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Diffusion-weighted MRI as a biomarker for
treatment response in glioma

Kathleen M Schmainda*

B Diffusion-weighted imaging (DWI) is a powerful MRI method that is sensitive to microscopic changes in
water mobility (i.e., water diffusion).

Image maps of the apparent diffusion coefficient (ADC), derived from DWI, give absolute measures of
tissue water diffusion in units of mm?/s on a per-voxel basis.

B ADCis inversely correlated with tumor and tissue cell density, and as such can provide information about
tumor cell density, and potentially tumor grade.

Practice Points
| |

B Because DWI and its derived parameter, ADC, are correlated with cell density, DWI has the potential to
detect invading tumor cells, which are often invisible on standard anatomical imaging.

B Functional diffusion maps (fDMs) are one approach for showing changes in ADC over time, and thus have
the potential to predict and evaluate response to treatment.

B The utility of fDMs as a marker of response to chemotherapy has shown promise when looking at ADC
changes within enhancing lesions.

B The fDM information obtained from both enhancing and nonenhancing lesions has demonstrated a
potential to predict response to newer therapeutic regimens earlier than standard radiologic assessment
criteria.

SUMMARY Diffusion-weighted imaging (DWI) is a powerful MRI method, which probes
abnormalities of tissue structure by detecting microscopic changes in water mobility at a
cellular level beyond what is available with other imaging techniques. Accordingly, DWI has
the potential to identify pathology before gross anatomic changes are evident on standard
anatomical brain images. These features of tissue characterization and earlier detection are
what make DWI particularly appealing for the evaluation of gliomas and the newer therapies
where standard anatomical imaging is proving insufficient. This article focuses on the
basic principles and applications of DWI, and its derived parameter, the apparent diffusion
coefficient, for the purposes of diagnosis and evaluation of glioma, especially in the context
of monitoring response to therapy.
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Traditionally, brain tumor response to treatment
has been assessed using the MacDonald crite-
rion [1], which is based on the two-dimensional
measurement of enhancing tumor on MRI
or computed tomography. Given that tumor
enhancement primarily reflects the breakdown
of the blood-brain barrier, it may not reflect
true changes in tumor growth. For example, for
patients treated with chemoradiation, ‘pseudo-
progression’ can occur where there is an increase
in tumor enhancement on MRI suggestive of
tumor progression, but without increased tumor
activity [2]. Pseudoprogression is confirmed later
by a stabilization or decrease in tumor enhance-
ment on imaging or with tissue obtained at
surgery. An imaging biomarker capable of dis-
tinguishing these effects early on would be of
tremendous benefit for these patients. Similarly,
radiation necrosis, occurring 3—12 months after
radiotherapy, can mimic tumor recurrence
with increased enhancement, raising similar
treatment questions.

For similar reasons use of the MacDonald cri-
teria [3] or, more recently, the Revised Assessment
in Neuro-Oncology (RANO) criteria [4], which
also incorporate fluid-attenuated inversion
recovery imaging (FLAIR), may be insufficient
for the full evaluation of response to antian-
giogenic therapies, such as bevacizumab [s].
Since these agents also act as powerful steroids,
decreasing the permeability of the blood-brain
barrier, rapid decreases in the degree of contrast
enhancement and extent of surrounding hyper-
intense T -weighted signal intensity on FLAIR
images may not reflect true changes in tumor
activity. This phenomenon, termed ‘pseudo-
response’ [2], may explain why an improvement
in progression-free-survival, but not overall sur-
vival, has been observed for patients treated with
these agents, in that standard imaging is not an
accurate representation of both enhancing and
nonenhancing tumor growth. Related to this,
there is evidence from both preclinical (6-8] and
recent clinical studies [9,10] concerning a possible
relationship between antiangiogenic drugs and
increased tumor cell invasion. Clearly there is a
need for imaging biomarkers that provide objec-
tive information related to tumor growth and
invasion.

Diffusion-weighted imaging (DW1I) has the
potential to serve as an imaging biomarker for
these purposes, since it can provide objective
information about tissue and tumor cell den-
sity, and thus cell death and tumor cell invasion.
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Therefore, the focus of this review will be on
DWT and its derived parameters, the most
important of which is apparent diffusion coef-
ficient (ADC), and its utility as an imaging bio-
marker in glioma. Specifically, this article will
include a brief review of the basic principles of
DWI followed by a description of the relation-
ship between ADC and cell density, the potential
of ADC and related parameters to distinguish
tumor types and grades, and their ability to pro-
vide important information regarding response
to treatment.

Basic principles of DWI

In MRI, the unique spatial information neces-
sary to produce images is generated through
the application of imaging gradients, which are
magnetic fields that vary with position. MRI is
made sensitive to tissue water diffusion by add-
ing additional imaging gradients, called dif-
fusion gradients, which are much larger than
the standard imaging gradients. More specifi-
cally, as shown in , the images are made
sensitive to diffusion by adding two identical
magnetic field gradients, one on each side of the
180° ‘refocusing’ radiofrequency pulse. These
two gradients, separated in time, are effectively
the inverse of each other due to the 180° pulse
applied between. Water ‘spins’accumulate spa-
tially dependent phase during the first gradient
pulse. The second gradient pulse reverses the
phase introduced by the first gradient pulse.
Any translation of the spins (i.e., diffusion),
during and between the two gradients, results
in a phase offset proportional to the distance
traveled. This results in an attenuation of the
measured diffusion-weighted signal as defined
by the following equation:

Sb)=S, e hAPC o= 2

where ADC is given in units of mm?/s, TE is
the echo time, T is the tissue transverse relax-
ation time and b is the diffusion weighting or
‘b-value’. Note that since the diffusing water is
not freely diffusing but instead is restricted by
many different barriers, such as cell membranes,
the measured diffusion coefficient is referred to
as the ADC rather than simply D, the diffu-
sion coefficient. The b-value is a function of the
gyromagnetic ratio, , for a given nucleus (which
in this case is water) that relates the nuclear
magnetic resonance frequency and the external
magnetic field, diffusion gradient strength (G),
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diffusion gradient duration (8) and diffusion

90° 180°
gradient separation (A). For the DW1I sequence
shown in the equation describing the
b-value is: RF
Time
. G
b= (y|G|5)2[A—g] *’_‘*5 m
- . g
From it is clear that when either A
ADC or the b-value increases, the signal
decreases. Conversely, if the ADC decreases, as Signal

can occur with a more restricted tissue environ-

ment, the DWT signal will increase. However,
changes in tissue T2 that might occur, for exam- Figure 1. A diffusion-weighted imaging sequence. Typical timing of events that
ple, with edema, also influence the DW1 signal ~ occur with a diffusion-weighted imaging sequence. They include application of
resulting in what is termed a T, shine-through’ r.f. pulses, consisting of 90° and 180° (inversion) pulses, and gs. The sequence of
effect. Consequently, to determine changes in ~ signals generated is also shown. Not shown are the imaging gradients, which are
ADC alone, the DW1 signal is measured at a required for the measurement of spatially localized magnetic resonance signals.
minimum of two different b-values and ADC  The diffusion weighting or b-value is defined by §, G and A.

computed: d: Diffusion gradient duration; A: Time between application of identical diffusion

_ 1 S
APC= G110 1“[?1]

In the brain, the b-values that are most com-
monly used for determination of ADC are b = 0
and b = 1000 s/mm?. These values were chosen
to maximize the signal to noise of the com-
puted ADC image map. However, more recent
recommendations suggest that the minimum
b-value be a nonzero value. Choosing b-values
of the order of 50-200 s/mm? will minimize
contributions from fast-diffusing components
that may result from microvascular perfusion
rather than true tissue water diffusion. These
intravoxel incoherent motion effects have been
well studied in the brain in the past [11,12], and
are being addressed again in several more recent
studies [13].

It should be noted that DWI images are
generated from the average of three diffusion-
weighted signals, each obtained by applying the
diffusion gradients in three orthogonal direc-
tions. This results in the voxel-wise display of
an isotropic diffusion-weighted signal, which
by definition is independent of direction. A
related technique called diffusion tensor imag-
ing (DTI) enables the calculation of both the
direction and magnitude of the water diffusion.
This technique is designed to probe the direc-
tional differences of diffusion in the brain’s gross
microstructure, such as in white matter tracts.
DTI requires the acquisition of at least six DW1I
images each with different diffusion gradient
directions, but a common diffusion time that is
long enough to allow a residing proton to probe
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gradients; g: Diffusion gradient; G: Gradient amplitude; RF: Radiofrequency.

the microstructure for the purpose of obtaining
the diffusion tensor matrix [14]. DTT has pri-
marily played a role in the presurgical mapping
of brain tumors in an effort to avoid damage
to these tracts [15-17].There have also been stud-
ies demonstrating that fractional anisotropy, a
parameter that is derived from DTT data, may
provide information about tumor invasion
into white matter tracts [18,19]. However, DTI
is beyond the scope of the present review, and
therefore the remainder of this review will con-
tinue to focus on DW1I and its applications for
evaluating glioma.

DWI for brain tumors

DW1 is a rather recent addition to the magnetic
resonance sequences conventionally employed
to diagnose and follow brain tumors. Early on
DWI was used most frequently in the evaluation
of stroke. Within seconds of stroke onset, cyto-
toxic edema occurs, where there is a shift of water
from the extracelluar to cellular space, result-
ing in a greater restriction of water movement.
This restriction is visible as increased signal on
DWI . Likewise for densely cellular
neoplasms, which have a greater restriction of
water diffusion compared with less cellular tis-
sues, this gives rise to increased signal on DW1I
and decreased ADC. The relationship between
ADC and tumor cellularity has been demon-
strated in several studies [20-22]. The results from
one such study [22] are shown in where
cell density, measured via histological analysis,
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Figure 2. Correlation between spatially matched apparent diffusion coefficient measurements and cell density from stereotactic
biopsy samples. (A) Postoperative, high-resolution 3D T -weighted anatomical MRI showing the biopsy location (arrow) in single patients.
(B) Representative histological images (hematoxylin and eosin, x20 magnification) showing how cell density increases with an increase

in tumor grade (scale bars: 50 um). (C) Spatially matched ADC measurements taken from the biopsy location in the same four patients

as in (B), showing a decrease in ADC with an increase in tumor grade and cell density. (D) Scatter plot of average ADC within stereotactic
biopsy locations and average cellularity for 17 patients (circles) shows a significant linear correlation (Pearson'’s correlation coefficient,

r? =0.7933; p < 0.0001) between mean ADC and mean cell density in nuclei/mm?. (E) Correlation between mean ADC and mean cell density
in nuclei/HPF. (D & E) Dashed black line indicates the linear regression while the dashed gray lines indicate the 95% Cls for the regression.

ADC: Apparent diffusion coefficient; HPF: High power field.

Reproduced with permission from John Wiley and Sons (License No. 2901470746078) [22].

was compared with the ADC values computed

in the corresponding location.

In this context, additional studies demon-
strated that the ADC correlated inversely with

172 CNS Oncol. (2012) 1(2)

tumor proliferation rates as measured by the
Ki-67 labeling index [23], and was predictive of
prognosis in a manner independent of tumor
grade [24]. Note that the tumor classification
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and grading labels used throughout this review
are based on those defined by WHO in
their 1993 classification [25]. With respect to
astrocytoma/glioma, a four-tiered system is
applied, where low-grade tumors refer to both
grade I and II tumors, and high-grade tumors
refer to those diagnosed as grade III or grade IV
tumors. The validity of these relationships was
further supported by yet another study showing
that the diagnosis of early stages of malignant
glioma can be aided with DW1I, such that areas
of low ADC, suggestive of high cellularity, are
more consistent with high-grade glioma [26]. As
an example, shows DWIand ADC maps
for two patients, one with a grade II tumor and
another with a glioblastoma (grade IV glioma).
For the grade II tumor, the enhancing tumor,
indicated by the arrow, corresponds to an area

of high signal on both DWI and ADC maps,
consistent with a tumor that may be hypo-
cellular compared with normal-appearing brain.
Conversely, areas of enhancing glioblastoma cor-
respond to areas of low ADC, suggesting a more
densely cellular tumor.

Despite these promising results, other
investigators have questioned the relationship
between ADC and tumor cell density, and have
highlighted the considerable overlap between
low- and high-grade gliomas. It was suggested
that this overlap may be attributed to the focal
necroses commonly found in grade IV gliomas,
which cause the overall ADC values to be higher
(27.28]. This observation also raises the issue of
using mean ADC values to grade gliomas, and
underscores the need for new analysis methods
that do not characterize the entire, often very

Figure 3. Diffusion-weighted images and apparent diffusion coefficient images for low- and
high-grade glioma. (A & D) Postcontrast T,-weighted images, (B & E) diffusion-weighted images
obtained at b = 1000 s/mm? and (C & F) the corresponding apparent diffusion coefficient maps for
patients with (A-C) grade Il astrocytoma and (D-F) recurrent glioblastoma, respectively. The bright
signal on diffusion-weighted images can result from some combination of restricted diffusion and
T, hyperintensity, the latter of which can occur within edematous tissue, for example. The apparent
diffusion coefficient maps eliminate T, contributions so that restricted diffusion, shown as areas of
darker image intensity, can be more clearly delineated. In turn, restricted diffusion may represent

areas of increased tumor cell density.
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Figure 4. Calculation of functional diffusion maps from sequential
apparent diffusion coefficient maps. For each postbaseline time point,
the baseline ADC map is subtracted from the ADC map from the current

day. Each voxel within an ADC difference image is stratified into three
categories based on the magnitude of the ADC change: a decrease in ADC
suggestive of increased cellularity (blue voxels); an increase in ADC suggestive
of decreased cellularity (red voxels); and those with no significant change in

ADC (green voxels).

ADC: Apparent diffusion coeffcient; fDM: Functional diffusion map.
Reproduced with permission from John Wiley and Sons [22].
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heterogeneous tumor, by one averaged value for
a region of interest. In addition, the relation-
ship between ADC and tumor cell density in
treated tumor, for which treatment effects may
confound the relationship, requires further
evaluation.

CNS Oncol. (2012) 1(2)

Finally, since diagnosis and tumor grade
are established by histopathologic evaluation
of tumor biopsy samples or surgical resection,
an accurate diagnosis is very dependent on the
accurate spatial sampling of the most aggressive
parts of the tumor. In this context, information
derived from diffusion imaging could be used
to better guide such sampling with the potential
for greater accuracy in sampling and diagnosis
(29]. Thus, more accurate preoperative grading of
primary brain tumors could increase the diag-
nostic yield of brain biopsies, thereby improving
patient management.

DWI metrics for the evaluation of
treatment response

As previously stated, conventional imaging is
often not able to provide an early indication of the
effectiveness of radiation therapy, chemotherapy
and/or targeted therapies. Clearly biomarkers
that can provide more specific information about
tumor biology within both contrast-enhancing
and nonenhancing areas are needed. Diffusion
MRI has this potential, examples of which are
described next.

® Apparent diffusion coefficient

Consistent with the idea that ADC inversely
correlates with tumor cell density, several stud-
ies have demonstrated that a decrease in cel-
lularity, and thus increase in ADC, is observed
with successful treatment [30,31]. Likewise,
DWTI was used to evaluate the effectiveness
of the radiosensitizer gemcitabine in a mouse
glioma model [32], where it was demonstrated
that tumor diffusion values increased prior to
detectable changes in tumor volume follow-
ing treatment. Yet another study demonstrated
that areas of restricted diffusion in patients with
glioblastoma predicted sites that later enhanced,
regardless of antiangiogenic therapy with beva-
cizumab [33]. More recently, a histogram analysis
of ADC values was used to stratify progression-
free and overall survival in patients with recur-
rent glioblastoma treated with bevacizumab in
a multicenter study. Consequently, ADC alone
has a demonstrated promise to predict both
treatment response and failure. The potential
is further demonstrated when ADCs collected
over time are used to create functional diffu-
sion maps (fDMs), the principles of which are
described next, followed by examples demon-
strating their potential as a biomarker to predict
treatment response.

future science group
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® Functional diffusion maps

First developed by Moffat ez al. 34-36], fDMs
display changes in ADC that occur over time,
and have demonstrated great promise as a new
therapeutic biomarker for glioma. The cre-
ation of fDMs first requires image registration
between a current ADC map and the baseline
ADC map. After proper registration is veri-
fied, voxel-by-voxel subtraction is performed
between ADC maps acquired at subsequent
time points and the baseline, postsurgical and
pretreatment ADC maps to create AADC
images. Individual voxels are then stratified
into three categories based on the change in
ADC relative to baseline ADC maps. Red
voxels represent areas where ADC increased
beyond the AADC threshold (i.e., ‘hypocel-
lular’ voxels), blue voxels represent areas within
the tumor where ADC decreased beyond the
AADC threshold or confidence limits (i.e.,
‘hypercellular’ voxels) and green voxels rep-
resent no change in ADC above or below the
AADC threshold. This process is summarized
i . Note that the terms ‘hypocellular-
ity’and ‘hypercellularity” are used instead of

mn

increasing and decreasing ADC for ease of ref-
erence, but are given in quotation marks since
there exist many tissue conditions other than
changes in cell density, such as edema, gliosis,
infection and ischemia, that can contribute to
such changes. These must all be considered in
the context of a given case before concluding
that true changes in cell density have occurred.

Early on, the fDM analysis was applied
to ADC image voxels within the contrast-
enhancing tumor only (34-36], and a graphical
method was developed to show the portion
of voxels within each category. An example
of this graphical representation is shown in

. In these studies it was demonstrated
that the volume of voxels with increasing ADC
(i.e., red voxels) or the total volume of voxels
with both increasing and decreasing values (red
plus blue voxels) were predictive of response to
chemotherapy.

Further validation of the fDM technique was
carried out in a study by Ellingson ez 4/. [22]. In
this study, a comprehensive evaluation of the
thresholds used to create the fDM categories
was performed. Here it was demonstrated that
the 95% confidence limits to categorize tis-
sue as having no change in diffusion depend
on whether the change is defined as relative
to the range of values of white matter alone,

future science group
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Figure 5. Example of voxel-wide analysis of diffusion changes within

the contrast-enhancing tumor region of interest for a 55-year-old

male patient, with a diagnosis of anaplastic oligoastrocytoma, after
completing radiation therapy. (A) A postcontrast image, (B) the colorized
ADC threshold map (i.e., functional diffusion map) and (C) a graph showing the
ADC changes of all pixels within the enhancing region of interest, with red, green

and blue voxels representing increases (>5.5E-4)
ADC (<-5.5E-4), respectively.
ADC: Apparent diffusion coefficient.

, ho change and decreases in

gray matter, cerebrospinal fluid or a mixture
of some or all tissues. Not surprisingly, the
sensitivity and specificity to detect disease pro-
gression will change with the chosen ‘normal’
confidence limits. Still, with each limit chosen
the distinction was always better than chance.
In practice, a threshold of £0.40 x 107> mm?/s
is used, based on the 95% confidence limit of
normal-appearing white and gray matter. This
choice is based on the results of the receiver
operating characteristic analysis, confirming
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Figure 6. Standard MRI and functional diffusion maps in a patient with
progressive disease after treatment with bevacizumab. A 47-year-old
male with a history of glioblastoma multiforme completed radiotherapy with
concurrent temozolomide, followed by adjuvant temozolomide. His tumor
recurred radiographically just prior to baseline ADC maps. The patient was then
changed to bevacizumab monotherapy, and initially contrast enhancement

and FLAIR signal abnormality improved substantially. The patient declined
neurologically over 4 months of bevacizumab treatment, despite a positive
radiographic response on postcontrast T, W (top row) and FLAIR images (middle
row). The patient expired 2 months from the last fDM time point (6 months after
start of bevacizumab treatment). During bevacizumab treatment, fDMs showed
a rapid increase in the volume of hypercellularity (blue voxels), indicative of failed
treatment.

ADC: Apparent diffusion coefficient; fDM: Functional diffusion map;

FLAIR: Fluid-attenuated inversion recovery; TW: T, weighted.

Reproduced with permission from Springer (License No 2898871275280) [43].

that this threshold gave the best sensitivity and
specificity for distinguishing stable from pro-
gressive disease. Finally, this validation study
also led to the development of graded fDMs
(37, which enable one to simultaneously view
the DM results using several different thresh-
olds, each with a slightly different accuracy as
defined by the validation study [22].

176 CNS Oncol. (2012) 1(2)

m Using ADC & fDMs to evaluate response to
cytotoxic & antiangiogenic therapies

To further explore the potential of fDMs to
predict response to therapy, Ellingson et al. [38]
evaluated fDMs in glioma patients undergoing
either cytotoxic or antiangiogenic therapies.
In contrast to many previous fDM studies,
which focused on changes in diffusion within
contrast-agent enhancing tumor (34,35, the focus
of this study was on changes in diffusion within
abnormalities apparent on FLAIR images. These
abnormalities, which are evident as bright
areas compared with the surrounding normal-
appearing brain, typically consist of enhancing
tumor and a region much beyond that. In gli-
oma, the FLAIR image abnormalities have been
shown to represent some mixture of edema and
invading tumor cells [39].

The results from this study, performed in a
total of 50 patients with confirmed glioma, dem-
onstrated that the rate of change in fDM ‘hyper-
cellular’ volumes within FLAIR abnormalities
predicted tumor progression, time to progres-
sion and overall survival for both antiangiogenic
and cytotoxic treatments earlier than standard
anatomical imaging. Two examples of this are
shown in for patients undergoing
antiangiogenic and cytotoxic therapy, respec-
tively. In each case the increase in the volume
of blue ‘hypercellular’ voxels preceded changes
observed on standard anatomical imaging.
Thus, functional diffusion mapping, applied
to both enhancing and nonenhancing tumors,
clearly has the potential to serve as an imaging
biomarker to track treatment response in glioma.

Current issues & future considerations

As advanced imaging technologies, such as
DWI, are being used more routinely to monitor
therapies new demands regarding consistency of
measurements over time and image registration
requirements are arising. First, because of dif-
ferences regarding how different vendors collect
and process their DWI and thus ADC data, it
is becoming increasingly difficult to accurately
compare ADC across time when the data is
obtained on different platforms for the same
patient. In this regard, many have attempted
or proposed homogenization of data collection
and processing. However, this is always a ‘mov-
ing target’given continual technology improve-
ments, upgrades and simple issues of intellectual
property and institutional preference. Instead it
might be most reasonable to determine a way
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to standardize the images as part of the post-
processing workflow, as has been previously
proposed for postcontrast and perfusion imag-
ing [40-42]. Or, more simply and potentially more
practically, each institution could implement the
requirement to have each patient consistently
scanned on the same platform over time. While
this will not solve the problems that may occur
with technology upgrades, for the most part it
will ameliorate the majority of the inconsistencies
that one would otherwise encounter.
Registration of diffusion images over time is
also required for longitudinal assessment. In this
regard, a wealth of image registration algorithms
exist and have been applied. Typically, the
higher resolution images are directly registered
across time points. Then, assuming no motion
occurred between the collection of the high-
resolution image and the DW1I data, for a given
scanning session, the registration transformation
is applied to the DWI and ADC data. This in
general has been successful for registering DW1I
and ADC data over time, if the underlying DW1
data is sufficiently similar as just discussed.
Additional issues of characterizing and opti-
mizing the diffusion signal and the information
that can be derived also need to be addressed.
For example, while the focus of this paper was on
DW!I signal, which is typically obtained at two
different b-values, there are studies to suggest
that many more b-values, especially of higher
value, can be of use. For example, if multiple
b-values are collected that are sufficiently high,
a sub-voxel diffusion heterogeneity index, termed
‘o, can be determined [43). This parameter may
be a very early marker of tumor cell invasion
owing to its sensitivity to the breakdown of the
extracellular matrix. Early results obtained in
animals [43] and patients [44] support the poten-
tial of this approach. A similar approach, using
a diffusion kurtosis model, has also been devel-
oped with promise for evaluating gliomas [45.46].
Alternatively, an analytical solution to a glioma
growth model was developed. This model allows
for direct spatial quantification of microscopic
tumor proliferation and migration based on serial
diffusion MRI scans [47]. Although this approach
appears promising, issues that affect accuracy,
such as time interval between diffusion scans
and noise levels, require further characterization.
As MRI technology continues to improve, new
opportunities regarding how we measure the dif-
fusion signal arise, which have important impli-
cations for how best to characterize tissue. For
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Figure 7. Changes in apparent diffusion coefficient predict progression
in patient with suspected pseudoprogession. Shown are postcontrast
T,-weighted images (A-C), FLAIR images (D-F) and ADC changes (G-I) for a
52-year-old male patient diagnosed with a glioblastoma at 1 month (column 1),
7 months (column 2) and 9 months (column 3) post radiation therapy plus
temozolomide. Based on standard imaging, pseudoprogression and radiation
effect were presumed since enhancement appeared and then disappeared.
Although true progression was not officially ruled out, radiology reports and
discussions leaned more heavily towards a likely diagnosis of pseudoprogression
and radiation effect. However, the ADC was progressively decreasing following
radiotherapy, suggesting an increase in tumor cellularity, and thus true
progression. The clinical course was consistent with true progression since the
subject expired months following the scan shown in column 3.

ADC: Apparent diffusion coefficient; fDM: Functional diffusion map;

FLAIR: Fluid-attenuated inversion recovery.

example, referring to , the generation of
diffusion weighting or b-values depends on many
different gradient timing parameters. These, in
turn, will dictate what ranges of water diffu-
sion, and thus what types and sizes of cellular

components, we are sensitive to. Consequently,
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by setting these timings differently, new and
different information about the pathology can
be derived, as demonstrated early on in animal
models (48]. These possibilities must always be
taken into consideration as we strive to move the
field of DWT and evaluation of gliomas forward.

Finally, despite much promise, before DW1I
and its derived parameters can be used rou-
tinely to distinguish progression from treatment
response and thus make treatment decisions, it is
imperative that rigorous pathological validation
be carried out. While initial studies, referred to
earlier, demonstrate a strong correlation between
tumor cell density and ADC [22], these
studies were performed in untreated patients. It is
therefore necessary to perform similar studies in
treated patients where spatially accurate correla-
tions between imaging and tissue parameters can
be assessed. Of note, such studies are currently
underway [49,50].

Conclusion & future perspective

In general, it is becoming well known that
conventional radiologic imaging tends to sig-
nificantly underestimate the extent of diffuse
infiltrative glioma growth [s1], and as such is
proving insufficient for the complete evalua-
tion of treatment response in glioma. Given the
sensitivity of DWI and its derived parameters
to tissue microstructure and cell density, they
clearly have the potential to provide important
biomarkers for treatment response in glioma.
This was demonstrated by studies showing the
ability of ADC to distinguish tumor grade and
predict sites of recurrence; new methods such as
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