fat increases as a result of the increase in fat cell
number rather than fat cell size. In the bone marrow, there
are both mesenchymal (i.e., stromal) stem cells and
hematopoietic stem cells. Mesenchymal stem cells have the
potential to differentiate along adipocytic or osteoblastic
cell lines, while hematopoietic stem cells differentiate
along various hematological cell lines. A highly regulated
balance of stem cell proliferation and differentiation
maintains a steady-state functioning marrow. Disease or
aging do affect this homeostatic balance. It is clear that a
shift in this stem cell differentiation process towards the
adipocytic cell line and away from the osteoblastic and
hematopoietic cell lines can result in the change in marrow
constituents seen with increasing age. Over and above this
change in marrow composition, the general ability of the
bone marrow to replenish itself from its own stem cell
populations to seems to diminish with aging [6].

Increased age-related oxidative stress, resulting from an
imbalance between antioxidant function and free radical
production, is a potential influencer of stem cell function as
well as a reduction in circulating estrogen. The bone
marrow is very responsive to changing estrogen levels.
Relatively young women who wundergo surgical
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Table 1 Fat content of lumbar vertebral bone marrow (%) grouped according to age (years) and sex

Age 10-20 21-30 31-40* 41-50* 51-60* 61-70%* 71-80%* 81-90*
Males 24.6% 33.5% 41.4% 47.6% 47.7% 64.2% 64.7% 73.2%
Females 23.5% 27.5% 29.7% 37.0% 41.8% 64.2% 64.7% 73.2%

(* = significant difference between groups P < 0.05) [26]
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Fig. 4 Marrow fat content (%) £SD of L3 lumbar vertebral body
stratified for age. There is a sharp increase in female marrow fat
content between 55 and 65 years of age [20]

oophorectomy, will experience a sharp rise (92%) in
marrow fat that occurs along with a sharp decline (12.5%)
in vertebral bone mass [21¢*]. This deterioration will con-
tinue at a slower rate during over the next two years post-
surgery [21¢°]. Marrow fat content even changes during the
menstrual cycle [22¢¢]. Vertebral bone marrow fat fraction
increased by 2% during the follicular phase and decreased
by a comparable degree during the luteal phase [22e°].
Similarly, bone marrow fat fraction decreased by 5%
during hormone replacement therapy (HRT) in post-
menopausal women and increased after cessation [22ee].
Estrogen seems to regulate bone marrow fat independent of
bone mass and can rapidly reverses the physiological
increase in marrow fat content seen with aging [22e¢].
Although androgen and estrogen levels both decline
physiologically in later years, estrogen levels fall more
sharply in peri- and post-menopausal females leading to a
higher circulating androgen: estrogen ratio. This and other
factors promote an ‘android’ pattern of fat deposition in
post-menopausal females with greater intra-abdominal
(visceral) fat deposition [23, 24] as opposed to the gynoid-
pattern of fat deposition targeting the thighs and gluteal
regions of pre-menopausal women [23, 24]. Visceral fat
deposition (i.e., the android pattern) correlates positively
with marrow fat deposition [25] such that age-related mar-
row fat deposition in females can be considered the bone-
equivalent of android fat deposition. Female marrow fat
content remains consistently about 10% higher than males
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from 65 years to extreme old age. This remains true even
after the error of increasing fat on BMD estimation by DXA
is taken into account [19]. Similar trends are seen in the
sacrum [26] and hip region [10°*]. The hip region is inter-
esting to study as it allows areas of predominantly fatty
marrow and predominantly red marrow to be directly com-
pared. In young people, aged 20-30 years, the marrow fat
content is highest in the greater trochanter (92%) >femoral
head (86%) >proximal femoral neck (74%) >distal femoral
neck, and proximal diaphysis (69%) >acetabulum (54%)
[10ee]. These young males have about 2% more marrow fat
on average than females in the predominantly fatty marrow
areas (greater trochanter, femoral head, and proximal
femoral neck), while in the predominantly red marrow areas
(distal femoral neck, proximal diaphysis, acetabulum), they
have about 10-15% more fatty marrow than females. For
both areas, these gender differences gradually lessen up to
60 years of age [10e¢]. Cessation of menstruation is another
potential reason for increasing marrow fat in elderly
females, though this is not likely to be the dominant cause
given that menstrual blood loss is generally quite low (me-
dian 43 ml per menstrual cycle) [27].

Overall, there is at least a 40-50% increase in fat cell
content with increasing age. This increase in fat cell vol-
ume occurs primarily at the expense of functioning marrow
volume. Although the trabecular volume decreases with
age, the overall percentage decrease in trabecular volume is
small at about 5% in volume. Since the marrow cavity is a
defined space and vascular sinusoids and other marrow
structures do not seem to expand with age, one can infer
that for any increase in fat cell content, there is almost a
corresponding decrease in functioning or red marrow
content [17, 18]. In other words, marrow fat content is a
good surrogate marker for hematopoietic marrow content
(Fig. 5) [17, 18].

An increase in marrow fat is well recognized to be
associated with a reduction in bone mineral density. There
is also a recognized increase in marrow fat in conditions
known to be associated with reduced bone mineral density
such as anorexia nervosa, alcohol abuse, spinal cord injury,
and prolonged bed rest [28+]. Medications associated with
reduced bone mineral density such as glucocorticoid and
thiazolidinediones (oral antidiabetic drug) are also associ-
ated with increased marrow fat [28+]. Higher prevalent
marrow fat also predicts future increased bone loss. Post-
menopausal women with a marrow fat content above the
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Fig. 5 The bone marrow is a confined space. As marrow fat content
increases with age, red marrow content decreases since any age-
related and/or osteoporotic-related change in trabecular bone volume
is relatively small. These physiological changes in the bone marrow
are all exaggerated in patients with osteoporosis [17, 18]

median experienced average bone loss of 4.7% over
4 years, while those with a marrow fat content below the
median only experienced a bone loss of 1.6% [29].
Increased marrow fat may also increase fracture risk. Mean
vertebral marrow fat was 55 and 45% (P < 0.001) in those
with and without a prevalent vertebral fracture, respec-
tively, even after adjusting for the effect of marrow fat on
DXA measurements [30].

MR spectroscopy also has the ability to evaluate the
type as well as the quantity of fat. Young normal controls
have a higher (0.127) portion of unsaturated fat in the bone
marrow than post-menopausal females with osteoporosis
(0.091) [31]. This finding has also been shown by high-
resolution spectroscopic study of iliac crest aspirates [32],
though an earlier study using gas chromatography showed
no difference in marrow fat composition with changing
BMD [12]. Vertebral insufficiency fracture patients were
shown to have 1.7% lower unsaturation levels and 2.9%
higher vertebral marrow fat saturation levels [33e¢]. In the
same study, diabetics had 1.3% lower unsaturation and
3.3% higher vertebral marrow fat saturation levels. Dia-
betics with fractures had the lowest marrow unsaturation
and highest saturation. [33]. Although changing marrow
fat composition was associated with diabetes and insuffi-
ciency fracture, the marrow fat content (%) per se did not
change with either diabetes or fracture [33ee].

Bone Marrow Perfusion
As the two main constituents of bone marrow are red

marrow and fatty marrow, fatty marrow content is a sur-
rogate marker for red marrow content. In other words, the

higher the fatty marrow content, the lower the red marrow
content. This strongly affects bone marrow perfusion as the
more metabolically active red marrow is the main driver of
bone marrow perfusion [17, 18, 34]. As a result, changes in
bone marrow perfusion coincide well with changes in the
marrow content.

Cortical bone receives most (approximately two-thirds)
of its blood supply from the medullary cavity and the
remainder from the periosteal arteries [35]. The medullary
cavity is supplied by larger nutrient arteries that pass
through the bone cortex and run along the center of the
marrow space as ascending and descending nutrient arter-
ies [1]. These arteries give rise to small thin-walled arte-
rioles that extend to the endosteal margin of the cortex.
These arterioles anastomose with a plexus of large thin-
walled venous sinuses composed of flat endothelial cells
with a discontinuous highly permeable basement mem-
brane [1, 36]. The venous sinuses drain via collecting
venules back to the nutrient or emissary veins. This
structural arrangement leads to a higher concentration of
vascular channels and also slower flow at the periphery of
the marrow cavity. Bone trabeculae do not contain vessels
and are dependent on osmosis from the adjacent marrow
for their nutrients. Lymphatic drainage seems to be absent
in the bone marrow [37].

Blood flow is a flow within vessels i.e., intravascular
flow. Perfusion, on the other hand, is a much more
encompassing parameter reliant on a host of variables
beyond blood flow such as capillary surface area, capillary
exchange, interstitial space, interstitial pressure, interstitial
diffusion, and venous flow [17, 18]. In a study of 10 young
patients, lumbar vertebral body blood flow assessed by
PET and a 150-labeled CO2 steady-state technique was
estimated to be 15 ml/min/100 g of healthy bone marrow
[38].

MRI is the most widely used method of assessing tissue
perfusion. Dynamic contrast-enhanced magnetic resonance
imaging (DCE-MRI) (or MR perfusion imaging) involves
the rapid acquisition of serial MRI images before, during,
and after the administration of an MR contrast agent.
Gadolinium chelate contrast agents rapidly diffuse into the
extravascular interstitial space (i.e., the ‘leakage space’), at
a rate determined by blood flow, capillary permeability,
capillary surface area, interstitial pressure, interstitial
space, and interstitial flow. T1-signal intensity increases
proportionate to the concentration of gadolinium chelate.
Pharmacokinetic modeling ideally requires a nearly linear
relationship between gadolinium chelate concentration and
signal intensity. Exact linearity is never achieved and can
only be approximated with low doses of gadolinium che-
late [39]. DCE-MRI permits a depiction of the wash-in and
wash-out contrast kinetics. DCE-MRI or perfusion imaging
is a very robust imaging technique which can be applied to
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bone marrow and extra-osseous tissues. Cortical bone
blood flow is too slow to be measured. Empirical measures
such as maximal signal intensity enhancement (E™**) and
enhancement slope (E®°P®) can be readily obtained.
Reproducibility of bone marrow DCE-MRI perfusion
parameters is sufficiently high, ranging from 0.59 to 0.98
and highest in those areas with better marrow perfusion
[15].

E¥P and E™ are derived from the first-pass phase of
signal intensity enhancement and represent arrival of con-
trast material into the arteries and capillaries and its dif-
fusion into the extracellular space. Although E®°P° and
E™ are indices of perfusion rather than a direct measure
of perfusion, they are strongly predictive of tissue vascu-
larity, microvessel density, and tissue necrosis [40, 41].
Essentially, E*'P° equates more with the ability to deliver
gadolinium to the tissues (vascular supply, capillary net-
work size, permeability), while E™* equates more perfu-
sion demands of the tissue being investigated (metabolic
rate). Perfusion data acquired from dynamic contrast-en-
hanced MR imaging are also amenable to two-compart-
ment pharmacokinetic modeling (such as the Tufts or Brix
models) though the test-retest reliability of the pharma-
cokinetic parameters analyzed is only modest while com-
prehension of what factors contribute to each parameter is
also largely theoretical.

MR-based studies have shown that marrow perfusion
reduces as one grows older [42—44]. Chen et al. were the
first to investigate MR perfusion imaging of bone marrow
perfusion in normal subjects [39]. They showed a decrease
of 62% in Emax (P < 0.005) between subjects aged less
50 years (E™* 58.21 =+ 44.65) and those aged more than
50 years (E™ 21.88 + 14.77) [42]. When analyzed
according to sex, a greater age-related difference was
observed. For females, aged old than 50 years E*'°P° was
80% lower (from 87.17 4 54.13 to 17.98 4+ 13.80) in
those older than 50 years (P < 0.005) [42]. For male sub-
jects, E*P* was 33% lower (from 38.16 + 21.69 to
25.38 £ 15.43) in subjects older than 50 years though this
did not reach statistical significance (P > 0.05) [42]. Ver-
tebral bone marrow perfusion was higher in young females
than young males [42]. However, the rate of perfusion
decline was slower in males, such that vertebral bone
marrow perfusion was higher in elderly males than elderly
females [42]. This pattern closely matches the changes that
occur in red:fatty marrow composition with aging.

Similarly, E™* values were found to be significantly
higher in patients less than 40 years of age compared to
those aged 40 years or older (P < 0.001). Perfusion
parameters decreased with increasing age in a logarithmic
relationship (r = 0.71) paralleling increases in marrow fat
content [43]. Bone perfusion in elderly subjects is related
to bone mineral density (BMD). Even in elderly patients of
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normal BMD, E™* is lower in elderly females
(32.3 £ 8.5%) than elderly males (34.5 £ 13%), while
E¥'°P¢ is higher in elderly females (1.70 & 5.2%/s) than
elderly males (1.48 £ 0.7%/s) [45, 46]. This may relate to
the presence of arterial disease, red marrow volume, and
the metabolic requirements of bone [34]. In other words,
elderly females probably have less atherosclerosis and
hence better bone blood flow (leading to better E*'°P°), but
since their red marrow volume is lower, they have reduced
E™ reflecting a reduced overall metabolic requirement.
The lumbar marrow fat content of elderly females is higher
so their functioning marrow volume and metabolic
requirement is lower. Also in line with changing marrow
fat content, the upper (L1, L2) lumbar vertebral bodies are
better perfused than the lower (L3-L5) vertebral bodies
[47].

Bone perfusion is a critical element in bone fracture
healing, including microfracture healing [17, 18]. This is
particularly relevant to osteoporosis. Bone perfusion
decreases as marrow fat content increases, even to a greater
degree than that expected with normal physiological aging,
in patients with osteopenia and osteoporosis. Patients with
osteoporosis have lower bone marrow perfusion than
patients with osteopenia, while patients with osteopenia
have lower bone marrow perfusion than those with normal
bone mineral density [45-48]. This applies to the hip
region as well as the lumbar spine and reflects the reduction
in red marrow volume/increase in marrow fat volume that
accompanies a reduction in bone mass [34, 48]. This
reduction in bone marrow perfusion can preferentially
affect bone areas at high fracture risk such as the femoral
neck [49]. Reduced perfusion may lead to poor healing of
microfractures, microfracture accumulation, and ultimately
clinical fracture [17, 18]. Non-union of clinical fractures is
also a feature of impaired bone perfusion.

To summarize, vertebral marrow perfusion is higher in
young females than young males. However, perfusion
decreases to a greater degree in females than males. Elderly
female have reduced E™> but not E¥°P° compared to
elderly males [45, 46]. These changes in marrow perfusion
with increasing age tally with lifelong changes observed in
marrow fat content which serves as a reciprocal marker of
hematopoietic marrow content which is turn seems to be
the main driving force behind the perfusion requirements
of bone marrow [34]. Histological studies have also shown
how red marrow volume decreases significantly throughout
life accompanied by a corresponding increase in fat cells
and a decrease in arterial capillary and sinus numbers
[15, 50]. Bone marrow perfusion is also related to
atherosclerosis. A weak negative correlation (r = —0.33,
P = 0.0018) was found between vertebral body E™* and
carotid artery intima media thickness (IMT) age after
adjusting for the effect of sex, age, blood pressure, BMI,
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total cholesterol, high density lipoprotein, and triglycerol
level in a linear regression model (P = 0.008). E™ was
significantly lower in those subjects with intimal thicken-
ing group compared to those with normal intima thickness
(73 £ 23 vs. 90 &+ 27, P = 0.0023) [51].

Younger females have more functioning marrow than
males and thereby require more perfusion. Older females
have less functioning marrow than males and therefore
have lower perfusion requirements. However, elderly
females, possibly as a result of less atherosclerosis, are able
to main E¥°P° but have decreased E™*

Bone Marrow Diffusion

The free movement of water molecules within the extra-
cellular fluid of the bone marrow is affected by the degree
of marrow compaction and amount of interstitial fluid
[17, 18]. The more closely packed the cells, the more
restricted the water motion. Although cell packing is likely
to be one of the main modulators, extracellular water
motion is also dependent on other factors such as blood
flow, capillary permeability, interstitial pressure, tempera-
ture, and the viscosity of interstitial fluid. Overall, bone
marrow viscosity in the proximal femur is several times
greater (123—400 cP) than in more peripheral bones such as
the distal radius or calcaneus (37.5-44 cP) [52]. These
figures can be compared to the viscosity of water which is
1cP.

Diffusion-weighted MR imaging is able to measure
water diffusivity by applying ‘diffusion sensitizing gradi-
ents’ to T2-weighted spin echo sequences using echoplanar
readouts [53]. The strength and duration of diffusion sen-
sitizing gradients are indicated by their ‘b-value’ with a
range of ‘b-values’ being used in diffusion-weighted
imaging (DWI) to interrogate the water diffusion property
of tissues. The ‘b-values’ applied to clinical studies are
such that only the extracellular, and not the intracellular
component, of water diffusivity is being measured.

The most commonly applied measure of water diffu-
sivity in tissues is ‘apparent diffusion coefficient” or ADC.
The ADC of water is 3 x 10-3 mm?%/s [54]. The ADC of
fat is close to zero with values of 0.011-0.012 x 107> for
subcutaneous fat [55]. ADC values of 0.2 x 103 and
0.1 x 107 have been reported for red and yellow marrow
respectively [56].

Age-Related Changes in Bone Marrow Diffusion
Just as marrow content affects marrow perfusion, it also

affects marrow diffusivity. In a study of 36 healthy
subjects (16 men, 14 women), mean age 56 years, no

relationship was found between vertebral marrow ADC
and age applying b values of 400 and 750 s/mm” [57].
Yeung et al. studied changes in bone marrow diffusion in
young (mean age 28 years) and elderly females (mean
age 70 years) [58]. They found that elderly female sub-
jects (n = 20) with normal BMD have significantly
(P = 0.029) lower ADC values in the bone marrow
(0.43 £ 0.08) than young female subjects (0.49 £ 0.08).
The lower water diffusion in the vertebral bodies among
elderly female subjects compared to younger females is
most likely due to age-related increase in marrow fat.
Bone marrow ADC values are reduced when fat marrow
accumulation occurs as judged by iliac crest bone marrow
biopsy [59]. Increased fat packing of bone marrow in the
elderly and, especially those with reduced BMD, are
reflected in lower ADC and diffusion values. The accu-
mulation of fat cells within the bony trabeculae restricts
extracellular diffusion and leads to a fall in ADC and
diffusivity. ADC values in females aged less than
50 years were overall significantly higher than males
(presumably reflecting reduced fat packing), while ADC
values of post-menopausal females were lower than pre-
menopausal females (reflecting increased fat packing)
[60e]. Particularly among females, ADC values reduced
with increasing age [60¢]. These are expected results
given the known changes that occur in the lumbar bone
marrow with age, especially in females [60¢].

Bone Marrow Metabolism

Since trabecular bone and marrow fat have relatively low
metabolic rates, bone marrow metabolism is predominantly
a feature of functioning or red marrow content.

'®E_flurodeoxyglucose (FDG) is a glucose analog and its
whole body distribution can be imaged and quantified
using positron emission tomography (PET). Following
intravenous injection, FDG is transported into cells by
glucose transporters where it is trapped through phospho-
rylation by hexokinase to produce FDG-6-phosphate [61].
Based on the degree of glucose utilization, FDG accumu-
lation provides a measure of tissue metabolic activity.
Although FDG-PET imaging is not a bone marrow specific
tracer, it can be used as a useful measure of bone marrow
metabolic activity [61].

Age-Related Changes in Bone Marrow Metabolism
Positron emission imaging allows assessment of bone
marrow metabolism using '*F-fluorodeoxyglucose positron

emission tomography (FDG-PET) imaging. Combining
volumetric data from magnetic resonance imaging and
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quantitative metabolic information from positron emission
tomography (PET) has been used to calculate the relative
metabolic activity of red and yellow marrow in the L1, L3,
and L5 vertebral bodies [62]. The mean volume of the
lumbar vertebral bodies in five middle aged subjects (age
55 + 6 years) was 15.6 & 1.4 cm® of which about 50%
was red marrow and 50% fatty marrow. The mean SUV
(standardized uptake value) max of fatty marrow and
hematopoietic marrow was 0.38 £ 0.1 and 2.6 £ 0.6,
respectively. In other words, the metabolic activity of red
marrow was deemed to be about 7 times that of fatty
marrow [62]. In a related PET imaging study, bone marrow
metabolic activity (also as judged by SUV max) tended to
decrease with advancing years more in the proximal
femora and humeri (correlation coefficient —0.60 to —0.67,
P < 0.01) than the axial skeletal (sternal manubrium, 12th
thoracic, 5th lumbar vertebra, and iliac crests) correlation
coefficient —0.28 to —0.48, P < 0.05) with advancing age
[63].

Conclusion

There exists in the bone marrow pluripotent stem cells with
the ability to differentiate along hematopoietic or adipo-
cytic/osteoblastic cell lines. Marrow fat increases
throughout life. As marrow fat increases, there is a recip-
rocal decrease in red marrow content, bone mass, bone
perfusion, and marrow diffusivity. There is a dramatic
increase in marrow fat in females around the time of
menopause, as bone mass decreases. Marrow composition
also changes thoughout life with a decrease in the amount
of unsaturated marrow fats. Marrow fat content inversely
reflects the red marrow content of bone. The more
metabolically active red marrow drives bone blood flow
which is critical to bone healing.

It is clear that the hard component of bone cannot
be studied in isolation. One clearly needs to encompass
a more encompassing paradigm encompassing the
closely intertwined bony and marrow elements to more
fully understand bone physiology and pathology. MRI
is an exceptional imaging modality for determining
age- and other related changes in marrow content and
composition.
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