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Abstract
Diffusion-weighted magnetic resonance imaging (DWI) of the vertebral bone marrow is a clinically important tool for the
characterization of bone-marrow pathologies and, in particular, for the differentiation of benign (osteoporotic) and malignant
vertebral compression fractures.
DWI of the vertebral bone marrow is, however, complicated by some unique magnetic resonance and tissue properties of
vertebral bone marrow. Due to both the spongy microstructure of the trabecular bone and the neighborhood of the lungs,
soft tissue, or large vessels, substantial magnetic susceptibility variations occur which severely reduce the magnetic field
homogeneity as well as the transverse relaxation time T2∗ , and, thus, complicate MRI in particular with echoplanar imaging
(EPI) techniques. Therefore, alternative diffusion-weighting pulse sequence types such as single-shot fast-spin-echo sequences
or segmented EPI techniques became important alternatives for quantitative DWI of the vertebral bone marrow.
This review first describes pulse sequence types that are particularly important for DWI of the vertebral bone marrow.
Then, data from 21 studies that performed diffusion measurements of normal vertebral bone marrow are reviewed; summarizing all results, the apparent diffusion coefficient (ADC) of normal vertebral bone marrow is typically found between
0.2 and 0.6 × 10−3 mm2 /s. Finally, DWI of vertebral compression fractures is discussed. Numerous studies demonstrate
significantly greater ADCs in osteoporotic fractures (typically between 1.2 and 2.0 × 10−3 mm2 /s) than in malignant fractures or lesions (typically 0.7 to 1.3 × 10−3 mm2 /s). Alternatively, several studies used the (qualitative) image contrast of
diffusion-weighted acquisitions for differentiation of lesion etiology: A very good lesion differentiation can be achieved particularly with diffusion-weighted steady-state free precession sequences, which depict malignant lesions hyperintense relative
to normal-appearing vertebral bone marrow in contrast to hypointense or isointense osteoporotic lesions.
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Introduction
Diffusion-weighted magnetic resonance imaging (DWI) is a
well-established technique with numerous important applications in clinical diagnostics of the brain (1–5) and the body
(6–13) as well as in research settings (14–18). The defining
property of DWI is its sensitivity to the microscopic thermal
random motion (the so-called self-diffusion) of molecules,
e. g., of water molecules in tissue. This thermal motion
causes an attenuation of the measured diffusion-weighted
MRI signal, which can be evaluated qualitatively, i. e., in
terms of image contrast, or quantitatively by calculation of
the diffusion coefficient as the physical quantity describing
molecular self-diffusion (19–23).
Self-diffusion of water molecules in biological tissues is in
general restricted by the microscopic cellular tissue structure, i. e., by cell membranes, by macromolecules in and
around the cells, and by cell organelles. The diffusion coefficient of water measured in tissue is therefore always lower
than the free diffusion coefficient of pure water. This effective diffusion coefficient is called apparent diffusion coefficient (ADC), Dapp , and is the quantity that is measured in
DWI in vivo. It depends on the microscopic geometry of the
tissue, but also – in contrast to the diffusion coefficient of
pure liquids – on the parameters used for DWI (in particular
on the diffusion time τ ) (24–26).
The dependence of the ADC on the cellular microstructure
makes DWI sensitive to pathological tissue changes associated, e. g., with neoplastic diseases, which frequently exhibit
increased local cellular density (cellularity) reflected by decreased ADCs compared to normal tissue. In later disease
stages, increasing ADCs may be observed because of necrotic
tissue changes. Thus, DWI has been applied for tumor detection, tumor characterization, and for therapy follow-up
examinations in virtually all organs of the body (5, 6, 8, 11–
13).
In this review, we summarize a large selection of studies
published between 1998 and 2015, in which DWI is applied
to the bone marrow of the human vertebral bodies. The
main focus is on results about DWI of normal vertebral bone
marrow (including also data on osteoporotic bone marrow),
and on the application of DWI in patients with (benign or
malignant) vertebral compression fractures. In the first part
of this review article, we will present an overview over the
anatomy and tissue composition of the spinal column, followed by a discussion of those diffusion-weighting MRI pulse
sequence types that are particularly important for DWI of
the vertebrae. Subsequently, numerous measurements of the
ADC of normal-appearing vertebral bone marrow are summarized and the influence of different acquisition techniques
and imaging parameters is discussed. Finally, diffusion studies of vertebral compression fractures are reviewed, focusing
first on ADC measurements to differentiate benign and malignant vertebral lesions. Then, qualitative DWI of vertebral
compression fractures is discussed with a special emphasis on
the application of diffusion-weighted steady-state free precession (SSFP) techniques.
NMR Biomed 2015 (accepted 4 May 2015)
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Anatomy and tissue composition of the
spinal column
The human vertebral column consists of 33 to 34 vertebrae;
24 of these are articulating vertebrae in the cervical, thoracic, and lumbar spine, while typically 9 or 10 fused vertebrae are found in the sacrum and coccyx (27). 23 intervertebral disks lie between the articulating vertebrae (except
between the first and second cervical vertebrae). The (articulating) vertebrae are named (in craniocaudal direction)
C1 to C7, T1 to T12, and L1 to L5 in the cervical, thoracic,
and lumbar spine, respectively.
MRI-visible are predominantly the intervertebral disks
(because of their high water content) and – as the main
tissue of interest of this article – the bone marrow of the
vertebral bodies, i. e., the tissue in the cavities of the trabecular (cancellous) bone.
In contrast to the cortical (compact) bone or the cancellous bone itself with low proton content and extremely short
transverse (T2 ) relaxation times, the bone marrow contains
relatively large amounts of both MRI-visible fat and water. Normal bone marrow in the vertebrae consists of red
(hematopoietic) marrow – constantly producing the mature
blood cells – and yellow marrow containing predominantly
fat cells (28). The fraction of yellow bone marrow is increasing with age, i. e., the relative contributions of water and fat
to the MRI signal are strongly varying with age. The volume
ratio of fatty tissue within the bone marrow is about 15 %
in childhood and adolescence and increases to about 45 % in
subjects older than 70 years (28).
Important for MRI is also the spongy microstructure of
the trabecular bone with its typical pore dimension (trabecular spacing) in the order of 0.5 to 1 mm and a trabecular
thickness of about 0.1 to 0.2 mm resulting in bone surface-tovolume ratios of about 10 mm−1 with correspondingly large
interface areas between bone marrow and bone (29, 30).
Substantial differences of the magnetic susceptibility of trabecular bone on the one hand (χbone ≈ −11 × 10−6 in the
SI unit system) and of bone marrow on the other hand with
χwater = −9.05 × 10−6 and χfat = −8.44 × 10−6 (31) result
in strong magnetic field gradients within the bone marrow
and, thus, drastically shortened T2∗ relaxation times in the
order of 8 to 10 ms (32, 33).
The intervertebral disks separate the articulating vertebrae anatomically and visually in MRI; they consist of three
major anatomical structures: the outer, ring-shaped anulus
fibrosus, the central nucleus pulposus, and the cartilaginous
endplates (34). Both the inner ring of the anulus and the nucleus contain substantial amounts of water (but no relevant
amounts of fat) and appear therefore bright on T2 -weighted
or proton-density-weighted MRI.

Basics of DWI and technical
considerations
In DWI of the spinal column, the choice of the optimal
diffusion-weighting pulse sequence is both more complicated
and still more controversial than in DWI of many other human organs. In particular, the frequently used diffusionweighting single-shot spin-echo echoplanar imaging (ssEPI)
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pulse sequence exhibits certain disadvantages when applied
for imaging of the vertebral bone marrow and is, therefore, in
many studies replaced by alternative techniques as described
below.
The basis of DWI is to increase the sensitivity of the MRI
signal to the microscopic thermal random motion of water
molecules, which is technically achieved by inserting an additional pair of “diffusion-weighting” gradient pulses into existing pulse sequences (20, 23, 35). These gradients cause an
exponential attenuation of the measured signal that depends
on the diffusion coefficient as well as on the amplitude, duration, and separation of the gradients. The influence of the
gradients is summarized as “diffusion weighting” (or b-value)
of the sequence. Quantitatively, the attenuation, i. e., the
ratio of measured signal intensity S(Dapp , b) and the signal
intensity without diffusion sensitizing, S0 , is:
S(Dapp , b)
= exp(−bDapp ).
S0

(1)

Thus, a measurement of signal attenuations at different bvalues enables the estimation of the ADC by fitting Eq. 1 to
the measured data points.
The diffusion coefficient D describes the statistical distribution of diffusion distances ∆x after a diffusion time τ
in terms of the variance h∆x2 i = 6Dτ . In applications in
vivo, D is typically expressed in units of 10−3 mm2 /s =
µm2 /ms. The diffusion coefficient of free water is D ≈
2.0 × 10−3 mm2 /s at a temperature of 20 °C (room temperature) and D ≈ 3.1 × 10−3 mm2 /s at body temperature
(37 °C). The ADC of biological tissues is generally lower
than the diffusion coefficient of pure water and ranges approximately between 0.5 and 2.5 × 10−3 mm2 /s.
Many different pulse sequence types can be extended by
diffusion gradients to acquire diffusion-weighted image data,
and numerous review articles are available that describe in
detail sequence techniques available for DWI of the vertebral bone marrow and other structures outside the brain
(13, 36–38). The first MR imaging pulse sequences extended by diffusion gradient pulses were (in the mid-1980s)
spin-echo (SE) and stimulated-echo (STE) pulse sequences
(21, 22, 39). Since these sequences are very slow and – when
used for DWI – extremely sensitive to motion, they are rarely
used for DWI in humans today. A promising modification
of the SE approach is line scan diffusion imaging (LSDI);
by exciting one-dimensional “lines” instead of the usual twodimensional imaging plane, the repetition time can be substantially shortened and the final image can be reconstructed
from magnitude data, which reduces the sensitivity to motion and to susceptibility variations (40, 41).
Today, the majority of clinical DWI examinations are performed with diffusion-weighting single-shot spin-echo echoplanar imaging sequences (42, 43), which allow the very
fast and motion-insensitive acquisition of DWI data – however, with only limited spatial resolution (typically 128×128
pixels) and increased sensitivity to magnetic field inhomogeneities and eddy currents. These limitations are generally
tolerated in DWI applications of the brain, where relatively
small fields of view and good field shimming are feasible.
In other body areas, in particular in the lungs or around
the neck and the spine, diffusion-weighted ssEPI acquisitions with acceptable image quality remain difficult, because
strong local variations of magnetic susceptibility cause deNMR Biomed 2015 (accepted 4 May 2015)

phasing and signal loss in all gradient-echo-based acquisition
techniques. In addition, macroscopic magnetic field inhomogeneities at tissue-air or soft-tissue-bone interfaces result in
severe geometric distortions of EPI acquisitions. Only in
recent years, the image quality of diffusion-weighted ssEPI
in the body improved substantially after the introduction of
better gradient hardware with reduced eddy currents and
with further optimization of the ssEPI pulse sequences such
as parallel-imaging acceleration (44–47) or dynamic slicedependent shimming (48).
An alternative to single-shot EPI measurements with increased robustness in the presence of severe field inhomogeneities is the so-called segmented or “multi-shot” EPI
(msEPI) sequence. The msEPI sequences either acquire every n-th line in k-space dividing the image acquisition in n
separate excitations (49, 50), or they acquire only a small
strip of k-space data in readout direction after each excitation (readout-segmented EPI, rsEPI) (51, 52). Both approaches are substantially slower than conventional singleshot EPI sequences and they are more sensitive to motion
requiring motion-correction algorithms for satisfying image
quality.
Another class of diffusion-weighting pulse sequences is
based on fast-spin-echo (FSE) or turbo-spin-echo sequences,
i. e., on pulse sequences that acquire a train of spin echoes
after each excitation. Using spin echoes instead of gradient
echoes, these sequences are much more robust than ssEPI
techniques in the presence of strong susceptibility variations
(53, 54). In particular diffusion-weighting single-shot FSE
(ssFSE) sequences have been successfully employed for DWI
of the spinal column. Similar to ssEPI sequences, the maximum matrix size is typically limited to about 128 × 128
pixels because of the decay of the transverse magnetization
with the relaxation time T2 .
Finally, steady-state free precession (SSFP) sequences –
also known as contrast-enhanced Fourier-acquired steadystate technique (CE-FAST) (55) or reversed fast imaging
with steady precession (PSIF) sequences (56) – can be extended by a diffusion-gradient pulse. In contrast to all other
diffusion-weighting pulse sequences described above, only a
single (i. e., unpaired) gradient pulse is inserted into the
SSFP sequence (57, 58). Since each radio-frequency pulse
acts simultaneously also as excitation and refocusing (spinecho-generating) pulse, the dephasing of the diffusion gradient is rephased in the (immediate) subsequent or a later
repetition of the basic pulse series. Consequently, the time
interval between dephasing and rephasing diffusion gradient pulses is not uniquely defined and the quantification of
the diffusion weighting is very difficult, since it depends not
only on the diffusion gradient pulses themselves (with duration δ and amplitude G), but also on the relaxation times,
T1 and T2 , of the tissue as well as on the flip angle α, the
echo time TE , and the repetition time TR of the pulse se−
quence (59, 60). The diffusion-weighted signal S⊥
of the
SSFP sequence relative to the fully relaxed magnetization
M0 is given by

−
S⊥

M0

1/3

=−

(1 − E1 ) E2 A2



−2/3

F1 − E2 A1 A2

r − F1 s



sin(α)

, (2)
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with
F1 = K −

q

K 2 − A−2
2 ,
2/3

K=

1 − E1 A1 cos(α) − E22 A21 A2 (E1 A1 − cos(α))
4/3

E2 A1 A2 (cos(α) + 1)(1 − E1 A1 )
−1/3

r = 1 − E1 cos(α) + E22 A1 A2
4/3

,

(cos(α) − E1 ),
1/3

s = E2 A1 A2 (1 − E1 cos(α)) + E2 A2 (cos(α) − E1 ),
A1 = exp(−(γGδ)2 TR · D),
E1 = exp(−TR /T1 ),

A2 = exp(−(γGδ)2 δ · D),
E2 = exp(−TR /T2 ),

where the influence of the diffusion coefficient D is described
by the two attenuation factors A1 and A2 . In general, it is
not easily possible to estimate the diffusion coefficient based
−
on the measured signals S⊥
of the DW-SSFP sequence. Nevertheless, this sequence has been applied very successfully for
qualitative DWI of the vertebral bone marrow, and in particular for the differentiation of benign and malignant vertebral
compression fractures as is described below.

ADCs of normal-appearing vertebral
bone marrow
Numerous studies published between 2000 and 2014 provided reference ADCs of normal (or normal-appearing) vertebral bone marrow. The main results of these studies are
summarized in Fig. 1 and in Table 1 together with the pulse
sequence type and the b-values used for the measurement.
If the authors of a study did not provide a single mean value
and standard deviation, results, e. g., from different vertebrae were statistically combined; in two cases (61, 62), median and quartile values were used to estimate the mean and
the standard deviation (63). A typical example of DWI in
the lumbar spine of a healthy volunteer using a fat-saturated
ssFSE sequence is shown in Fig. 2.
The majority of the listed studies found ADCs of normal vertebral bone marrow in a range between 0.2 and
0.6 × 10−3 mm2 /s. This is a relatively low ADC compared
to almost all other tissues (except fat tissue) in the human
body with typical ADCs between 0.7 (e. g., in white matter)
and 2.4 × 10−3 mm2 /s (e. g., in the kidneys). The comparably large variations of the presented results (by several
100 % even after discarding the most obvious outliers) may
be explained by experimental differences including different
pulse sequences and varying diffusion weightings. In particular, many relatively low ADCs (< 0.4 × 10−3 mm2 /s) were
acquired with sequences without fat saturation (such as ssFSE sequences) and may be influenced by the contribution
of the fat signal to the measured signal intensities. In contrast to EPI sequences, for which fat-saturation pulses are
mandatory to avoid severe chemical shift artifacts, ssFSE
sequences can be used with and without fat suppression. If
used without fat suppression, the diffusion-weighted signal
is the sum of the diffusion-attenuated water signal and the
– for different diffusion weightings almost constant – fat signal; the calculated ADC appears reduced, since the signal is
less attenuated at increasing b-values than the water signal
alone (82). This is nicely illustrated in data from the study
NMR Biomed 2015 (accepted 4 May 2015)

by Oner et al. (74), in which ssFSE acquisitions without fatsignal suppression and ssEPI acquisitions with fat saturation
are directly compared.
The selection of b-values can influence the measured ADCs
as well. On the one hand, large b-values (greater than
600 s/mm2 ) could be regarded as desirable because of the
low ADCs, which require a certain b-value range for a precise measurement with sufficient diffusion-induced signal attenuation. On the other hand (and more relevant in practice), large b-values require relatively long echo times and
result in low signal intensities, i. e., in data with disadvantageously low signal-to-noise ratio. If the (magnitude) signal
at high b-values is dominated by noise, the calculated ADCs
are decreased (83). Another effect to be considered for the
selection of b-values is that the signal at very low b-values
(lower than 100 mm2 /s) may be influenced by perfusion effects, resulting in higher ADCs as discussed below. Several
studies preferred therefore an intermediate range of diffusion
weightings between 50 and 600 s/mm2 (cf. Table 1).
A few studies examined systematic variations of the ADC
of vertebral bone marrow depending on the location of the
vertebrae and on the age of the subjects. A trend to decreasing ADCs from L1 to L5 was found by Eguchi et
al. (78) and by Hillengass et al. (61). Similarly, a higher
ADC for T10 than for L3 was found by Dutoit et al.
(81); these results are summarized in Table 2. A slow
decrease of the ADC with age was observed by Yeung et
al. (70) and by Herrmann et al. (80); estimated from the
data presented in these two publications, the annual decrease of ADC is about −0.0014 × 10−3 mm2 /s/year and
−0.0015 × 10−3 mm2 /s/year, respectively (i. e., the ADC
is decreased by about 0.1 × 10−3 mm2 /s over a period of
70 years). In contrast to these results, no such correlation
of ADC and age was found by Hillengass et al. (61) and by
Zhang et al. (84).
A slight decrease of the ADC with increasing degrees of
osteoporosis (i. e., with decreasing bone mineral density and
increasing fat fraction) was observed by Yeung et al. (70),
Griffith et al. (72), Hatipoglu et al. (73), and Tang et al.
(77) as summarized in Table 3; in contrast, Ueda et al. (85)
observed a slight increase of the ADC in subjects with lower
bone marrow density, which is explained by the authors as
being caused by generally higher bone marrow densities (i. e.,
by a differently selected patient cohort) than in other studies.
Several studies discuss the influence of nonmonoexponential diffusion in bone marrow or of intravoxel
incoherent motion (IVIM) effects.
In 2003, Bammer
et al. demonstrated bi-exponential diffusion behavior of
bone marrow over a b-value range from 5 to 3005 s/mm2
with a fast diffusion component (relative fraction about
10 %) of about 1.5 × 10−3 mm2 /s and a slow component
of 0.07 × 10−3 mm2 /s (69). This measurement at very
high b-values does not refer to (perfusion-related) IVIM
effects as they are understood today and neither the slow
nor the fast component agrees with the average ADC of
0.2 × 10−3 mm2 /s measured for b-values of 5 and 650 s/mm2
in the same study.
Classical IVIM measurements in vertebral bone marrow
were first performed by Yeung et al. in 2004, who demonstrated graphically a substantial perfusion component at low
b-values < 100 s/mm2 , which was, however, not quantified in this study (70). Consequently, the authors recomPage 4 of 15
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Table 1: Apparent diffusion coefficients of normal vertebral bone marrow
Study (reference)

sequence∗

b-values†
(s/mm2 )

fat sat.

n‡

ADC
(10−3 mm2 /s)

msEPI
radSE
ssEPI
ssSTE
msEPI
LSDI
ssEPI
ssEPI
ssEPI
ssEPI
ssEPI
ssFSE
ssFSE
ssSTE
ssEPI
ssFSE
ssEPI
ssFSE
ssEPI
ssEPI
ssEPI
ssEPI

0, 440, 880
50. . . 500 (4)
200. . . 1000 (4)
0, 650
440, 880
5, 650
0. . . 500 (10)
0, 500, 1000
0. . . 500 (6)
0, 600
0, 600
0, 600
50. . . 750 (4)
0, 650
0, 300
0, 400
0, 1000
100. . . 600 (4)
0, 800
50, 400, 800
0, 800
0,1000

yes
no
yes
no
yes
no
yes
yes
yes
yes
yes
no
no
no
yes
no
yes
yes
yes
yes
yes
yes

5
36
32
3
22
15
20
103
18
68
24
24
20
7
24
148
75
40
33
88
55
11

1.13±0.23
0.33±0.05
0.23±0.05
0.33±0.03
1.66±0.38
0.23±0.08
0.50±0.09
0.36±0.21
0.46±0.08
0.46±0.03
0.53±0.15
0.35±0.15
0.21±0.06
0.21±0.06
0.47±0.03
0.42±0.07
0.46±0.12
0.58±0.16
0.41±0.23
0.50±0.08
0.42±0.14
0.37±0.33

871

0.2. . . 0.6
0.454±0.258

Herneth et al. 2000 (64)
Dietrich et al. 2001 (65)
Chan et al. 2002 (66)
Byun et al. 2002 (67)
Herneth et al. 2002 (68)
Bammer et al. 2003 (69)
Yeung et al. 2004 (70)
Pui et al. 2005 (71)
Griffith et al. 2006 (72)
Hatipoglu et al. 2007 (73)
Oner et al. 2007 (74)
Raya et al. 2007 (75)
Byun et al. 2007 (76)
Tang et al. 2010 (77)
Hillengass et al. 2011 (61)
Eguchi et al. 2011 (78)
Biffar et al. 2011 (32)
Pozzi et al. 2012 (79)
Herrmann et al. 2012 (80)
Sung et al. 2014 (62)
Dutoit et al. 2014 (81)
typical range
averaged values

0. . . 600

∗ radSE:

radial spin-echo sequence, ssSTE: single-shot stimulated echo sequence
more than 3 b-values were used, the range is provided with the number of b-values in parentheses
‡ number of evaluated vertebrae
† if

Table 2: Dependence of the ADC of vertebral bone marrow on anatomical location
Study (reference)

sequence

b-values

n∗

(s/mm2 )
Hillengass et al. 2011 (61)
Eguchi et al. 2011 (78)
Dutoit et al. 2014 (81)

ssFSE
ssEPI
ssEPI

0, 400
0, 1000
0, 1000

30
15
11

ADC (10−3 mm2 /s)
L1 (T10† )

L2

L3

L4

L5

0.46±0.37
0.50±0.10
0.45±0.42

0.43±0.32
0.48±0.11
—

0.42±0.28
0.49±0.12
0.29±0.20

0.40±0.30
0.43±0.13
—

0.43±0.24
0.38±0.12
—

∗ number
† T10

of subjects
in study by Dutoit et al.

Table 3: Dependence of the ADC on the vertebral bone marrow density
Study (reference)

sequence

b-values∗
(s/mm2 )

Yeung et al. 2004 (70)
Griffith et al. 2006 (72)
Hatipoglu et al. 2007 (73)
Tang et al. 2010 (77)

ssEPI
ssEPI
ssEPI
ssEPI

0. . . 500 (10)
0. . . 500 (6)
0, 600
0, 300

ADC (10−3 mm2 /s) (n† )
normal
0.44±0.11
0.46±0.08
0.46±0.03
0.47±0.03

osteopenia
(13)
(18)
(68)
(24)

0.42±0.14
0.41±0.12
0.42±0.03
0.41±0.02

(12)
(30)
(70)
(25)

osteoporosis
0.42±0.12
0.43±0.12
0.38±0.02
0.39±0.02

(10)
(55)
(66)
(29)

∗ if
†

more than 3 b-values were used, the range is provided with the number of b-values in parentheses
number of evaluated vertebrae
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Herneth et al. 2000 (64)
Dietrich et al. 2001 (65)
Chan et al. 2002 (66)
Byun et al. 2002 (67)
Herneth et al. 2002 (68)
Bammer et al. 2003 (69)
Yeung et al. 2004 (70)
Pui et al. 2005 (71)
Griffith et al. 2006 (72)
Hatipoglu et al. 2007 (73)
Oner et al. 2007, ssEPI (74)
Oner et al. 2007, ssFSE (74)
Raya et al. 2007 (75)
Byun et al. 2007 (76)
Tang et al. 2010 (77)
Hillengass et al. 2011 (61)
Eguchi et al. 2011 (78)
Biffar et al. 2011 (32)
Pozzi et al. 2012 (79)
Herrmann et al. 2012 (80)
Sung et al. 2014 (62)
Dutoit et al. 2014 (81)
0.0

0.2

0.4

0.6

0.8
1.0
1.2
1.4
−3
2
ADC (10 mm /s)

1.6

1.8

2.0

Figure 1: Apparent diffusion coefficients of normal vertebral bone marrow from the studies listed in Table 1. The shaded
area with the thicker vertical line is the averaged value with standard deviation over all listed studies.

Figure 2: Diffusion-weighted images (acquired with a fat-saturated ssFSE sequence) and ADC map of the lumbar spine of a 35year-old female healthy volunteer. The average ADC of the vertebral bone marrow is (0.66 ± 0.17) × 10−3 mm2 /s;
the average ADC of the intervertebral disks is (1.62 ± 0.39) × 10−3 mm2 /s.
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mended to use minimum b-values greater than 0 to reduce
the influence of perfusion on the determined diffusion coefficients, which was implemented, e. g., in the studies by
Griffith et al. (72), Raya et al. (75), Biffar et al. (32), or
Herrmann et al. (80). The results by Dutoit et al. (81) illustrate as well lower diffusion coefficients for 3 b-values 200,
400, and 600 s/mm2 (e. g., (0.305 ± 0.058) × 10−3 mm2 /s for
L3) than measured with the b-values 0 and 400 s/mm2
((0.439 ± 0.102) × 10−3 mm2 /s), which may be explained by
the influence of perfusion effects.
A detailed IVIM study in vertebral bone marrow was
published by Marchand et al. in 2014 (86) comparing a conventional non-linear bi-exponential fitting approach and a non-negative least-squares (NNLS) approach,
which allowed for an arbitrary number of diffusion components. Both approaches gave results compatible with
two distinct diffusion components. The conventional biexponential analysis resulted in a slow diffusion coefficient
of (0.45 ± 0.27) × 10−3 mm2 /s (in good agreement with the
ADCs determined in other studies), a fast diffusion coefficient, D∗ , of (63.0 ± 14.5) × 10−3 mm2 /s, and a perfusion
fraction of 27 %. A recently published IVIM study by Ohno
et al. finds substantially lower values of D∗ in vertebral bone
marrow between about 3 and 8 × 10−3 mm2 /s, a perfusion
fraction between 10 and 20 %, and a slow (normal) diffusion
coefficient between 0.1 and 0.3 × 10−3 mm2 /s (87). Further
research is required to confidently estimate typical ranges of
IVIM parameters in normal vertebral bone marrow.
For comparison and to conclude this section about quantitative diffusion measurements in normal vertebral bone marrow, the ADC of normal intervertebral disks is considered as
reference tissue in the immediate neighborhood of the vertebrae: The ADC of normal intervertebral disks has been
described in a range between about 1.5 (e. g., 65, 69, 88, 89)
and 2.0 × 10−3 mm2 /s (e. g., 75, 90–92), i. e., significantly
higher than the ADC of normal vertebral bone marrow (cf.
Fig. 2).

ADCs of vertebral compression
fractures and metastases
A very important diagnostic question in MRI of the spinal
column, which is notoriously difficult to answer with conventional MRI sequences, is the differentiation of benign and
malignant vertebral compression fractures, i. e., of fractures
caused either by osteoporosis or by neoplastic bone-marrow
lesions, respectively. Both lesion types appear frequently hypointense in T1 -weighted MRI and hyperintense in short-TI
inversion recovery (STIR) MRI (93); and they are both predominantly found in elderly patients. These contrast properties are illustrated in Figs. 3 and 4.
In contrast to conventional MR image contrast (i. e., T1
weighting or STIR), DWI was demonstrated in numerous
studies to be a valuable tool for the differentiation of vertebral compression fractures. One important approach chosen
in these studies is to evaluate the ADC of the vertebral lesion
as a means for differentiation based on the observation that
the ADC of benign, osteoporotic fractures is generally higher
than the ADC of metastatic lesions or malignant fractures
caused by tumor infiltration. The ADCs found by several
studies are summarized in Table 4 and in Fig. 5.
NMR Biomed 2015 (accepted 4 May 2015)
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The ADC of both kinds of lesions is significantly higher
than the ADC of normal vertebral bone marrow shown in
Table 1. (Only a single early study by Zhou et al. reports
untypically low ADCs for both types of lesions (94).) The results in Table 4 for malignant lesions comprise both vertebral
compression fractures caused by tumor infiltration or bone
metastases and the ADCs of unfractured vertebrae with neoplastic lesions, because these two types of pathologies were
not strictly separated in several studies. Typical ADCs for
these malignant lesions are in the range from about 0.7 to
1.3 × 10−3 mm2 /s; the mean value calculated from all individual studies is (0.933 ± 0.367) × 10−3 mm2 /s. In contrast, typical ADCs of osteoporotic fractures are in the range
from about 1.2 to 2.0 × 10−3 mm2 /s with a mean value of
(1.681 ± 0.531) × 10−3 mm2 /s. Only a single study reported
a lower ADC for osteoporotic fractures than for malignant
lesions without any explanation for this disagreeing result
(79). Exemplary diffusion-weighted images of vertebral bone
marrow and lesions are shown in Figs. 6 and 7.
It is not yet fully understood which pathophysiological
properties contribute to the described ADC differences of
vertebral lesions. A plausible hypothesis is that the ADC in
osteoporotic fractures is increased because of the presence of
bone marrow edema (i. e., the greater amount of free water)
and the disruption of the trabecular structure. In malignant
lesions, on the other hand, the molecular diffusion is assumed
to be restricted by the higher cellular density of tumor tissue
resulting in lower ADCs (93).
Most studies describe a certain overlap of the ADCs associated with osteoporotic or malignant lesions, i. e., the lesions cannot be completely separated based on the ADC
alone. By defining an ADC threshold, a successful classification is, however, possible in many cases; the statistical
performance of such a classification can be described by the
sensitivity and specificity of the differentiation. Quantitative evaluations of the sensitivity and specificity are given
by Wonglaksanapimon et al. (101), Taşkın et al. (99), Sung
et al. (62), and Geith et al. (100); the results of these studies
are summarized in Table 5. The reported sensitivities range
from 85 % to 97 % and the specificities are between 85 % and
100 %. Summarizing, a good to excellent differentiation of
benign and malignant vertebral lesions based on the ADC is
possible (102).
Four of the studies listed in Table 4 included also inflammatory vertebral lesions such as lesions caused by spondylitis
or tuberculosis; the ADC of these lesions was typically between the ADC of osteoporotic and neoplastic lesions with
a mean value of (1.200 ± 0.409) × 10−3 mm2 /s. Only few
studies evaluated the ADC in other vertebral bone marrow pathologies, e. g., in bone marrow with active myeloma
and in remission (103) or in marrow infiltration in children
with Gaucher’s disease, which showed lower ADCs than bone
marrow of healthy controls (104).

Image contrast in DWI of vertebral
compression fractures
Already in 1998, i. e., before the first publications of quantitative ADC measurements in vertebral bone marrow, Baur
et al. described the application of a purely qualitatively
diffusion-weighting SSFP sequence for the accurate differPage 7 of 15
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Figure 3: 69-year-old female patient with osteoporotic vertebral compression fracture of T7. The fracture (arrow) is hyperintense on the STIR image, heterogeneous on the T2 -weighted image, and hypointense on the T1 -weighted image.

Figure 4: 65-year-old male patient with metastatic vertebral bone-marrow lesion (adenocarcinoma) of L1. The fracture
(arrow) is hyperintense on the STIR image, isointense on the T2 -weighted image, and hypointense on the T1 weighted image.
Table 4: Apparent diffusion coefficients of vertebral lesions and fractures
Study (reference)

sequence

b-values∗
(s/mm2 )

Zhou et al. 2002 (94)
Chan et al. 2002 (66)
Herneth et al. 2002 (68)
Maeda et al. 2003 (95)
Pui et al. 2005 (71)
Tang et al. 2007 (96)
Balliu et al. 2009 (97)
Biffar et al. 2011 (32)
Pozzi et al. 2012 (79)
Rumpel et al. 2013 (98)
Taşkın et al. 2013 (99)
Sung et al. 2014 (62)
Geith et al. 2014 (100)

ssFSE
ssEPI
msEPI
LSDI
ssEPI
ssFSE
msEPI
ssFSE
ssEPI
rsEPI
ssEPI
ssEPI
ssFSE

typical range
averaged values

0, 150, 250
200. . . 1000 (4)
440, 880
5, 1000
0, 500, 1000
0, 300
0, 500
100. . . 600 (4)
0, 800
0, 650
0, 500
0, 800
100, 250, 400
0. . . 600

ADC (10−3 mm2 /s) (n† )
osteoporotic fracture
0.32±0.05
1.94±0.35
1.61±0.37
1.21±0.17
—
2.23±0.21
1.90±0.39
1.77±0.36
0.65±0.36
1.84±0.37
1.75±0.30
1.83±0.20
1.80±0.33

(12)
(25)
(7)
(20)
(18)
(15)
(20)
(10)
(34)
(27)
(32)
(26)

1.2. . . 2.0
1.681±0.531 (246)

malignant lesions
0.19±0.03
0.82±0.20
0.69±0.24
0.85±0.18
1.02±0.36
1.04±0.03
0.92±0.13
1.36±0.39
1.24±0.41
1.22±0.14
0.81±0.32
0.95±0.17
1.36±0.43

(15)
(18)
(31)
(63)
(50)
(27)
(15)
(20)
(23)
(12)
(74)
(23)
(20)

0.7. . . 1.3
0.933±0.367 (391)

inflammation
—
0.98±0.21
—
—
1.16±0.40
—
0.96±0.49
—
—
—
1.54±0.15
—
—

(6)

(78)
(14)

(23)

1.0. . . 1.5
1.200±0.409 (121)

∗ if
†

more than 3 b-values were used, the range is provided with the number of b-values in parentheses
number of evaluated vertebrae
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Zhou et al. 2002 (94)
Chan et al. 2002 (66)
Herneth et al. 2002 (68)
Maeda et al. 2003 (95)
Pui et al. 2005 (71)
Tang et al. 2007 (96)
Balliu et al. 2009 (97)
Biffar et al. 2011 (32)
Pozzi et al. 2012 (79)
Rumpel et al. 2013 (98)
Taşkın et al. 2013 (99)
Sung et al. 2014 (62)
Geith et al. 2014 (100)
0.0

0.2

0.4

0.6

0.8

1.0
1.2
1.4
1.6
ADC (10−3 mm2 /s)

1.8

2.0

2.2

2.4

Figure 5: Apparent diffusion coefficients of vertebral bone marrow lesions listed in Table 4; the ADC ranges of malignant
lesions or fractures are displayed in red, benign osteoporotic fractures are displayed in blue. The shaded areas with
the thicker vertical line are the averaged values with standard deviations over all listed studies; the shaded area in
purple denotes the overlap of the standard deviations.

Figure 6: 69-year-old female patient with osteoporotic vertebral compression fracture of T7 (same patient as in Fig. 3).
The fracture is hyperintense at low diffusion weightings (b-values) and has approximately isointense contrast
(with some signal heterogeneity) at high b-values. The ADC of the fractured vertebra is substantially higher
(2.07 × 10−3 mm2 /s in ssFSE acquisition, 1.55 × 10−3 mm2 /s in ssEPI acquisition) than the ADC of the adjacent
normal appearing bone marrow (e. g., in T5, 0.54 × 10−3 mm2 /s in ssFSE acquisition, 0.39 × 10−3 mm2 /s in ssEPI
acquisition). Note the geometric distortion of the spinal canal in the ssEPI acquisitions.
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Figure 7: 65-year-old male patient with metastatic vertebral bone-marrow lesion of L1 (same patient as in Fig. 4). The fracture is hyperintense at all applied diffusion weightings. The ADC of the lesion is visibly higher (1.37 × 10−3 mm2 /s
in ssFSE acquisition, 1.20 × 10−3 mm2 /s in ssEPI acquisition) than the ADC of the adjacent normal appearing
bone marrow (e. g., in T11, 0.62 × 10−3 mm2 /s in ssFSE acquisition, 0.49 × 10−3 mm2 /s in ssEPI acquisition).

Table 5: Diagnostic performance of ADC to discriminate malignant vertebral lesions

∗ number

Study (reference)

n∗

ADC threshold
(10−3 mm2 /s)

sensitivity
(%)

specificity
(%)

accuracy
(%)

Wonglaksanapimon et al. 2012 (101)
Taşkın et al. 2013 (99)
Sung et al. 2014 (b = 0, 800 s/mm2 ) (62)
Geith et al. 2014 (b = 100, 250, 400 s/mm2 ) (100)

39
133
55
46

< 0.89
< 1.32
< 1.242
< 1.70

85.7
96.5
97
85.0

90.6
95.2
100
84.6

89.7
—
98
—

of evaluated lesions
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entiation of benign and malignant vertebral lesions based
on the visual image contrast (93): In diffusion-weighted
SSFP images of the spine, malignant lesions appear predominantly hyperintense while benign lesions are predominantly
hypointense or isointense relative to normal vertebral bone
marrow as illustrated in Fig. 8. These results were corroborated by several subsequent clinical studies (105–109). The
sensitivities for differentiating benign and malignant lesions
with diffusion-weighting SSFP sequences are reported between 85 % and 100 %; the specificities between 89 % and
95 % (32, 106, 108, 109). Only a few studies reported disagreeing results with hypointense signal of malignant vertebral lesions (110, 111), which may be explained either by
lesions irradiated before imaging or by sclerotic metastases
(in this case of prostate tumor) with very low water content.
As a clinically relevant alternative to bone-marrow lesion differentiation based on the ADC, visual differentiation has been frequently discussed since 1998 and numerous studies analyzed the image contrast within a single diffusion-weighted image acquired either with diffusionweighting SSFP sequences or with other diffusion-weighting
techniques such as ssEPI or ssFSE sequences. The results of
the latter (non-SSFP) approaches are, however, more heterogeneous, which may be explained by the fact that the
image contrast depends strongly on the detailed acquisition
technique, i. e., on the pulse sequence type and acquisition
parameters including echo time, diffusion weighting, fat suppression, and others.
Many studies based on non-SSFP DWI techniques describe malignant lesions in diffusion-weighted images as predominantly hyperintense relative to normal-appearing vertebral bone marrow (e. g., 62, 64, 66–68, 79, 97, 109), but the
reliable differentiation from benign (osteoporotic) fractures
remains difficult because of the inconsistent results found
for the latter. Some studies report a good differentiation
based on hypointense signal of benign lesions in DWI (e. g.,
66, 79, 112), while others find either varying contrasts for
these lesions (94, 97) or a similar contrast as for malignant
lesions (68, 94, 95, 109). Sung et al. described most benign fractures as “hyperintense relative to normal bone marrow and hypointense relative to spinal cord”, which enables
a differentiation from malignant fractures, which are found
to be predominantly “hyperintense relative to spinal cord”
(62). Generally, hypointense lesion signal appears to be a
reasonably specific indicator for benign lesion etiology with,
however, only moderate sensitivity (102).
The visual contrast in all these qualitative diffusionweighting studies (with either conventional ssEPI and ssFSE
sequences or with diffusion-weighted SSFP acquisitions) is
usually explained by the differences of the ADC described
in the previous section: Osteoporotic fractures have higher
ADCs than neoplastic lesions; hence, the signal attenuation
of osteoporotic fractures due to the applied diffusion weighting is stronger and they appear darker. However, the visual
contrast relative to normal appearing bone marrow cannot
be easily explained using the ADC alone: The ADC of normal bone marrow is substantially lower than the ADC of
both kinds of lesions and the image intensity could therefore be erroneously expected to be highest in normal bone
marrow. In reality, however, normal bone marrow shows low
to intermediate signal intensities in DWI. This low signal is
caused by a combination of reduced water content (in parNMR Biomed 2015 (accepted 4 May 2015)
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ticular, if the fat signal is suppressed), shorter transverse
relaxation times (T2 ) than in the lesion, and very short T2∗
relaxation times. Obviously, the exact resulting signal in
vertebral bone marrow depends on the sequence parameters
used for DWI, in particular on the echo time and the application of fat suppression pulses.
A detailed quantitative analysis of the lesion contrast
in diffusion-weighting SSFP acquisitions was recently published by Biffar et al. based on Eq. (2) shown above (32).
To calculate the diffusion-weighted SSFP signal quantitatively, mean values of the ADC and relaxation times (T1 ,
T2 , and T2∗ ) were required for all considered tissues (i. e.,
for normal-appearing bone marrow and for both types of
lesions). In particular, since bone marrow consists of comparable amounts of signal-generating fat and water, these
parameters need to be known independently for the fat and
the water component together with the relative fat fraction.
Combining all these data, the influence of all individual parameters on the observed tissue contrast can be calculated.
As a result, it turned out that the SSFP contrast is caused
predominantly by the differences (between the patients with
benign and the ones with malignant lesions) of fat fractions
and of T2∗ in both the normal appearing bone marrow and in
the vertebral lesions. The existing significant differences of
the ADC, on the other hand, contribute only to a low degree
to the image contrast in diffusion-weighted SSFP MRI (32).
A very important prerequisite to obtain this SSFP contrast behavior is that the fat and water signals in normal
appearing bone marrow cancel to a certain degree and, thus,
reduce the MRI signal of the bone marrow. This requires an
opposed-phase (or at least strongly out-of phase) condition
during the signal readout of the SSFP sequence, which is
possible since the SSFP-readout is shifted relative to the
generic spin-echo position and different phases are accumulated by the fat and water component. Consequently, the
(reversed) echo time of the pulse sequence, i. e., the interval between the center of the acquired echo and the subsequent radio-frequency pulse, is a particularly relevant parameter for the contrast of diffusion-weighted SSFP acquisitions; approximately opposed fat and water phases are found
for echo times of about 7 ms (or, e. g., 2.4 or 11.6 ms) at a
field strength of 1.5 T.

Conclusions
Vertebral bone marrow has some unique magnetic resonance
and tissue properties that need to be taken into account in
diffusion MRI of the spinal column. Due to both the spongy
microstructure of the trabecular bone and the neighborhood
of the lung, soft tissue, or large vessels, substantial magnetic susceptibility variations occur which severely reduce
the transverse relaxation time T2∗ and complicate MRI in
particular with echoplanar imaging techniques. In addition,
the MR signal of bone marrow contains water and fat contributions of comparable magnitude, if MRI techniques without fat suppression are used. Finally, the diffusion coefficient
of the water in bone marrow is low (. 0.6 × 10−3 mm2 /s)
compared to almost all other tissues, i. e., a precise ADC
measurement requiring a sufficient diffusion attenuation is
inherently difficult.
Only after recent technical advances in the implementaPage 11 of 15
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Figure 8: Diffusion-weighted SSFP acquisitions of a benign and a malignant vertebral bone marrow lesion (same patients as
in Figs. 3 and 4). The osteoporotic fracture is hypointense relative to the normal-appearing vertebral bone marrow,
while the metastatic lesion appears hyperintense.
tion of echoplanar imaging sequences (including improved
gradient systems, parallel imaging, dynamic shimming etc.),
sagittal MRI of the spine with ssEPI techniques became
reasonably robust.
Nevertheless, alternative diffusionweighting pulse sequence such as single-shot fast-spin-echo
sequences or segmented EPI techniques are still important
alternatives for quantitative DWI of the vertebral bone marrow.
Clinically, diffusion-weighted MRI of the vertebral bone
marrow is an important tool particularly for the differentiation of benign (osteoporotic) and malignant vertebral compression fractures. Numerous studies demonstrated that
the average ADC of osteoporotic fractures is significantly
greater than the ADC of malignant fractures or neoplastic bone marrow lesions. In addition to quantitative ADC
measurements, qualitative evaluation of the lesion contrast
in diffusion-weighted MRI of the vertebral column has been
shown to be valuable for the differentiation of lesion etiology: A very good lesion differentiation can be achieved particularly with diffusion-weighted steady-state free precession
sequences, which depict malignant lesions hyperintense relative to normal-appearing vertebral bone marrow in contrast
to hypointense or isointense osteoporotic lesions.
In summary, DWI of the vertebral bone marrow is technically demanding, but – if performed with adequate techniques and caution – clinically valuable in particular for the
differential diagnosis of vertebral lesions.
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