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Abstract

Bone research in osteoporosis has quite rightly focused
on the mineralised component of bone as this is the
component that is ultimately responsible for bone
strength. However, the non-mineralised component of
bone, i.e. the bone marrow, is many times more
metabolically active and responsive than the mineralised
component of bone. Despite this, the bone marrow has
been relatively overlooked with regard to the pathogen-
esis of osteoporosis and related conditions. This has
changed with magnetic resonance imaging and positron
emission tomography allowing non-invasive quantifica-
tion of bone marrow physiology and pathology on a large
scale. Aspects of the bone marrow that can be evaluated
on imaging are marrow fat content, perfusion, molecular
diffusion and metabolic activity. There are many ways in
which bone marrow metabolism may potentially influ-
ence bone metabolism. For example, the bone marrow
forms the microenvironment of biologically relevant
endosteal and trabecular bone and this bone may be
responding to changes in the bone marrow. Similarly, the
bone marrow contains pluripotent mesenchymal stem
cells with the ability to differentiate preferentially along
either haematopoetic, adipocytic or osteoblastic cell
lines. Preliminary research has shown how bone loss in
senile osteoporosis mass is accompanied by scalar
changes in marrow fat content, marrow perfusion and
marrow diffusion. Similar to the bone loss of osteopo-
rosis, the bone marrow changes in osteoporosis represent
an exaggeration of physiological age-related change.
Bone marrow changes occur in synchrony rather than
pre- or post-date changes in the mineralised component
of bone. Whether the bone marrow is an active
contributor or a passive bystander to physiological and
osteoporotic bone loss remains to be seen.
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1 Background

Bone densitometry, high resolution imaging techniques to
access bone architecture and advanced image analytic plat-
forms have greatly improved our understanding of osteopo-
rosis particularly with respect to bone structure and strength
prediction over the past three decades (Link 2012). This
osteoporotic research has quite rightly focused on the hard
tissue component of bone as this is the component that ulti-
mately gives bone its strength. The marrow cavity, never-
theless, also forms a major constituent of bone and has, until
recently, received relatively less attention regarding osteo-
porotic research. Yet, bone marrow is a more metabolically
active tissue than mineralised bone tissue and several plau-
sible mechanisms existing through which the bone marrow
may influence bone metabolism. Our knowledge of bone
marrow metabolism has been greatly assisted by MR and
PET-CT technology which allows, for the first time, a quan-
titative non-invasive study of the bone marrow. This study
has focused on lifelong physiological changes in the bone
marrow as well as how the bone marrow is affected in com-
mon musculoskeletal disorders such as osteoporosis, marrow
infiltration, osteoarthritis and disc degeneration. The bone
marrow is one of the most voluminous and metabolically
active organs in the human body, that undergoes progressive
change throughout life and is involved in perfusion or nutri-
tion of adjacent structures. It is hoped that the bone marrow
may provide some answers that exist regarding the patho-
genesis of these common musculoskeletal diseases.

For example, with respect to osteoporosis, one could
argue that current densitometry techniques and even high
resolution imaging techniques are diagnosing osteoporosis
too late (Griffith et al. 2010). By the time osteoporosis is
recognised by densitometric techniques, bone strength is
already significantly impaired. Pharmaceutical agents can
stall or retard the osteoporotic process but will not return
bone strength to normal. Thinned cortices and trabeculae
may thicken with osteoporotic treatment, but those trabec-
ulae that have absorbed will not return such that impaired
bone strength persists even with a good treatment response.
Also, for subjects with normal bone density or low bone
mass (osteopenia), prediction of which subjects will pro-
gress to more severe degrees of bone loss and impairment of
bone strength, is not sufficiently accurate to select those
patients which will particularly benefit from osteoporotic
treatment. In addition, osteoporosis is associated with sev-
eral other conditions such as steroid use, atherosclerosis,
vascular calcification, diabetes, dyslipidaemia and Alzhei-
mer’s disease though the pathogenetic mechanisms linking
these diseases to osteoporosis are not fully understood
(Manolagas and Almeida 2007). One can appreciate that
finding a contributory link between these diseases and

osteoporosis would be a significant step towards the
development of a common single therapy.

2 Bone Marrow

The bone marrow is supported by trabeculae and a fibrous
tissue retinaculum and surrounded by a bone cortex of
variable thickness ranging from approximately 1 to 5.5 mm.
The actual composition of the bone marrow varies with
anatomical location, physiological well-being and age
(Hwang and Panicek 2007) though in general is made up of
trabecular bone (approx 20 %), fatty marrow (approx
50 %), non-fatty functioning marrow (approx 25 %) and
vascular channels (approx 5 %). Non-fatty functioning
marrow comprises cells derived from the haematopoetic
cell line (erythrocytes, granulocytes, lymphocytes, mono-
cytes, platelets and osteoclasts) as well as stem cells.

At birth, the bone marrow is nearly entirely haematopoetic
except for the epiphyses and apophyses which are mainly fat.
With maturation, the haematopoetic appendicular marrow
converts to a predominantly fatty marrow in a symmetrical
centripetal fashion from the periphery to the central skeleton
(Hwang and Panicek 2007). Superimposed on this centripedal
conversion, haematopoetic marrow converts to fatty marrow
in the tubular bones proceeding from the diaphysis to
metaphysis (Hwang and Panicek 2007; Hartsock et al. 1965)
(Fig. 1). At 10 years of age, marrow conversion of red to fatty
marrow has begun in the diaphyses (Hwang and Panicek
2007). By 30 years of age, some red marrow remains only in
the proximal metaphyses, and the axial skeletal (pelvis, spine,
scapulae, clavicles, sternum and skull). In the event of an
increased functional demand for haematopoesis such as
smoking or malignancy, this sequence of events can reconvert
with fatty marrow reconverting to red marrow in a reverse,
symmetrical centrifugal manner (Poulton et al. 1993).

Red and yellow marrow areas are not composed purely of
either non-fatty cells or fat cells, respectively. ‘Red marrow’
typically contains about 60 % haematopoetic cells and about
40 % fat cells (Fig. 2a, b) while ‘fatty marrow’ contains about
5 % haematopoetic cells and about 95 % adipocytes (Hwang
and Panicek 2007; Steiner et al. 1993). In other words, ‘fatty
marrow’ tends to be more ‘pure’ than haematopoetic marrow.
Fat cells (adipocytes) as expected contain more lipid than
haematopoetic cells while haematopoetic cells contain slightly
more water and protein than adipocytes. The approximate
chemical composition 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 (Hwang and Panicek
2007; Steiner et al. 1993) (Fig. 3). This is relevant since
quantification techniques such as MR spectroscopy (MRS) use
the fat: water ratio to determine the % marrow fat fraction
[also referred to as marrow fat content (%)].
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The pH of the marrow cavity is not known though the pH
of extravascular tissues is generally lower than that of
arterial blood (pH 7.4) and venous blood (pH 7.36) (Arnett
2010). The oxygen tension of normal bone marrow is about
52 mmHg (6.6 %) which is lower than that of arterial blood
(95 mmHg, *12 %) and higher than that of veno-capillary
blood (40 mmHg, *5 %) (Arnett 2010). In normal tissues
other than the bone marrow, median interstitial oxygen
tension levels measure *3–9 % (Arnett 2010).

The marrow cavity is supplied by large nutrient arteries
that pass through the cortex into the medullary canal
(Travlos 2006). Ascending and descending nutrient bran-
ches give rise to small thin-walled arterioles that extend
towards the periphery where they give rise to capillaries
piercing the bone cortex and also merge with thin venous
sinuses lined by flat endothelial cells. These endothelial
cells lack a tight junction though may overlap or interdig-
itate facilitating two-way passage of haematopoetic cells

Fig. 1 From birth, red marrow
converts to fatty marrow from the
periphery to the central skeleton.
Superimposed on this centripedal
pattern, red marrow converts to
fatty marrow in the tubular bones
proceeding from diaphysis to
metaphysis until by the age of
20 years only the proximal
metaphyseal area contains
appreciable red marrow

Fig. 2 a Histology of
predominantly red marrow.
There is still quite an abundance
of fat cells present. b Histology
of predominantly fatty marrow.
There are only a few red cells
present. In other words fatty
marrow is more fatty than red
marrow is red

Fig. 3 Chemical composition of red marrow and fatty marrow.
Haematopoetic marrow contains more water than fatty marrow
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(Travlos 2006; Lichtman 1981; Brookes 1974). The venous
system drains via collecting venules back to the nutrient or
emissary veins. This arrangement of vessel from central to
peripheral, leads to a higher number of vascular channels
and slower flow at the periphery of the marrow cavity. The
thin (50–150 lm) trabeculae do not possess a Haversian
system or capillary system though do, similar to cortical
bone, posses a fine canalicular network linking embedded
osteocytes to the bone surface. The cortex receives its blood
flow from capillaries piercing its endosteal and periosteal
surfaces and running within the Haversian system. As a
rough guide, the outer one-third of the cortex is supplied by
the periosteal arteries while the inner two-thirds of the
cortex and the constituents of the marrow cavity are sup-
plied by the nutrient arteries. Absolute bone blood flow in
humans is not easy to measure though has been estimated to
be approximately 11 % of cardiac output or 7 ml/min/100 g
in humans (Brookes 1974; Van Dyke et al. 1971). More
recently, in a study of ten young patients, lower vertebral
body blood flow measured by PET and a 15O-labelled CO2

steady-state technique was deemed to be approximately
15 ml/min/100 g bone marrow (Kahn et al. 1994).

3 Links Between the Bone Marrow
to Bone Metabolism

There are many tens of ways in which bone marrow prop-
erties may affect bone metabolism. From the imaging per-
spective, these following seem to be the most relevant.
(1) There exists in the bone marrow, pluripotent mesen-

chymal stem cells that have the potential to differentiate
along osteoblastic, adipocytic and haematological cell
lines (Gimble and Nuttall 2004). Reduction in estrogen
and oxidative stress may cause a drift in mesenchymal
stem cell differentiation towards adipocytosis and away
from osteoblastogenesis or haematopoesis (D’Ippolito
et al. 2006; Fatokun et al. 2006; Shouhed et al. 2005;
Kha et al. 2004; Duque 2008; Rosen and Klibanski
2009). Also adipocytes once formed are potentially self
promotive whilst simultaneously actively suppressing
osteoblastogenesis (Gimble and Nuttall 2004; Duque
2008; Lecka-Czernik et al. 2002).

(2) Bone receives much of its signalling from the bone
marrow and the most metabolically active bone areas
are those in immediate contact with the bone marrow.
The most metabolically active component of bone is the
endosteal surface of the cortex with trabeculae bone
being the next most metabolically active area (Parfitt
2002). The active unit of bone metabolism, i.e. the basic
multicellular unit also lies in close contact with the
marrow. Bone metabolism is possibly influenced by
changes in the marrow microenvironment. For example,

decreased Ph and deceased oxygenation will increase
osteoclast formation and activity (Arnett 2010).

(3) Mechano conduction and mechano sensation are terms
which embody the principle of bone metabolism being
influenced by interstitial fluid flow along osteocytes.
Reduced bone blood flow will lead to reduced inter-
stitial fluid flow and reduced shear stresses between
osteocytes (Letechipia et al. 2010; Cowin 2002;
McCarthy 2005, 2011). These shear stresses stimulate
local release of bone remodelling mediators such as NO
and PGI2 with the functionally important bone
remodelling units and may be related to the rapid loss
on bone (and muscle) mass seen microgravity. Osteo-
cytes also produce VEGF which may stimulate bone
perfusion.

(4) Good perfusion is a pre-requisite for fracture healing and
most bone perfusion comes from the marrow. In contrast,
compromised perfusion may aggravate microfracture
accumulation which is an integral part of insufficiency
fracture development.

(5) Long chain polyunsaturated fatty acids, or a change in
the n - 6/n - 3 ratio, can affect bone metabolism. For
example, long chain n - 6 fatty acids such as arachi-
donic acid and its metabolite prostaglandin PGE2 are
pro-inflammatory with PGE2 being a potent stimulator
of RANKL expression. This can reduce the OPG/
RANKL ratio and may increase osteoclastogenesis
(Coetzee et al. 2007). Alternatively, long chain n - 3
fatty acids such as eicosapentaenoic acid, docosahexa-
enoic acid and c-linolenic have anti-inflammatory
activity and may inhibit this PGE2-stimulated increase
in RANKL expression (Poulsen et al. 2008). In other
words, a change in the fatty acid milieu of bone may
affect bone metabolism.

(6) Bone and vasculature metabolism are so closely con-
nected that, at a molecular level, there exists well over
a hundred potential mechanisms whereby arteries can
interact with bone and vice versa (Demer and Tintut
2009; Hamerman 2005). Broadly speaking, an arterial
disorder may be affecting bone; a bone disorder may
be affecting arteries or both tissues may be influenced
by common extraneous factor or factors. For example,
endothelial dysfunction itself has a potent downstream
effect on bone metabolism by decreasing local pro-
duction of nitric oxide and prostaglandin E2 (PGE2)
(both of which stimulate osteoblasts and inhibit
osteoclasts), decreasing production of PGI2 (which
inhibits osteoclasts) and decreasing production of the
bone matrix protein osteopontin (Bloomfield et al.
2002). In other words, endothelial dysfunction may,
through local mediators, reduce osteoblastic and
increase osteoclastic activity (Bloomfield et al. 2002;
Wimalawansa 2010).
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The remaining part of this chapter will address functional
imaging techniques used to assess changes in the bone
marrow, will look at what is known about lifelong changes
in marrow fat, perfusion and diffusion and will look at how
these processes are greatly affected in osteoporosis.

4 Bone Marrow Fat

4.1 Measurement of Marrow Fat

Proton MRS is the most widely used method to quantita-
tively assess marrow fat. MRS uses the fat: water ratio to
determine the fat content (Figs. 4, 5). An obvious limitation
is that a constant water content (%) is assumed. In other
words, fat: water ratios may change due to a change in
water content rather than fat content. MRS requires a
minimal volume of approximately 1 cm2 to acquire a suf-
ficient signal to noise ratio. Other non-spectroscopic yet
precise methods of quantifying fat fraction are available
such as the two-point Dixon method which involves
sequential suppression or fat and water, the three-point
Iterative Decomposition of water and fat with Echo
Asymmetry and Least-squares estimation (IDEAL) (Gerdes
et al. 2007), or the analogous Gradient-Echo Sampling of
the Free Induction Decay and Echo method (Wehrli et al.
2000). The accuracy of MRI spectroscopic and non-spec-
troscopic methods in detecting the relative amounts of water
and fat has been tested against 11 different emulsions of
increasing fat content. This study confirmed a high corre-
lation (r2 [ 0.92) between MR methods of fat quantification
and the % fat volume fraction within test bottles (Bernard

et al. 2008). Also, reproducibility of proton MRS in a
clinical setting is high, ranging from 0.78 to 0.85, with the
highest reproducibility being in those areas with the highest
inherent fat content, i.e. the femoral head and lowest in the
femoral neck (Griffith et al. 2009).

Fig. 4 1H MR spectroscopy
examination. a Sagittal T2-
weighted MR image showing
positioning of volume of interest
(VOI) for proton spectroscopy of
L3 vertebral body. b Coronal
oblique T1-weighted image of
proximal femur showing VOI’s
used to measure fat content (%)
in the femoral head, neck, and
shaft

Fig. 5 Typical 1H MR spectra in a normal subject with little marrow
fat and b osteoporotic subject with a large amount of marrow fat
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4.2 Physiological Changes in Bone Marrow
Fat Content

An inverse relationship between increasing marrow fat and
trabecular bone loss in senile osteoporosis has been recog-
nised histologically for 40 years (Dunnill et al. 1967).
However, it is only recently, though MRS and other
MR-based techniques that marrow fat content can be
quantified non-invasively on a large scale (De Bisschop
et al. 1993; Schellinger et al. 2000; Kugel et al. 2001; Jung
et al. 2000; Wehrli et al. 2000; Shih et al. 2004; Chen and
Shih 2006; Liney et al. 2007) and at different anatomical
sites (Duda et al. 1995) There is a gradual physiological
increase in percentage marrow fat content with advancing
years (Kugel et al. 2001; Griffith et al. 2012). An easy
approximation to remember is that vertebral body marrow
fat content is 25 % at 25 years and 65 % at 65 years of age
(Kugel et al. 2001; Griffith et al. 2012).

There is also a distinct sex difference does exist in
marrow fat content (Kugel et al. 2001; Griffith et al. 2012).
Young males have about 10 % more fat in their marrow
than females of equivalent age up to about 50 years of age
(Kugel et al. 2001). Males show a gradual steady increase in
marrow fat content of 7 % per decade throughout life from
young to old (Kugel et al. 2001; Griffith et al. 2012)
(Table 1, Fig. 6). Females, in contrast, show a less steep
increase in marrow fat of about 2–7 % up to 55 years and
then a dramatic increase between the ages of 55 and
65 years (Kugel et al. 2001; Griffith et al. 2012) (Table 1,
Fig. 6). By 60 years of age, healthy females tend to possess
about 10 % more marrow fat in their vertebrae than males
(Griffith et al. 2012) (Table 1, Fig. 6).

The sharp rise in marrow fat content with the menopause
may be due to a reduced haematopoietic requirement with
cessation of menstruation. This may not, however,be the only
cause given that menstrual blood loss is generally quite low
(median of about 43 ml per menstrual cycle) (Gao et al. 1987).
The sharp increase in marrow fat content in early post-meno-
pausal females may be a more direct effect of estrogen defi-
ciency influencing fat deposition (or stem-cell differentiation)
both inside and outside the skeleton. In this respect, the increase
in marrow fat content does tally with changes in female extra-
skeletal fat distribution recognised to occur at this time.

Androgen and estrogen levels both decline in later years,
though estrogen levels fall more sharply in menopausal

females leading to a higher circulating androgen: estrogen
ratio. This, and other factors, promotes greater intra-abdominal
or visceral fat, i.e. an ‘android’ pattern of fat deposition in
post-menopausal females (Toth et al. 2000; Blouin et al. 2008).
This is different to the gynoid-pattern of fat distribution seen in
pre-menopausal women when fat accumulates in the gluteal
and thigh areas (Toth et al. 2000; Blouin et al. 2008). Whilst
there is no specific literature available on the relationship
between estrogen and marrow fat content, it is known that
visceral fat content (i.e. an android pattern of fat distribution)
does correlate positively with marrow fat content (Bredella
et al. 2011). It is feasible, therefore, that the increased
marrow fat content seen in females in the post-menopausal
era may be the bone-equivalent of android fat deposition.
Android fat deposition is also associated with increased risk
of cardiovascular disease and metabolic syndrome (Bredella
et al. 2011).

Similar findings are found using multivoxel chemical shift
registration MR imaging to measure variation in the water
fraction of the lumbar vertebral bone marrow with age and sex
(Ishijima et al. 1996). The water fraction for males was 75 %
for young males, decreased to about 50 % for middle-aged
males and remained almost constant for later years (Table 2,
Fig. 7) (Ishijima et al. 1996). Conversely, in females, the
water fraction for young females remained fairly constant at
around 70 % but decreases quite rapidly around the time of
menopause such that it is lower than in males during later

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 52.0 53.8 64.0

Females (%) 23.5 27.5 29.7 37.0 41.8 64.2 64.7 73.2

*Significant difference between groups P \ 0.05 (Kugel et al. 2001; Griffith et al. 2012)

Fig. 6 Marrow fat content (%) of lumbar vertebral body stratified for
age and sex (Kugel et al. 2001; Griffith et al. 2012)
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years (Table 2, Fig. 7) (Ishijima et al. 1996). This tallies with
the previously noted lifelong changes in % fat content since
fatty marrow contains much less water (*5 %) than red
marrow (*35 %) (Hwang and Panicek 2007).

Overall, there is at least a 40–50 % increase in fat cell
content with increasing age. This increase in fat cell volume
will occur at the expense of functioning marrow volume.
Trabecular volume decreases by about one-third to one-half
with increasing age, though the relative percentage of the
marrow space occupied by trabecular bone is small. Since,
the marrow cavity is a defined space and vascular sinusoids
do not seem to expand with age, one can infer that an
increase in marrow fat content is really a marker for a
decrease in the amount of functioning marrow, i.e. a
decrease in red marrow volume.

4.3 Changes in Marrow Fat Content
in Osteoporosis

Over and above the physiological increase in marrow fat
content with age, osteoporosis is associated with an even
greater increase in marrow fat content. In the third lumbar
vertebral body, for example, post-menopausal subjects with
normal bone mineral density (BMD) have less marrow fat
content than subjects with osteopenia. Similarly, subjects
with osteopenia have less marrow fat content than this
with osteoporosis (De Bisschop et al. 1993; Schellinger
et al. 2000; Kugel et al. 2001; Jung et al. 2000; Wehrli et al.
2000; Shih et al. 2004; Chen and Shih 2006; Liney et al.
2007; Griffith et al. 2005, 2006; Shen et al. 2007; Tang
et al. 2010; Liu et al. 2010) (Table 3). The proximal femur,
which has a higher fat content than the vertebral body, also
shows similar changes in increasing marrow fat content as
the bone becomes more osteoporotic (Griffith et al. 2008)
(Table 3). Even the femoral head, which has a very high
intrinsic fat content, also shows an increase in marrow fat
content with decreasing BMD though this increase is not as
pronounced as in other areas.

4.4 Possible Erroneous Effect of Increasing
Marrow Fat

It is possible that the aforementioned findings of increasing
marrow fat content with decreasing BMD as measured by
dual X-ray absorptiometry (DXA) may be spurious due to
the effect of increasing marrow fat on BMD estimation by
DXA. Increase in marrow fat content may cause an erro-
neous reduction in BMD measurements made by DXA
(Sorenson 1990; Bolotin 1998; Bolotin et al. 2001; Bolotin
2007). This is because DXA evaluates BMD by measuring
the transmission of X-rays at two different photon energies
(Blake et al. 2009). The mathematical theory of DXA (basis
set decomposition) holds that across a broad range of
photon energies, the X-ray transmission factor through any
physical object can be decomposed into the equivalent areal
densities (g/cm2) of any two designated materials (Blake
et al. 2009). For DXA scans, the two materials chosen are
bone mineral (hydroxyapatite) and lean tissue. As a result,
DXA measurements will only accurately reflect true BMD

Table 2 Water fraction of lumbar vertebral bone marrow (%) grouped according to age (years) and sex

Age 5–14 15–24 25–34* 35–44* 45–54* 55–64 65–74 75–84*

Males 75.2 69.0 53.7 51.1 52.9 48.8 48.1 48.2

Females 78.9 75.0 69.3 70.9 61.1 49.7 46.0 39.7

*Significant difference between groups P \ 0.05 (Ishijima et al. 1996)

Fig. 7 Marrow water content (%) stratified for age and sex (Ishijima
1996)
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if the object being examined is composed entirely of
hydroxyapatite and lean tissue. In practice, the human body
is made up of not two but three main types of tissue, namely
bone, lean tissue and fat. Neglecting the difference between
lean and fat may lead to a spurious reduction in DXA–BMD
measurement. When marrow fat content is known, DXA
estimation of BMD needs to be corrected by 0.0014 g/cm2

in women and 0.0016 g/cm2 in men for every 1 % increase
in marrow fat about zero (Blake et al. 2009). Applying this
correction, the aforementioned results of increasing marrow
fat with decreasing BMD still hold true.

4.5 Does Marrow Fat Composition Change
with Reducing BMD?

Since changes in marrow fat composition can affect bone
metabolism in vivo, and diets rich in polyunsaturated fats can
affect BMD, it is conceivable that changes in marrow fat
composition can affect bone metabolism (Yeung et al. 2005).
To address, this question samples of marrow fat and subcuta-
neous fat from 126 subjects (98 females, 34 males, mean age
69.7 ± 10.5 years) undergoing orthopaedic surgery were
analysed for fatty acid composition using gas chromatography
and results correlated with BMD–DXA (Griffith et al. 2009;
Yeung et al. 2008) (Fig. 8a, b). A total of 22 fatty acids were
identified in marrow and subcutaneous fat. Significant differ-
ences existed between marrow and subcutaneous fat fatty acid
composition as well as between marrow fat samples obtained
from the relatively haematopoietic proximal femur and rela-
tively fatty proximal tibia. Other than cis-7-hexadecenoic acid
[C16:1 (n = 9)] and docosanoic acid [C22:0], no difference in
marrow fatty acid composition was evident between subject
groups of varying BMD (normal, low bone mass and osteo-
porosis). In particular, the overall polyunsaturated fatty acid
content, the n - 6/n - 3 ratio and the percentage composition
of those fatty acids most frequently implicated in bone
remodelling, namely docosahexaenoic acid, arachidonic acid,
c-linolenic acid and eicosapentaenoic acid, were unchanged in
subjects with normal BMD, low bone mass or osteoporosis
(Griffith et al. 2009). Overall, it seems less likely that a
change in marrow fat composition is directly affecting bone

metabolism. The two associations found between fatty acid
composition and BMD may be inconsequential given that they
account for\1 % (for C16:1(n - 9)) and\0.1 % (for C22:0)
of the total marrow fatty acid composition and they do not have
any known effect on bone metabolism (Griffith et al. 2009).

5 Bone Marrow Perfusion

5.1 Measurement of Bone Marrow Perfusion

Dynamic contrast-enhanced magnetic resonance imaging
(DCE-MRI), also known as MR perfusion imaging, mea-
sures bone marrow perfusion as opposed to bone marrow
blood flow (Griffith and Genant 2011). DCE-MRI is a
robust technique that yields empirical indices of perfusion
such as maximal signal intensity enhancement (Emax) and
enhancement slope (Eslope) (Figs. 9, 10). Eslope and Emax are
derived from the first-pass phase of signal intensity
enhancement and have been shown to be strongly predictive
of tissue vascularity, microvessel density and tissue necro-
sis. In simple terms, Eslope can be thought of as gadolinium
delivery to the bone marrow and is a feature of blood
supply, vascular sinusoidal size and permeability. Emax is
dependent on these factors though also on the perfusion
requirements (i.e. metabolic activity) of the bone marrow.
Reproducibility of bone marrow DCE-MRI is moderate to
high ranging from 0.59 to 0.98 with best reproducibility in
those areas with the highest inherent bone marrow perfusion
(Griffith et al. 2009).

Perfusion data acquired from dynamic contrast-enhanced
MR imaging is also amenable to two-compartment phar-
macokinetic modelling using models such as the Tufts or
Brix model (Fig. 11). The Tufts model uses a combination
of arterial input function (AIF), and rate constants Ktrans,
Kex and Kel. AIF is assessed by analyzing the first pass
intensity profile of the feeding artery. Ktrans refers to the
transport constant and is influenced primarily by blood flow.
Kex refers to capillary exchange and is influenced by cap-
illary space, permeability, interstitial pressure and extra-
cellular space. Kel refers to elimination or wash-out and is
influenced by venous return. The Brix model does not rely

Table 3 Bone marrow fat content (%) in elderly male and female subjects (mean age 73 years) for the lumbar spine and proximal femur

Marrow fat content Normal Osteopenia Osteoporosis P value

L3 vertebral body (male) 50.1 ± 8.7 55.7 ± 10.2 58.2 ± 7.8 0.002

L3 vertebral body (female) 59.2 ± 10.0 63.3 ± 9.5 67.7 ± 8.5 0.002

Femoral head (female) 86.3 ± 5.7 89.1 ± 3.8 89.9 ± 3.3 0.001

Femoral neck (female) 80.8 ± 9.3 86.2 ± 6.5 88.4 ± 4.8 \0.001

Sub-trochanteric (female) 80.0 ± 6.0 84.5 ± 6.3 87.2 ± 4.4 0.001

One can appreciate the greater bone marrow fat content (%) of the proximal femur. P value refers to difference between any of the three groups
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on AIF or Ktrans but still considers Kex and Kel. It assumes a
linear relationship between MR signal enhancement and
tissue contrast concentration or, in other words, it assumes
that tissue contrast concentration directly correlates with
perfusion. No specific pharmacokinetic model to reflect the
unique characteristics of marrow perfusion has been
developed. Measurement of bone marrow perfusion can
also be undertaken by PET-CT imaging undertaken using
18F-fluoride which has a half-life of 112 min. Since this
tracer is metabolised in bone, 18F-fluoride imaging is a
combined measure of both bone perfusion and bone
metabolism as compared to MR perfusion imaging which
only measures bone perfusion. Pure bone perfusion can be
evaluated by PET using the freely diffusible tracer 15OH20.
However, these studies are difficult to perform as 15OH20
has a half-life of only 122 s and thus requires an on-site
cyclotron. Nevertheless, a highly significant correlation
between blood perfusion measured using 18F-fluoride and
true bone perfusion using 15OH20 has been reported (Piert
et al. 2002).

Fig. 8 a Aspiration of marrow
fat from proximal tibia during
knee replacement. b Gas
chromatography spectrum of
marrow fat. Each fatty acid
methyl ester is quantified based
on peak high relative to internal
standard

Fig. 9 Dynamic contrast-
enhanced MR imaging a Sagittal
T2-weighted MR image showing
positioning of region of interest
(ROI) for perfusion imaging of
L3 vertebral body. b Coronal
oblique T1-weighted image of
proximal femur showing ROI’s
used to measure marrow
perfusion in the femoral head,
neck and shaft

Fig. 10 Time-intensity curve with Emax and Eslope. Emax represents
maximum enhancement while Eslope represents the slope of the rapidly
up-rising part of the curve
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5.2 Physiological Age-Related Changes
in Bone Marrow Perfusion

Bone marrow perfusion deceases with increasing age (Chen
et al. 2001; Montazel et al. 2003; Baur et al. 1997). Subjects
aged more than 50 years have a 62 % lower Emax

(21.88 ± 14.77) that those aged less than 50 years
(58.21 ± 44.65, P \ 0.005) (Chen et al. 2001). When this
is further analysed according to sex, a greater discrepancy is
observed. In women, Eslope decreased by 80 % (from
87.17 ± 54.13 to 17.98 ± 13.80) in those older than age
50 years (P \ 0.005). A similar trend is seen in men with
Eslope decreases by 33 % from 38.16 ± 21.69 to
25.38 ± 15.43 in subjects more than 50 years though this
change did not reach statistical significance (P [ 0.05)
(Chen et al. 2001). Overall, vertebral bone marrow perfu-
sion is higher in young females than young males (Chen
et al. 2001). However, the rate of decrease of perfusion is
less in males, which leads to vertebral bone marrow per-
fusion being higher in elderly males than elderly females
(Chen et al. 2001). Similar findings were shown by
Montazel JL et al. Emax values being significantly higher in
patients younger than 40 years than in those aged more than
40 years (P \ 0.001). Perfusion parameters decreased with
increasing age in a logarithmic relationship (r = 0.71) and
correlated with increase in marrow fat content (Montazel et al.
2003). Savvopoulou et al. (2008) showed how the upper (L1,
L2) lumbar vertebral bodies were better perfused than the
lower (L3, L4, L5) vertebral bodies. In elderly subjects with
normal BMD, Emax was lower in females (32.3 ± 8.5 %) than
males (34.5 ± 13 %) while Eslope was higher in females
(1.70 ± 5.2 %/s) than males (1.48 ± 0.7 %/s) (Griffith et al.
2005, 2006). To summarise, vertebral marrow perfusion is
higher in young females than young males. However, perfu-
sion decreases to a greater degree in females than males.
Elderly females have reduced Emax but not Eslope compared to
elderly males.

5.3 Changes in Bone Marrow Perfusion
with Osteoporosis

Osteoporosis is associated with a decrease in bone perfusion
over and above that accountable for by age alone. Normal
BMD subjects have better bone marrow perfusion than
osteopenic subjects, while osteopenic subjects have better
bone marrow perfusion than osteoporotic subjects (Shih
et al. 2004; Griffith et al. 2005, 2006, 2008) (Fig. 12)
(Table 4). Similar changes occur in the proximal femur as
in the vertebral body (Griffith et al. 2008; Wang et al. 2009).
In the proximal femur, reduction in perfusion parameters is
most pronounced in the biologically relevant femoral neck
than the femoral head or sub-trochanteric regions (Wang
et al. 2009).

5.4 Causes of Marrow Perfusion Changes
with Ageing and Osteoporosis

The reduction in marrow perfusion seen with advancing age
and osteoporosis is most likely a feature of the marrow per
se rather than due to a more generalised vascular or circu-
latory disturbance since any perfusion changes only occur
in the marrow and are not seen in extra-osseous skeletal
muscle with the same blood supply (Griffith et al. 2005,
2006, 2008) (Fig. 13).

Overall, the most scenario is that a decrease in the more
metabolically active functioning marrow content that is
driving the marrow perfusion change seen in ageing and
osteoporotic bone (Griffith et al. 2010). Using a combination of
MRI and FDG-PET imaging data, the metabolic activity of red
marrow as assessed by maximum SUV (standardised uptake
value), was estimated to be seven times higher than that offatty
marrow (Basu et al. 2007). Observed changes in marrow fat
and trabecular bone fraction with increasing age and osteo-
porosis essentially mirror a decrease in functioning marrow

Fig. 11 Schematic diagram of
a Tofts model and b Brix model
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content. The percentage of the marrow cavity occupied by
marrow fat increases from about 25 % in young females to
about 70 % in elderly females while over the same period, the
percentage occupied by trabecular bone decreases from about
20 to 15 % due to physiological age-related bone loss (Griffith
et al. 2012; Müller et al. 1998) (Fig. 6). Within the size
restraints of the marrow cavity, one can appreciate that, in line
with these changes, the amount of functioning marrow should
decrease from 55 to 20 % with ageing (Fig. 6). This reduction
in functioning marrow content is manifested clinically as the
‘anaemia of old age’ and an impaired ability of older people to
deal with biological stress. Similarly, because functioning
marrow also comprises cells of the immune system, this
decrease in functioning marrow may also contribute to the
‘immunosenescence’ of old age (Gameiro et al. 2010).

Atherosclerosis and endothelial function may also be
related to the compromised bone perfusion seen with ageing

and osteoporosis. Increasing age and osteoporosis are
strongly associated with arthrosclerosis and, in particular,
vascular calcification (Griffith et al. 2012; Nordström et al.
2010; Marcovitz et al. 2005; Collins et al. 2009). Low BMD
independently predicts coronary artery disease in women
undergoing coronary angiography better than traditional risk
factors such as age, hypertension, diabetes, smoking, family
history or dyslipidemia (Marcovitz et al. 2005). Histological
studies have shown how progressive occlusion of intraosse-
ous arteries, arterioles or arterial capillaries occurs with
increasing age (Bridgeman and Brookes 1996) and in patients
with proximal femoral osteoporosis (Laroche et al. 1995).
Angiographic study has shown how arterioles within the
centre of the vertebral body decrease in number, elongate and
coil with advancing age (Ratcliffe 1986). A weak negative
correlation (r = -0.33, P = 0.0018) was found between
vertebral body Emax and carotid artery intima-media

Fig. 12 Typical time-intensity curves for subjects with a normal BMD, b osteopenia and c osteoporosis

Table 4 Bone marrow perfusion parameters, maximum enhancement Emax and enhancement slope Eslope in elderly (mean age 73 years) male
and female subjects with normal BMD, osteopenia and osteoporosis

Normal Osteopenia Osteoporosis P value

Enhancement maximum

L3 vertebral body (male) 34.9 ± 13.0 28.4 ± 10.8 23.5 ± 9.9 \0.001

L3 vertebral body (female) 32.3 ± 8.5 26.9 ± 9.5 22.4 ± 8.2 \0.001

Acetabulum (female) 24.6 ± 9.7 16.8 ± 8.4 11.6 ± 5.7 \0.001

Femoral head (female) 4.7 ± 2.5 4.0 ± 1.8 3.2 ± 1.2 0.017

Femoral neck (female) 16.1 ± 9.8 10.5 ± 5.7 8.1 ± 5.2 0.010

Sub-trochanteric (female) 17.5 ± 13.7 14.2 ± 8.6 10.2 ± 7.8 0.010

Enhancement slope

L3 vertebral body (male) 1.48 ± 0.7 1.15 ± 0.6 0.78 ± 0.3 0.0001

L3 vertebral body (female) 1.70 ± 0.5 1.45 ± 0.5 1.10 ± 0.5 \0.001

Acetabulum (female) 1.26 ± 0.5 0.91 ± 0.5 0.64 ± 0.4 \0.001

Femoral head (female) 0.20 ± 0.1 0.13 ± 0.1 0.11 ± 0.0 0.001

Femoral neck (female) 0.64 ± 0.4 0.42 ± 0.3 0.32 ± 0.3 \0.001

Sub-trochanteric (female) 0.59 ± 0.4 0.60 ± 0.5 0.42 ± 0.4 0.010

One can appreciate how bone marrow perfusion indices diminish as BMD decreases and how perfusion indices are generally lower in the
proximal femur than the lumbar spine. P value refers to difference between any of the three groups
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thickness age after adjusting for the effect of sex, age, blood
pressure, BMI, total cholesterol, high density lipoprotein and
triglycerol level in a linear regression model (P = 0.008)
(Chen et al. 2004). Vertebral body Emax was significantly
lower in those subjects with carotid intimal thickening group
compared to those with normal intimal thickness (73 ± 23
vs. 90 ± 27, P = 0.0023) (Chen et al. 2004).

Endothelial dysfunction is one of the earliest manifes-
tations of atherosclerosis and may be aggravated by sex
hormone depletion. Endothelial dysfunction leads to
impaired vascular reactivity and seems to effect all arteries,
including very likely the nutrient arteries of bones. Impaired
endothelial function has been observed in young diabetics
and overweight children (Khan et al. 2003). After adjusting
for age and years since the menopause, women with low
bone mass or osteoporosis had significantly impaired
endothelial function that those of normal BMD (Sumino
et al. 2007; Sanada et al. 2004; Samuels et al. 2001).
Endothelium-dependent vasodilatation is about 20–25 %
lower in the femoral nutrient arteries of aged experimental
male rats (Prisby et al. 2007). Since blood flow is directly
dependent on the vessel radius to the fourth power (Pou-
iseuille’s Law), a 25 % reduction of vessel diameter due to
either arthrosclerosis and/or endothelial dysfunction could
potentially reduce volumetric blood flow to the medullary
canal by 33 % (Pfitzner 1976).

6 Bone Marrow Diffusion

The free movement of water molecules within the extra-
cellular fluid of the bone marrow is affected by the cells that
they encounter. 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. Diffusion-weigh-
ted MR imaging measures water diffusivity by applying
‘diffusion sensitising gradients’ to T2-weighted spin echo
sequences using echoplanar readouts (Khoo et al. 2011).
The strength and duration of diffusion sensitising gradients
is indicated by their ‘b-value’ with a range of ‘b-values’.
The ‘b-values’ applied to clinical diffusion-weighted
imaging are such that extracellular and not the intracellular
water diffusivity is being measured.

‘Apparent diffusion coefficient’ (ADC) provides a mea-
sure of water diffusivity. The ADC of water is
3 9 10-3 mm2/s (Mills 1973). The ADC of fat is close to
zero with values of 0.011–0.012 9 10-3 for subcutaneous
fat (Lehnert et al. 2004). ADC values of 0.2 9 10-3 and
0.1 9 10-3 have been reported for red and yellow marrow,
respectively (Ward et al. 2000).

7 Age-Related Physiological Changes
in Bone Marrow Diffusion

Age-related changes in bone marrow diffusion has only been
addressed in a few diffusion-weighted studies (Hillengass et al.
2011; Yeung et al. 2004). Bone marrow ADC values in young
(mean age 28 years) females were shown to be significantly
higher (0.49 ± 0.08 9 10-3 mm2/s) than elderly (mean age
70 years) females (43 ± 0.08 9 10-3 mm2/s, P = 0.029)
(Yeung et al. 2004). This is reflective of increased fat packing
of bone marrow fat reducing water diffusivity (Nonomura et al.
2001). Against this, in another 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/mm2 (Hillengass et al. 2011).

7.1 Diffusion Changes in Osteoporosis

Only a few studies have applied quantitative DWI to the
study of bone marrow in patients with and without osteo-
porosis (Table 4) (Griffith et al. 2006; Liu et al. 2010;
Yeung et al. 2004; Hatipoglu et al. 2007). In general, there
is a reducing trend in molecular diffusion (as judged by

Fig. 13 Schematic representation of vertebral body arterial supply.
Each lumbar artery divides to send a nutrient artery to the posterior
aspect of the vertebral body and additional arteries to supply the
paravertebral muscles. L lumbar artery, QL quadratus lumborum,
S spinalis, L longissimus, IL iliocostalis
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ADC) with diminishing BMD most likely to fat packing of
marrow reducing molecular diffusion. One can appreciate
that the values obtained from different centres are quite
comparable (Table 5).

More studies have applied quantitative DWI to distinguish
between fractured osteoporotic and metastatic vertebral bodies
(Zhou et al. 2002; Chan et al. 2002; Herneth et al. 2002; Maeda
et al. 2003; Balliu et al. 2009; Tang et al. 2007; Biffar et al.
2010) occasionally using adjacent normal appearing vertebra
as an internal control (Chan et al. 2002; Herneth et al. 2002;
Maeda et al. 2003; Balliu et al. 2009; Tang et al. 2007; Biffar
et al. 2010). One can appreciate that the values obtained for
normal vertebrae in these studies are different from though
reported in non-fractured spines (Table 6).

In general, osteoporotic vertebral fractures tend to have
higher ADC values than metastatic vertebral fractures
(Table 6). No particular ADC threshold to make this dis-
tinction has been adopted (Thawait et al. 2011). There is
quite an overlap between reported ADC measurements for
benign and metastatic fractures (Table 6). This may relate
to selection criteria (such as fracture duration, fracture
location, fracture severity, presence of intervertebral clefts,
metastatic cell type, sclerotic or non-sclerotic type) or
technical factors such as pulse sequencing and b values
employed. With respect to differentiation from infectious
lesions, reported mean ADC values from infectious verte-
bral lesions (0.963 ± 0.491 9 10-3 mm2/s) were not sta-
tistically different from those obtained from malignant
lesions (0.917 ± 0.13 9 10-3 mm2/s) (Balliu et al. 2009).

Tang et al. have reported that the best differentiation of
vertebral fracture type can be achieved at b values of around
300 s/mm2 (Tang et al. 2007) while Biffar et al. (2010)
report that single shot TSE sequences proved more dis-
criminatory than multi-shot echo planar imaging sequences.

Chemical shift imaging (or opposed phase imaging) has
also been used to distinguish between benign and malignant
vertebral fractures (Erly et al. 2006; Zampa et al. 2002). If a SIR
threshold of 0.80 with [0.8 defined as malignant and \0.8
defined as a benign, in-phase/opposed-phase imaging had
a sensitivity of 0.95 and specificity, of 0.89 in discrim-
inating benign from malignant fractures (Erly et al. 2006).
Another study has recommended an SIR threshold of 1.2,
re-emphasising the variability in choosing the optimal threshold
to distinguish benign from metastatic vertebral fracture.

7.2 Predictive Potential of Marrow
Parameters

Currently, our ability to select subjects most prone to bone
loss is limited, with clinical risk factors such as age, weight,
weight loss over 2 years and baseline BMD being the best-
recognised markers of future bone loss (Hannan et al. 2000;
Lau et al. 2006; Dennison et al. 1999). To address the value
of MR marrow parameters in predicting bone loss, a group
of subjects with baseline MRS and perfusion imaging of the
hip were followed up with hip densitometry at 2 and 4

Table 5 Mean and standard deviation of lumbar bone marrow ADC values from different studies

References Age Normal Osteopenia Osteoporosis Pulse

Yeung et al. (2004) 70 (no data) 0.43 ± 0.08 0.41 ± 0.10 SS-EPI

Griffith et al. (2006) 72.1 (67–84) 0.46 ± 0.08 0.41 ± 0.12 0.43 ± 0.12 SS-EPI

Hatipoglu et al. (2007) 52 (20–86) 0.46 ± 0.02 0.41 ± 0.05 0.38 ± 0.25 SS-EPI

Liu et al. (2010) 67.3 (55–83) 0.47 ± 0.03 0.42 ± 0.02 0.39 ± 0.03 SS-EPI

Bone marrow ADC consistently decreases as BMD decreases

Table 6 Mean and standard deviation of ADC values from different studies assessing whether quantitative diffusion MRI can distinguish benign
from malignant vertebral fracture

References Normal Benign Malignant Pulse Fat-sup

Zhou et al. (2002) – 0.32 ± 0.03 0.19 ± 0.03 FSE DWI No

Chan et al. (2002) 0.23 ± 0.05 1.94 ± 0.35 0.19 ± 0.03 SSH-EPI Yes

Herneth et al. (2002) 1.66 ± 0.37 1.61 ± 0.37 0.71 ± 0.27 MS-EPI Yes

Maeda et al. (2003) – 1.21 ± 0.17 0.92 ± 0.20 LS No

Balliu et al. (2009) – 1.9 ± 0.39 0.92 ± 0.13 MS-EPI Yes

Tang et al. (2007) – 2.23 ± 0.21 1.04 ± 0.03 SSH-EPI Yes

Biffar et al. (2010) 0.58 ± 0.17 1.74 ± 0.25 1.35 ± 0.41 SS-TSE Yes

0.31 ± 0.15 1.17 ± 0.37 1.06 ± 0.19 MS-EPI Yes

Considerable variability exists in actual values obtained though bone marrow ADC is consistently lower in malignant fractures
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years. Percentage reduction in femoral neck BMD at 4 years
post-baseline was significantly greater in subjects with
below median selected marrow or muscle perfusion
parameters at baseline compared to those with above
median perfusion parameters at baseline (Griffith and
Genant 2011) (Fig. 14a–c). Similarly, subjects with more
marrow fat at baseline had significantly greater BMD loss
over the ensuring 2–4 years (Griffith and Genant 2011)
(Fig. 14a–c). However, MR parameters where not suffi-
ciently more predictive of bone loss than traditional risk
factors to warrant using MRI to this effect in clinical

practice. Nevertheless, the results were sufficiently
encouraging to suggest that further refinement of marrow
parameters may improve their ability to predict bone loss
(Griffith and Genant 2011).

7.3 Changes in the Extra-osseous
Soft Tissues

Although beyond the scope of this chapter, osteoporosis and
the menopause is also known to be associated with exag-
gerated disc degeneration (Wang and Griffith 2010), skel-
etal muscle loss (Crepaldi et al. 2007) and changes in fat
distribution (Bredella et al. 2011; Bredella 2010).

8 Summary

MRI and PET-CT have allowed, the for first time, a
quantitative non-invasive assessment of the bone marrow
providing us with more information on how the bone
marrow changes in health and disease. We can now begin to
more fully appreciate physiological age-related changes in
the bone marrow that differ between sexes. One can also
appreciate that osteoporosis is a disease associated with an
exaggeration of physiological age-related changes not just
with respect to bone loss but also marrow fat accumulation
with a decrease in functioning marrow content and reduced
bone perfusion. To fully comprehend the osteoporotic pro-
cess, we should move away from simply thinking about
osteoporosis as a disease of reduced bone density to a more
encompassing paradigm which considers bone changes in
conjunction with marrow changes, and changes in the
extraossoeus soft tissues, particularly muscle. The MR
imaging techniques we use to evaluate the bone marrow are
still very much a work in progress. Radiologists are in an
ideal position to move this bone marrow research forward
and help explore in a wider sense connection between
systemic diseases, the bone marrow and bone metabolism.
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