downl oaded: 9.10.2024

.org/10. 7892/ boris. 77146 |

https://doi

sour ce:

Review Article

Diffusion-weighted imaging in musculoskeletal radiology—clinical
applications and future directions

Nicholas Bhojwani'*, Peter Szpakowski’*, Sasan Partovi’, Martin H. Maurer’, Ulrich Grosse”*, Hendrik
von Tengg-Kobligk’, Lisa Zipp-Partovi’, Nathan Fergus’, Christos Kosmas’, Konstantin Nikolaou®, Mark
R. Robbin’

'Department of Radiology, Vanderbilt University Medical Center, Nashville, Tennessee; “Department of Radiology, University Hospitals Case Medical
Center, Case Western Reserve University, Cleveland, Ohio, USA; *Institute of Diagnostic, Interventional and Pediatric Radiology, Inselspital University
Hospital Bern, Freiburgstrasse, Bern 3010, Switzerland; “Department of Diagnostic and Interventional Radiology, University Hospital Tiibingen, Tiibingen,
Germany; sDepartment of Pediatrics, Rainbow Babies and Children’s Hospital, University Hospitals Case Medical Center, Cleveland, Ohio, USA

*These authors contributed equally to this work.

Correspondence to: Mark R. Robbin, MD. Department of Radiology, University Hospitals Case Medical Center, Case Western Reserve University,
Cleveland, Ohio, USA. Email: mark.robbin@uhhospitals.org.

Abstract: Diffusion-weighted imaging (DWI) is an established diagnostic tool with regards to the central
nervous system (CNS) and research into its application in the musculoskeletal system has been growing. It
has been shown that DWT has udility in differentiating vertebral compression fractures from malignant ones,
assessing partial and complete tears of the anterior cruciate ligament (ACL), monitoring tumor response to
therapy, and characterization of soft-tissue and bone tumors. DWT is however less useful in differentiating
malignant vs. infectious processes. As of yet, no definitive qualitative or quantitative properties have
been established due to reasons ranging from variability in acquisition protocols to overlapping imaging
characteristics. Even with these limitations, DWT can still provide clinically useful information, increasing
diagnostic accuracy and improving patient management when magnetic resonance imaging (MRI) findings
are inconclusive. The purpose of this article is to summarize recent research into DWT applications in the

musculoskeletal system.
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Introduction infectious processes (10), and characterization of soft-tissue

Even though initial research into diffusion-weighted and 'bone tllITlOl‘S (11). The goal of this article is to prf)vu%le
imaging (DWI) applications focused on the central nervous a brief overview of the recent advancements and studies in
system (CNS) (1-4), there now is a growing amount of

research extending to other systems. Applications of

the applications of DWI to the musculoskeletal system in
the context of the authors’ institutional experiences.

DWI in the musculoskeletal system have come to include

assisting in differentiating vertebral compression fractures Image acquisition and interpretation

vs. malignant fractures (5), degenerative changes (6,7),

monitoring tumor response to therapy (8), differentiating
degenerative vs. infectious processes (9), malignant vs.
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The single shot echo planar imaging (SS-EPI) technique
is the most commonly used sequence in DWI, providing
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not only rapid image acquisition but reduced motion
artifacts (12). Although the mechanics behind DWI
have not been elucidated entirely (13), it is a non-
invasive method which measures the Brownian motion of
water in its microscopic environment. This principle is
exploited to detect and monitor the cellularity of a variety
of pathologies. The signal obtained reflects the water
content of the tissue, which is influenced by both perfusion
and diffusion making image interpretation difficult. A
diffusion weighted image is created by applying diffusion
sensitizing gradients to a T2-weighted image, where the
parameters of the sensitizing gradient are determined by
the b value. With a b value of 0, the image appears as a T2-
weighted image and a progressive increase in the b value
begins to suppress the perfusion effect, with only highly
cellular tissues remaining bright at high b values (13).
A hyperintense signal on DWI corresponds to an area where
water motion is restricted and is not able to move out of
the image plane. Because extracellular fluid motion is less
restricted in comparison to intracellular fluid motion, more
extracellular fluid will result in decreased signal. In contrast,
an increased signal correlates to increased cellularity of
the tissue because intracellular fluid motion is impeded by
organelles (11,14).

In conjunction with DWIs, apparent diffusion coefficient
maps (ADC) are sometimes given, quantify the effect of
diffusion restriction. ADC calculation requires at least
two DWIs at different b values and in contrast to DWI,
stationary water appears hypointense on ADC maps
(i.e., reduced diffusion) and hyperintense where there is
increased water diffusion. ADC values in cells are much
lower than in free standing water because cellular structures
impede the diffusion of water. With low b values, the
perfusion component accounts for a larger proportion of the
signal intensity on ADC maps whereas diffusion dominates
at higher b values. These can be reported as ADC,,, and
ADC,,, components but generally, only a total ADC value is
given (13).

For proper interpretation of DWIs and ADC maps,
clinical correlation is essential. Tumors generally have
restricted diffusion compared to healthy tissues due to
enlarged nuclei and increased cellularity resulting in
decreased extracellular volumes. The restricted diffusion
leads to increased signal on DWI and decreased signal on
ADC map. Depending on the features of the malignancy
and the treatment response, this pattern may change in
the course of the pathology. Rapidly growing tumors can
outgrow their vascular supply or treatment of tumors can
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lead to necrosis, causing decreased signal intensity on high
b value images and increased ADC values. Certain tissues
with long T2 relaxation times can cause increased signal
on DWI images even though they are not due to decreased
diffusion. This process is termed the “I2-shine through
effect” and leads to an increased signal on both, DWI
and ADC maps (13), therefore comparison of the two is
essential.

Malignancies of soft-tissue and bone

Morphological magnetic resonance imaging (MRI)
techniques are applied in the workup of certain soft-tissue
tumors and characteristic imaging findings are helpful to
narrow down the differential diagnosis. Investigations using
DWTI as a functional MR sequence have been focusing
on developing qualitative and quantitative criteria for
musculoskeletal tumors. One study found that defining
imaging characteristics on MRI that may differentiate
chondrosarcomas from chondroblastic osteosarcomas and
other osteosarcomas is difficult due to overlapping imaging
features (11). Tumor heterogeneity causes ADC values to
be variable depending on the region of interest selected,
with areas of higher cellularity and stroma demonstrating
low ADC values (14). Although tumor heterogeneity on
imaging suggests malignancy, it should not be considered a
prerequisite (14). In the majority of cases histopathological
confirmation is required. However, the tumor heterogeneity
reflected by DWI and corresponding ADC maps may be
helpful for planning of image guided biopsy (Figure 1).

Setting ADC cut-off values for benign and malignant
tumors has also proven to be difficult which is in part due
to variability in image acquisition protocols and technical
specifications between vendors (15). A cut-off value of
1.34x107" mm’/s proposed by one study (16) showed a
sensitivity of 91% and specificity of 94% in differentiating
between malignant and benign soft-tissue tumors. For cystic
lesions, using a mean ADC value greater than 2.5x10™° mm’/s
led to a sensitivity of 80% and specificity of 100% (17),
although the use of different imaging protocols can achieve
higher ADC values of soft-tissue tumors (15). ADC values
are usually lower in malignant tumors compared to benign
tumors, but the overlap in values has made it impossible
at this point to define ADC cut-offs with high sensitivity
or specificity thus limiting its diagnostic value (15,18,19).
Nevertheless, the features suggesting malignancy on DWTI are
areas of hyperintensity seen at high b values and corresponding
hypointensity on ADC map (20).
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Figure 1 A 63-year-old female with a myxoid liposarcoma. Large parts of the tumor mass show strong contrast enhancement (A; B, with

subtraction); the diffusion weighted imaging displays high signal especially in a nodular medial part of the tumor (C, white arrow) with

corresponding low signal on the ADC map (D, white arrow). This part of the tumor contains the highest cellularity and should be chosen as

a target for biopsy.

Research in the use of whole body DWI with background
body signal suppression in localization of metastatic bone
lesions and staging of tumors is showing good results and
clinical applications are still being explored (21-23). DWI
in comparison to positron emission tomography (PET) and
scintigraphy has shown to be more effective in detecting
metastatic bone tumors (24) while avoiding the need for
isotopes which are in short supply (25). One study conducted
a meta-analysis of 495 patients (26) and showed that whole-
body DWTI is sensitive but not specific in detecting bone
lesions. Whole-body MRI eliminates exposure to high-
doses of radiation, an important consideration especially if
the patient is to undergo frequent imaging and is young (27).
DWTI has been shown to as effective or more effective in
detecting metastatic prostate cancer, breast cancer and
multiple myeloma in comparison to STIR-based protocols
(28,29). Tumor localization when, conducting whole body
diffusion, can be improved with overlay of anatomical
imaging (Figure 2). Even though superimposing anatomical
imaging on DWI images might be helpful for the clinician, it

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

does not increase tumor detection rates (30).

"The most common primary malignant tumor of the bone
is intramedullary osteosarcoma (11). Yakushiji ez a/. (11) found
that DWI may be more effective than gadolinium enhanced
MRI in differentiating chondroblastic osteosarcomas and
other osteosarcomas. Gadolinium enhanced MRI is important
because the large chondroid component can make it difficult
to biopsy appropriate regions containing malignant tumor
cells (31,32). Missing chondroblastic osteosarcomas is not only
impairing patient management but eventually clinical outcome.
Patients with chondrosarcoma have a 5-year survival rate of
72.6% when they receive appropriate treatment (33) whereas
the 5-year survival rate for chondroblastic osteosarcomas is
around 60% (34). MRI can assist in diagnosis of chondroblastic
osteosarcoma (35), however, the septonodular and peripheral
rim enhancement pattern often found in chondroblastic
osteosarcomas can also be found in other chondroid matrix-
forming tumors (11,36). In the specimens studied by Yakushiji
et al. (11), a heterogeneous pattern of MR enhancement was
found in all chondroblastic osteosarcomas and other types of
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