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Editorials

Differentiation of Benign versus Pathologic
Compression Fractures with Diffusion-weighted
MR Imaging: A Closer Step Toward the “Holy
Grail” of Tissue Characterization?1
The feasibility of diffusion imaging with

magnetic resonance (MR) imaging (1-3)
and its clinical potential in neurologic

disorders (4) were demonstrated more
than a decade ago. Substantial technical
progress has allowed diffusion imaging to
be performed with clinical MR units, with

minimal artifacts, especially in the brain.

The development of diffusion imaging

represents a landmark contribution in the

history of MR imaging. Molecular diffu-
sion refers to the general, thermal, ran-
dom displacement of molecules. During

typical MR imaging encoding times, wa-
ten molecules diffuse at distances on the

order of a few micrometers. Diffusion MR
imaging is thus exquisitely suited to prob-

ing the structure of biologic tissues at a

microscopic level well below the typical

Index terms:
Bone marrow, MR, 30.1 21411
Editorials
Magnetic resonance (MR), diffusion study,

30.121 419
Magnetic resonance (MR), tissue charac-

terization, 30.121419
Spine, fractures, 30.32, 30.41 1, 30.41 6,

30.56
Spine, primary neoplasms, 30.32

Radiology 1998; 207:305-307

1From the Department of Medical Re-

search, Commissariat a l’Energie Atomique,
Service Hospitalier Fr#{233}d#{233}ricJoliot, 4, place
du C#{233}n#{233}ralLeclerc, 91401 Orsay Cedex,
France. Received December 1 7, 1 997; ac-
cepted January 9, 1998. Address reprint
requests to the author.

#{176}RSNA,1998

See also the article by Baur et al (pp 349-
356) in this issue.

resolution of MR images, which remains

at the millimeter scale.

The measurement of molecular dis-

placements in biologic tissues has enor-
mous clinical potential-from determin-
ing the orientation of white matter fibers

in the brain to monitoring laser surgery.

Perhaps the most striking application,

however, has been in acute brain is-

chemia. The early finding in an animal

model (5) that water diffusion is substan-

tially lower in ischemic regions has be-
come a clinical reality in just a few years,

following initial reports about clinical

stroke (6-9), and promises to revolution-

ize the treatment of patients with stroke.

Diffusion-weighted MR imaging can
readily depict cytotoxic edema associated
with acute brain ischemia, within mm-

utes of the ictus, as an area of slow, de-
creased diffusion that appears as an in-
crease in signal intensity. With an

“imaging package” that includes diffu-
sion- and perfusion-sensitive MR imag-

ing and MR angiography, clinicians have

in their hands a set of invaluable tools

for helping them diagnose stroke at a very

early stage (when tissue is still salvage-
able), evaluate the severity and extension
of the ischemic region, assess new thera-

peutic (pharmacologic or interventional)

strategies, and follow up disease (in both

the acute and the chronic phases) (10). Of

course, MR imaging systems must first be

made available to patients outside the

emergency room, or patients must be
brought to the emergency room within a

few hours; this remains a formidable chal-

lenge.

Another important field of application

has been brain white matter, where diffu-

sion has been shown to be highly aniso-

tropic: Diffusion is markedly decreased

when the myelin fiber tracts are perpen-

dicular to the direction of the magnetic
field gradient used to measure diffusion

(1 1). On diffusion-weighted MR images,
white matter tracts where fibers are perpen-

dicular to the gradient direction have high

signal intensity. Conversely, fibers that are

parallel to the gradient direction have low

signal intensity. The actual direction in

space of the white matter bundles can in-
deed be fully determined by using the “dif-
fusion tensor imaging” method (12). Re-

cent work has demonstrated the feasibility
of using diffusion tensor imaging in the
human brain (13). Myelin fiber orientation
mapping may be useful to better under-
stand white matter diseases such as mul-

tiple sclerosis, Wallenian degeneration,
delayed white matter myelmnation in neo-
nates or, more generally, any white mat-

ten disease. In cognitive neuroscience,
mapping of white matter fibers that tie
activated cortical regions may provide an
important step toward the concept of

“functional connectivity.”
Feasibility studies have also explored the

potential of diffusion imaging in muscle,
heart, liver, and kidney. Now, the article
by Baur et al (14) in this issue of Radiology

points toward a new field of application:

bone marrow. By using diffusion-weighted
MR imaging, the authors have successfully
addressed a common dilemma in clinical

radiology: the difficulty in differentiating

benign vertebral compression fractures
from those due to an underlying malig-
nancy. In their preliminary study of 39
vertebral compression fractures in 30 pa-

tients, all benign vertebral fractures were

hypo- to isointense to adjacent normal
bone marrow on diffusion-sensitized im-

ages, and all pathologic compression frac-

tunes (from very different primary neo-
plasms) were hypenintense to normal bone
marrow. Conversely, the imaging charac-
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teristics of both benign and malignant

compression fractures at conventional

spin-echo and short inversion time inver-

sion-recovery, or STIR, imaging were van-

able and overlapped.
MR imaging can be sensitized to diffu-

sion by inserting gradient pulses into any

imaging sequence (15). Without addi-

tional gradients, typical MR imaging se-

quences have intrinsically very low diffu-

sion sensitivity so that diffusion effects are

completely negligible. Because the small-

est detectable length of molecular diffu-

sion paths is primarily determined by the

intensity of the gradient pulses, there is a

need to use hardware capable of provid-

ing stable gradient pulses of the utmost

intensity. This requirement may be ex-

tremely challenging when considering
whole-body instruments designed for

clinical studies. In the past, the specifica-

tions of clinical MR imaging units made

it difficult to obtain reliable diffusion

images. Acquisition times were long (10-

20 minutes), and the presence of the large

diffusion gradient pulses required for dif-

fusion made the images very sensitive to

macroscopic motion artifacts (eg, those

induced by involuntary or voluntary mo-

tion, breathing, or cardiac-related pulsa-

tion). Demonstrative clinical studies have

started only very recently, when better MR
imaging units equipped with echo-planar

imaging capabilities became available.

With “single-shot” echo-planar imaging,

it is possible to acquire an image in a few

tens of milliseconds and to image the

entire brain in less than a second, virtu-

ally freezing macroscopic motion (16,17).

The principles of echo-planar imaging

were established in the 1970s, but its

implementation with clinical MR imag-

ing units was delayed until the early

1990s due to the special hardware neces-

sary, as large gradient pulses must be

switched very quickly. Many commercial

MR imaging systems can now be upgraded
to perform echo-planar imaging. This en-

hanced gradient hardware also provides

increased gradient strength for diffusion,

thus improving sensitivity to diffusion

(15). Echo-planar imaging is also certainly
the best method for quantifying diffusion,

because diffusion and relaxation effects

contribute separately to the MR imaging

signal and can be easily separated.

On diffusion images, diffusion values
are displayed by using a gray scale, where

high signal intensity corresponds to high,

fast diffusion and low signal intensity to

low, slow diffusion. Some investigators,

however, have proposed that we limit dif-

fusion studies to the analysis of the raw

images obtained with some degree of dif-

fusion sensitivity or weighting. For this

reason, these images are called diffusion-

weighted images, as in the study by Baun

et al. The contrast on these images is op-

posite that found on true diffusion images:

Regions with high diffusion have more

pronounced MR signal intensity and ap-

pear dark, whereas regions with low dif-

fusion appear bright. Diffusion-weighted

imaging may be convenient, but one has

to be aware that the content of the image

is affected by many parameters other than

diffusion because they are also usually

strongly Ti and T2 weighted. Because

these parameters may not have the same

behavior as with diffusion, variations in

image intensity may be difficult to inter-

pret. Whenever possible, absolute diffu-

sion imaging must be preferred; echo-pla-

nan imaging is the best method for

achieving this goal. Indeed, it is impor-

tant to notice that diffusion imaging is a

truly quantitative method. The diffusion

coefficient is a physical parameter that

directly reflects the physical properties of

the tissues in terms of the random move-

ment of translation of the molecules un-

den study. The diffusion coefficient thus

does not depend on the field strength of

the magnet or the pulse sequence used,

which is not the case for other classic MR
imaging parameters (eg, Ti or T2 relax-

ation times). Diffusion coefficients ob-

tamed at different times in a given patient,

in different patients, or in different hos-

pitals can be compared without the need

for normalization.

Unfortunately, some problems remain

with echo-planar imaging, such as limited

spatial resolution, sensitivity to eddy cur-

rents and local susceptibility gradients,

and chemical shift, that may result in se-

vere geometric distortion and signal drop-

out, especially at interfaces between tis-

sues, air, and bones. One can partially

overcome these limitations in the brain

by using “multishot” echo-planar imag-
ing with cardiac gating and navigator ech-

oes (18, 19); however, these constraints are

even more substantial in the body and

prevented Baur et al (14) from using echo-

planar imaging in their study. As a matter

of fact, to our knowledge echo-planar

imaging has not yet been used very suc-

cessfully in the spine. In the study by Baur

et al, diffusion-weighted imaging was per-

formed with a time-reversed fast imaging

sequence based on steady-state free pre-

cession (SSFP). The possibility of sensitiz-

ing this particular MR imaging sequence

to diffusion was demonstrated long ago

(20,21), but it was fast made clear that

quantification of diffusion by using SSFP-

based sequences was difficult, as one could

not remove confounding relaxation ef-

fects (ie, the effects of Ti, T2, and diffu-

sion could not be clearly separated as with

spin-echo-based sequences such as echo-
planar imaging) (22). Therefore, images

must be interpreted with caution because

one cannot infer that observed signal in-

tensity changes are solely related to diffu-

sion. Furthermore, the degree of diffusion

sensitization with this sequence is diffi-

cult to appreciate.

The degree of sensitivity to diffusion is

generally described by the so-called b fac-

tor (4), which takes into account the in-

tensity and timing of the gradient pulses.

This b factor can be somewhat compared

with the echo time of an MR imaging se-

quence to depict its degree of T2 weight-

ing. By using a phantom, Baur et al esti-

mated the b factor of their sequence as 165

sec/mm2, which is a rather low value for

diffusion imaging (adequate values on the

order of 1,000 sec/mm2 have been sug-

gested for cerebral diffusion imaging). With

such low values, only fast diffusion can be

seen. The authors overcame the technical

shortcomings of their approach by show-

ing in a subgroup of patients that a clear

distinction between benign and malignant

fractures was visible only when the diffu-

sion-sensitizing gradient pulse was present.

In fact, the hypointense signal observed in

benign fractures was seen only with the

diffusion-weighted sequence, which is

suggestive of increased water mobility. The

hypenntense signal observed in malignant

vertebral compression fractures, however,

was present with and without the diffu-

sion-sensitizing gradient and may not be

related to a decrease in diffusion. Much

larger b factor values would have been nec-

essary to check this point. A b factor of 600
sec/mm2 was used in another subgroup of

patients, not included in the study, and

apparently did not yield additional infor-

mation.

Indeed, the relationship between the

observed diffusion effect and the actual

molecular displacement behavior is not

straightforward (23). Water diffusion in

most biologic tissues is generally much

lower than that measured in pure water.

This discrepancy must, therefore, be related

to the structure of the biologic medium

itself. The reduction of the diffusion coef-

fluent may result from compartmentation,

with water molecules encountering barn-

ers that prevent them from diffusing

freely-whether those barriers are penme-

able or not. The diffusion path may also

be lengthened by the presence of obstacles,

or water molecules may be retained by at-

tractive centers or surfaces. In any case,

water molecules will “sense” all these ob-
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stacles during the time over which diffu-

sion is measured (the so-called diffusion
time).

Perhaps the most powerful concept

formulated to date to explain the low dif-

fusion values found in biologic tissues is

that of “tortuosity,” a concept that has

been widely used in solid porous media

studies and, more recently, the brain

(24,25). The idea behind tortuosity is that,

because of the presence of obstacles (eg,

cells, fibers, macromolecules, organelles),

water molecules must travel longer paths

to cover any given distance. In other

words, molecules cannot travel in a

“straight” path but must diffuse around

structures that are more or less imperme-

able to them. This situation results in a
longer time to travel or an apparent de-

crease or slowdown in diffusion. It is in-
teresting that this diffusion reduction can

be modulated by the geometry of the tis-

sue. For instance, it has been hypothesized

that the decrease in diffusion in brain is-

chemia could be ascribed to the cell swell-

ing associated with cytotoxic edema,

which reduces the size of the interstitial

space and increases tortuosity (26). Hence,
the rationale followed by Baur et al was
that the free mobility of water in intersti-

tial tissue could differ in bone marrow

according to the underlying abnormality.

Acute benign fractures with an increase

of the interstitial space in relation to
edema on hemorrhage would have in-

creased water mobility, whereas a compact

accumulation of tumor cells in pathologic
vertebral compression would reduce the

interstitial space and water mobility. On

diffusion-weighted images, this would

translate to a decreased signal intensity for

benign fractures and an increased signal

intensity for fractures of malignant origin;

this was observed by Baur et al. This hy-

pothesis is quite original and interesting

but, of course, needs further confirmation
with proper quantitative analysis.

The general problem of tissue charac-

terization is certainly a “Holy Grail.” One
must remain cautious, however, because
MR imaging is a macroscopic technique,
and only microscopic approaches can re-

ally enable the assessment of malignan-

cies, which may exist only in a very lim-

ited number of cells (at least at the initial

stage) and, thus, might not be visible with
imaging. Although the interpretation pro-

posed by Baur et al is compatible with

their findings, from a biophysic mecha-

nism standpoint, it remains to be seen

whether the decrease in diffusion would
be observed with any kind of malignant

tissue. Cell proliferation may not be large,

and the tumoral tissue may include a mix-
tune of regions with edema. As a matter of

fact, opposite results have been found in
the brain, as the most malignant tumors

had the highest diffusion coefficients (15).
It remains that the presented results are
impressive. Diffusion-weighted MR imag-
ing might enable the differentiation of

benign from malignant compression frac-

tures, offering great potential in the treat-
ment of patients with vertebral compres-

sion fractures. This is an exciting finding

that could dramatically change the clini-

cal outcome in a very large number of pa-
tients.
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