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Evaluation of diffusion parameters as early
biomarkers of disease progression in
glioblastoma multiforme?
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The purpose of this study was to evaluate diffusion par-
ameters at pre-, mid-, and post-radiation therapy (RT) in
contrast-enhancing and nonenhancing lesions of post-
surgical glioblastoma multiforme patients treated with
the standard of care RT concurrently with temozolo-
mide (TMZ) followed by adjuvant TMZ and an antian-
giogenic drug. The diffusion parameters explored
include baseline and short-term changes in apparent dif-
fusion coefficient, fractional anisotropy, and eigen-
values. These diffusion parameters were examined as
early markers for disease progression by relating them
to clinical outcome of 6-month progression-free survi-
val. The results indicated that changes from mid- to
post-RT were significantly different between patients
who progressed within 6 months vs those who were
free of progression for 6 months after initiation of
therapy. The study also showed that the changes in dif-
fusion parameters from the mid- to post-RT scan may be
more significant than those from pre- to mid-RT and
pre- to post-RT. This is important because the mid-RT
scan is currently not performed as part of the standard
clinical care.
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espite decades of research and development in
D the field of glioma treatment, little progress has

been made in the overall survival of patients
with glioblastoma multiforme (GBM), especially in
patients aged 65 years and older."* Given the short sur-
vival time of GBM, the ability to assess early disease pro-
gression would enable early treatment termination,
prevent additional unnecessary toxicity, and allow
for prompt changes in treatment for nonresponding
patients.

An assessment of disease progression is currently per-
formed using the Macdonald criteria® based on serial
MRI, which involves the monitoring of measurable
changes in the anatomically contrast-enhancing lesion
(CEL). For newly diagnosed patients, imaging anatom-
ical assessment of chemo-radiotherapy is performed at
the end of radiation therapy (RT), typically 2-3
months after the surgical diagnosis, and then Q2
months. A new class of antiangiogenic agents adminis-
tered concurrent and adjuvant to RT with the standard
of care temozolomide (TMZ) therapy can affect the
growth of neoplastic blood vessels and result in the
elimination of the contrast-enhancing volume, therefore
making it difficult to perform an accurate imaging
assessment of treatment efficacy. In many cases,
it has been observed that although the original
contrast-enhancing volume decreases or diminishes,
new enhancing and/or nonenhancing regions of tumor
appear.” This indicates that the contrast-enhancing
component of the tumor does not encompass all of the
biologically and clinically relevant disease. Therefore,
finding an early imaging biomarker for disease pro-
gression may be important in determining treatment
efficacy.

Diffusion tensor imaging is a noninvasive technique
that allows for the probing and quantification of the
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structure of biologic tissue at a microscopic level by
measuring the Brownian motion of water molecules.
Microscopic molecular movement of water in tumor
tissue reflects tissue properties that include varying
levels of structural alterations, tumor cellularity, and
vasogenic edema. Diffusion imaging is hypothesized to
detect early changes in morphology and physiology of
tissues associated with water content. An increase in
the apparent diffusion coefficient (ADC) may be due to
changes in the permeability of cell membranes, cell swel-
ling, and cell lysis, as well as the breakdown of cellular
membranes and a reduction in cell density shortly after
successful treatment.®

The ADC and the functional diffusion map (fDM)
analysis have been reported as predictors of response
to therapy in human brain tumors.”~'? Studies suggest
that both pretreatment ADC® and the change in
ADC''? are the predictors of response in brain
tumors. Additionally, Mardor et al.” showed decreased
ADC values in 3 patients with recurrent glioma who
underwent imaging during the days of receiving
convection-enhanced delivery of paclitaxel, whereas
the corresponding increases in signal intensity of diffu-
sion-weighted images were seen in a group of 15 patients
undergoing the same treatment.'?

Recent studies suggest that brain tumors that have
responded favorably to RT or chemotherapy show an
increase in the ADC values shortly after treatment, poss-
ibly representing an increase in the extracellular space;
whereas a decrease in the ADC values suggests pro-
gression of disease as a result of an increase in tumor
cells, %1014

The purpose of this study was to evaluate diffusion
parameters within both the CEL and nonenhancing
lesion for pre-, mid-, and post-RT scans in postsurgical
GBM patients and examine whether the changes in
these imaging parameters may serve as early markers
for disease progression. Ultimately, the goal of treatment
is to improve survival. However, trials based on overall
survival as the primary endpoint for efficacy generally
require longer follow-up time and are likely to be
subject to potential confounding due to subsequent
anticancer treatment after disease progression. In this
paper, we use 6-month progression-free survival
(6-moPFS) as the clinical endpoint of efficacy.
6-moPFS has been shown to be a strong predictor of sur-
vival and an important clinical endpoint in evaluating
therapy for newly diagnosed or recurrent GBM
patients.'>1

Materials and Methods

Study Population

A total of 49 newly diagnosed patients with GBMs who
received surgery and were treated with the standard of
care RT concurrently with TMZ and an adjuvant antian-
giogenic drug followed by adjuvant plus TMZ and the
antiangiogenic drug were included in this study.
Patients were scanned within a week prior to treatment
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(pre-RT), between 3 and 5 weeks into treatment
(mid-RT) and within 2 weeks after completion of RT
(post-RT). Of the 49 patients, 2 patients withdrew
within 1 month of starting treatment, 1 patient went off
treatment at 3 months due to an infection, and 9 patients
were not included due to not having pre-RT and mid- or
post-RT scans. Of the 37 patients, 26 had all 3 (pre-, mid-,
and post-RT scans), 9 had only pre- and post-RT scans,
and 2 had pre- and mid-RT scans only.

The 37 patients (10 female and 27 male) included in
the study ranged in age from 25 to 80, with a median of
56 years. Diagnosis was based on histologic examination
using criteria defined by the World Health Organization
(WHO). Patients provided informed consent as
approved by the Committee on Human Research at
our institution.

Treatment started <5 weeks after diagnosis, with
fractionated RT with a total of 60 Gy being given over
6 weeks and TMZ 75 mg/m? being given daily during
RT and then adjuvantly at 200 mg/m? on days 1-5 of
a 28-day cycle. A protein kinase C-f inhibitor that is
thought to have both antiproliferative and antiangio-
genic properties was also given daily during RT and
adjuvantly.'”'® Twelve adjuvant cycles (1 cycle =28
days) were planned.

Progression was assessed based on the Macdonald
criteria’ in combination with clinical information.
Patients were grouped based on progression information
assessed at 6 months from the pre-RT MR scan (typi-
cally within 2 weeks of initiation of RT; 6-moPFS):
19 patients showed progression (progressors) and
18 patients showed no progression (nonprogressors) by
6 months. To allow for variability in MRI scheduling,
6-moPFS was based on the progression status up to
200 days.

Conventional MRI

MR exams were performed with a 3T GE Signa Echospeed
scanner (GE Healthcare Technologies). The MRI examin-
ation included axial T1-weighted pre- and post- gadoli-
nium 3-dimensional inversion recovery spoiled gradient
echo (IRSPGR) images (TR = 8 milliseconds, TE =
3 milliseconds, TI = 400 milliseconds, slice thickness =
1.5 mm, matrix = 256 x 256, FOV =241 x 241 mmz,
flip angle = 15°) and axial T2-weighted fluid-attenuated
inversion recovery (FLAIR) (TR = 9500 milliseconds,
TE = 122 milliseconds, TI= 2375 milliseconds, slice
thickness = 3 mm, matrix =256 x 256, FOV = 241 x
241 mm?). After each examination, the images were trans-
ferred to a SUN Ultra 10 workstation (Sun Microsystems)
for postprocessing.

Diffusion-Weighted Imaging

Patients were scanned with 6 directional diffusion
tensor echo-planar imaging sequence (TR = 7000 milli-
seconds, TE = 63 milliseconds, matrix size =256 x
256, slice thickness = 3 mm, b = 1000 s/mm?, FOV =
220 x 220 mm?, NEX = 4). The eigenvalues (EV1-3),
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T1l-weighted T2-weig

Fig. 1. First, pre-RT T2- aligned to T1-weighted images. Next, T2 from diffusion imaging aligned to T2-weighted image and applied to
diffusion maps (eg, ADC and FA). Aligning the individual pregadolinium T1-weighted images then aligns the mid- and post-RT scans to
the pre-RT scans. Finally, apply the previous individual mid- and post-RT transformation to all the images at that time point (eg, FLAIR,
ADC, and FA). The NEL (blue) and CEL (red) are shown for the individual scan time points.

ADC, fractional anisotropy (FA), and the 3 eigenvalue
maps (EV1, EV2, and EV3) were calculated on a
pixel-by-pixel basis using software developed in-house,
based on published algorithms.'” The ADC, FA, EV1,
EV2, and EV3 maps were registered to anatomical
imaging by rigidly aligning the T2-weighted (b = 0) dif-
fusion image to the T2-weighted FLAIR and applying
the transformation to the ADC, FA, EV1, EV2, and
EV3 maps®® (Fig. 1).

Data Processing

The FLAIR and pregadolinium IRSPGR images were
aligned to the postgadolinium IRSPGR using software
developed in our laboratory.”’ An in-house semi-
automated segmentation method was used to define the
CEL on the postgadolinium T1-weighted IRSPGR
image.””> The T2 hyperintense region (T2ALL) was
contoured on the T2-weighted FLAIR image. The
nonenhancing lesion (NEL) was defined as T2ALL
minus the CEL (T2ALL — CEL). Normalized ADC
maps (nADC) were generated by dividing the ADC maps
by the median ADC value within the normal-appearing
white matter mask, which was segmented using VIK
FAST (FMRIB’s Automated Segmentation Tool)
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Software on the pregadolinium T1-weighted IRSPGR
image.”® The same method was applied to the FA, EV1,
EV2, and EV3 maps to generate normalized FA (nFA),
normalized EV1 (nEV1), nEV2, and nEV3 maps.

Statistical Analysis

Summary statistics are provided as medians and ranges.
The volumes and median normalized diffusion par-
ameters (ie, nADC, nFA, nEV1, nEV2, and nEV3) were
calculated within the CEL, NEL, and T2ALL regions.
The percent change for each volume and median normal-
ized diffusion parameter was calculated for 3 time point
changes: from pre- to mid-RT (pre-mid), as 100 x
[mid — pre]/pre; from mid- to post-RT (mid-post), as
100 x [post — mid]/mid; and from pre- to post-RT
(pre—post), as 100 x [post — pre|/pre within the CEL,
NEL, and T2ALL regions. Differences in the imaging par-
ameters between progressors and nonprogressors were
assessed using a 2-sided Mann—Whitney rank-sum test
for volumes, median values, and percent changes to
examine whether the values of the imaging markers at a
given time point or the early changes in these markers
predicted 6-month progression status. The changes
(pre-mid, mid-post, and pre—post) were assessed for
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Table 1. Median (range) of the pre-, mid-, and post-RT and the median (range) percent change from pre- to mid-, mid- to post-, and
pre- to post-RT volumes within the CEL, NEL, and T2ALL for all patients (ALL), progressors (P), and nonprogressors (NP), along with the

Mann—-Whitney rank-sum P-value of the P vs NP

Volume (cc)
Pre Mid Post Pre to mid Mid to post Pre to post

CEL
ALL 5.44 (0-44) 2.96 (0-19) 3.14(0-20) —56% (—100to 476) —14% (—100to 163) —52% (—100 to 1869)
P 6.37 (0-21) 4.17 (0-19)  5.01 (0-20) —30% (—100 to 62) 49% (=100 to 163) —11% (—100 to 153)
NP 4.38 (0-44) 2.25(0-13) 151(0-19) —58% (—100to476) —35% (—90 to 72) —67% (—99 to 1869)
Rank sum  .1325 .1943 .0144* 4363 .0121* .2079

NEL
ALL 14.43 (1-98) 12.01 (0-77) 15.55 (0-145) —32% (—100t0271) 20% (—100to 758) —0% (—100 to 1690)
P 21.90 (1-98) 15.11 (0-64) 18.12 (0-145) —31% (—100 to 271) 65% (—100 to 758) 25% (—100 to 1690)
NP 14.15 (1-86)  11.77 (0-77) 12.77 (1-66)  —32% (—100 to 149) 6% (—67 to 155) —8% (—80 to 256)
Rank sum  .4384 .2458 .0832 .669 .2849 .1668

T2ALL
ALL 24.29 (1-105) 16.13 (0-78) 19.56 (0-148) —36% (—100 to 231) 19% (—100to 361) —0% (—100 to 324)
P 31.42 (6-105) 23.93 (0-74) 25.73 (0-148) —29% (—100 to 74) 62% (—100to 361)  31% (—100 to 324)
NP 20.71 (1-88) 14.65(0-78) 17.13(1-67) —37% (—100t0231) —7% (—67to72) —32% (—82 to 138)
Rank sum .2545 .1268 .066 5413 .0701 1249

*P<0.05; volume/Post/CEL/Ranksum 0.0144 value.

significance within each group (progressors and nonpro-
gressors) using a 2-sided Wilcoxon signed-rank test.
Owing to the exploratory nature of these analyses, there
was no adjustment for multiple comparisons and a
P-value <.05 was used to indicate statistical significance.

The procedures described by Moffat et al.** for calcu-
lating fDMs were also evaluated. These involve the identi-
fication of overlapping regions of interest on the pre- and
mid-RT scans. The recommended minimum overlapping
CEL volume that should be considered for this technique
is 4 cc.?’ The next step is to generate the percent volume of
the overlapping region that shows increases in the ADC
value (VR) or decreases in the ADC value (Vg) of more
than or less than 550 x 10~° mm?/s, respectively. The
remaining percentage of overlapping volume is referred
to as Vg. For lesions that satisfy the criteria defined
above, the differences in Vg and Vy between patients
who progress vs those who do not may be evaluated
using a Mann—Whitney rank-sum test.

Results

Volume

Three patients received a biopsy, whereas 10 patients
received a gross-total resection and 24 patients received
a subtotal resection of the CEL. The median volumes
(cc) within the CEL, NEL, and T2ALL for the pre-,
mid-, and post-RT are presented in Table 1. The
region of overlap between the pre- and mid-RT CEL,
NEL, and T2ALL volumes had a median (range) of
1.32 (0-13.68), 3.89 (0-67.41), and 8.61 (0-
68.55) cc, respectively. This is significantly smaller
than the individual pre- and mid-RT volumes within
the CEL, NEL, and T2ALL volumes (Table 1). Visual

inspection indicated that this was primarily due to
there being tissue shift between successive examinations.

The CEL volume was significantly higher (P = .0144)
at the post-RT scan with a median of 5.01 cc for progres-
sors and 1.51 cc for nonprogressors. The change in CEL
volume from mid- to post-RT was also significantly
different (P =.0121) between progressors (with a
median increase of 49%) and nonprogressors (with a
median decrease of 35%) (Fig. 2). No differences in
the volumes or percent changes within the NEL and
T2ALL regions were noted between progressors and
nonprogressors for any of the time points. The
Wilcoxon signed-rank test showed a significant change
from pre- to mid-RT within the CEL, NEL, and T2ALL.

Normalized Apparent Diffusion Coefficient (nADC)

The distribution of median nADC values within the CEL
for the pre-, mid-, and post-RT scans is presented in
Fig. 3. Mid-RT median nADC values within the CEL
showed a trend (P = .073) toward higher values for non-
progressors, median (range) of 1.69 (1.31 to 1.98), rela-
tive to the progressors, 1.53 (0.97 to 1.93). No
significant changes were noted between progressors
and nonprogressors for any time point within the NEL
or T2ALL (Table 2).

The percent change in the nADC from mid- to
post-RT showed significant differences between progres-
sors and nonprogressors within CEL (P =.0221), NEL
(P=.0192), and T2ALL (P =.0069). Significantly
higher percent changes were observed within the CEL,
NEL, and T2ALL for progressors (16%, 13%, and
14%) vs nonprogressors (4%, 3%, and 3%).

Within the CEL, the median percent change in nADC
(P-value from the Wilcoxon signed-rank test) for
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Fig. 2. CEL volume and percent change in CEL for all patients, progressors, and nonprogressors. Progressors showed significantly higher CEL
volumes at post-RT and significantly higher percent changes of CEL volume from mid- to post-RT (P-values presented are based on the
2-sided Mann-Whitney rank-sum test). Changes between 2 time points within each patient group were tested using the Wilcoxon
signed-rank test; statistically significant (P<<0.05) changes were noted with an asterisk; + sign represents the boxplot outliers.

progressors and nonprogressors was 2% (P =.2266)
and 14% (P =.0419) from pre- to mid-RT, and 16%
(P=.0005) and 4% (P=.1418) from mid- to
post-RT. This suggests that progressors showed a signifi-
cant median nADC change from mid- to post-RT,
whereas nonprogressors showed a significant change
from pre- to mid-RT. Within the NEL and T2ALL, pro-
gressors showed a significant percent increase of 13%
(P=.041) and 14% (P =.001) respectively, in the
median nADC values from mid- to post-RT.

Normalized Fractional Anisotropy (nFA)

No significant differences were observed for the median
nFA values between progressors and nonprogressors for
any of the time points (pre-, mid-, or post-RT) within
any of the regions (CEL, NEL, or T2ALL). The
percent change in nFA from mid- to post-RT within
the CEL and NEL was significant (P =.0396 and
.0421, respectively) with larger percent decreases in pro-
gressors (—13% and —9%) vs nonprogressors (—5%
and —2%), respectively (Table 3). Progressors showed
a significant change in median nFA values within the
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CEL from mid- to post-RT (P =.001) with no signifi-
cant differences within the NEL or T2ALL region.

Normalized Eigenvalues (nEV1-3)

Nonprogressors vs. progressors showed significantly
higher mid-RT CEL nEV1 values, 1.39 vs 1.28
(P =.037), and nEV2 values, 1.77 vs 1.64 (P = .0432).
This difference was not observed within the NEL and
T2ALL. Percent changes in the nEV1-3 values between
progressors vs nonprogressors showed trends toward
different percent changes from mid- to post-RT within
all the regions, with significantly different nEV3 percent
changes within the NEL (P =.0069) and T2ALL (P =
.0051). Similar to the nADC, more significant P-values
were observed in the Wilcoxon signed-rank test of the
nEV1-3 values from mid- to post-RT for progressors vs
nonprogressors within all the regions.

fDM Parameters

Using the 4 cc cutoff for intersecting volumes would
have allowed only 5 of 28 patients with a median
(range) intersecting volume of pre- to mid-RT CEL of
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Fig. 3. A trend of increasing CEL nADC values was observed over time. A trend toward significantly different percent change from mid- to
post-RT scans was observed between progressors and nonprogressors (P-values presented are based on the 2-sided Mann—Whitney
rank-sum test). Changes between 2 time points within each patient group were tested using the Wilcoxon signed-rank test; statistically
significant (P<<0.05) changes were noted with an asterisk; + sign represents the box plot outliers.

6.12 cc (4.08 to 13.68 cc). Comparison of the fDM par-
ameters within the CEL regions irrespective of their size
showed that there was no significant difference in Vi or
Vp percentages between progressors and nonprogressors
from pre- to mid-RT or pre- to post-RT. Similar results
were obtained when the NEL or T2ALL regions were
used as the basis for the analysis rather than the CEL.

Discussion

GBMs are histologically, radiographically, and clinically
heterogeneous. On average, 50% of these patients
respond to the current standard of care, which is concur-
rent radiation and chemotherapy.*® As new agents that
work on specific molecular and genetic targets are inte-
grated with the standard of care, it is extremely impor-
tant to assess response to treatment as early as possible
in the course of treatment. This is especially true with
new antiangiogenic agents that can significantly affect
the contrast-enhancing volume within 24 hours, a time
scale very likely affecting the integrity of the blood—
brain barrier and not tumor burden. Therefore, the

contrast enhancement may no longer be considered a
good measure of tumor burden for these therapies.*’

Other parameters that have recently been suggested
as being relevant as early biomarkers for predicting sub-
sequent progression are the mean, median, and histo-
gram analysis of the ADC and the manner in which
these parameters change before and during treat-
ment.”~ %7 In this study, we evaluated the diffusion
parameters in relation to 6-moPFS within the whole
tumor, and the contrast enhancement and nonenhance-
ment for pre-, mid-, and post-RT scans.

The median normalized ADC values within the con-
trast enhancement at the mid-RT exam showed a trend
toward higher values for the nonprogressors. Prior
studies that included a mix of grade III and IV gliomas
along with metastatic brain tumors have suggested that
an increase in the ADC preceded tumor response,”*'°
but these studies assessed the ADC weeks post-
treatment. Tomura et al."' showed that the normalized
ADC values of primarily metastatic tumors were signifi-
cantly higher at 2—4 weeks after stereotactic irradiation
when compared with the baseline scan. There was a sig-
nificant difference in the normalized ADC values at 2—4
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Table 2. Median (range) of the pre-, mid-, and post-RT and the median (range) percent change from pre- to mid-, mid- to post-, and
pre- to post-RT median nADC within the CEL, NEL, and T2ALL volumes for all patients (ALL), progressors (P), and nonprogressors (NP),
along with the Mann—Whitney rank-sum P-value of the P vs NP

nADC Percent change in nADC
Pre Mid Post Pre to mid Mid to post Pre to post
CEL
ALL 1.40 (0.29-2.50) 1.62 (0.97-1.98) 1.73 (1.10-2.50) 8% (—29 to 78) 11% (—11to 40) 18% (—9 to 466)
P 1.40 (0.90-1.79) 1.53(0.97-1.93) 1.71 (1.10-2.44) 2% (—16 to 78) 16% (8-40) 17% (1-133)
NP 1.48 (0.29-2.50) 1.69(1.31-1.98) 1.77 (1.30-2.50) 14% (—29 to 69) 4% (—111t038) 18% (—9 to 466)
Rank sum .4475 .073 .49 .6251 .0221* .69
NEL
ALL 1.42 (1.02-3.38) 1.45(1.03-2.18) 1.50(1.07-1.94) —1% (—67 to 41) 7% (=17 t019) 5% (—68 to 52)
P 1.48 (1.02-2.19) 1.44(1.03-2.18) 1.52(1.17-1.94) —2% (—33to41) 13% (—=17t019) 3% (—24to 52)
NP 1.36 (1.24-3.38) 1.49 (1.10-1.77) 1.47 (1.07-1.82) 1% (—67 to 33) 3% (—13t018) 5% (—68 to 41)
Rank sum .7496 .2599 .6074 .7652 .0192*% .8555
T2ALL
ALL 1.40 (0.94-2.46) 1.48(1.02-1.76) 1.55 (1.08-1.94) 1% (—54 to 53) 8% (—9 to 25) 4% (—56 to 66)
P 1.41 (0.94-1.94) 1.42(1.02-1.76) 1.56 (1.17-1.94) 1% (—25 to 53) 14% (—0 to 25) 9% (—8 to 66)
NP 1.37 (1.26-2.46) 1.49 (1.14-1.76) 1.51(1.08-1.84) —1% (—54to 37) 3% (—9to 15) 3% (—56 to 46)
Rank sum .8553 .3823 446 .8362 .0069* 5184

*P<0.05; percent change in nADC/mid to post/T2ALL/Ranksum 0.0069.

Table 3. Median (range) of the pre-, mid-, and post-RT and the median (range) percent change from pre- to mid-, mid- to post-, and
pre- to post-RT median nFA within the CEL, NEL, and T2ALL volumes for all patients (ALL), progressors (P), and nonprogressors (NP),
along with the Mann—Whitney rank-sum P-value of the P vs NP

nFA Percent change in nFA
Pre Mid Post Pre to mid Mid to post Pre to post

CEL
ALL 0.46 (0.16-1.02) 0.46 (0.29-0.72) 0.46 (0.26-0.92) —1% (—42 to 97) —7% (—36 to 35) 1% (—61 to 156)
P 0.46 (0.34-1.02) 0.46 (0.29-0.67) 0.43 (0.26-0.74) —9% (—42t026) —13% (—32to0) —11% (—61 to 24)
NP 0.42 (0.16-0.79) 0.53 (0.32-0.72) 0.47 (0.33-0.92) 1% (—16to 97) —5% (—36 to 35) 7% (—22 to 156)
Rank sum .2269 .2409 4171 .2268 .0396* .0575

NEL
ALL 0.48 (0.17-0.92) 0.54 (0.31-0.84) 0.52 (0.36-0.77) 6% (—47t0224) —5% (—22to 60) 8% (—50 to 200)
P 0.49 (0.21-0.92) 0.56 (0.31-0.84) 0.53 (0.36-0.77) 6% (—47 to 91) —9% (-22t035) 13% (—50 to 133)
NP 0.48 (0.17-0.72) 0.51(0.39-0.64) 0.52 (0.38-0.69) 5% (—31t0224) —2% (—17 to 60) 3% (—32 to 200)
Rank sum 1 .0886 .9076 .9085 .0421* .8296

T2ALL
ALL 0.46 (0.26-0.98) 0.52 (0.36-0.81) 0.50(0.33-0.77) 5% (—50 to 92) —5% (—28 to 50) 7% (—53 to 92)
P 0.46 (0.27-0.98) 0.53 (0.36-0.81) 0.48 (0.33-0.77) —1% (—=50t073) —11% (—28to 26) 6% (—53 to 78)
NP 0.47 (0.26-0.71) 0.51 (0.38-0.66) 0.51(0.38-0.68) 9% (—24 to 92) —2% (—18 to 50) 8% (—29 to 92)
Rank sum .8077 6616 5726 .6458 .0604 5623

*P<0.05; percent change in nFA/mid to post/CEL&NEL/Ranksum .0396 and .0421.

weeks after stereotactic irradiation between the respon-
der and the nonresponder groups (P < .05) when evalu-
ated at 8-12 weeks but not at 2-4 weeks after
stereotactic irradiation. We also observed significantly
higher normalized ADC values from pre- to post-RT
(P <.0001) for progressors and nonprogressors. We
did not observe significant differences in post-RT nor-
malized ADC values between progressors vs nonprogres-
sors within any of the regions. However, there was a
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trend toward higher mid-RT normalized ADC, EV1,
and EV2 values among nonprogressors compared with
Progressors.

The within-patient analysis that was performed in our
population indicated that progressors showed a signifi-
cant change in normalized ADC from mid- to post-RT
and pre- to post-RT, whereas the nonprogressors
showed a significant change from pre- to mid-RT and
pre- to post-RT. This could explain why the percent



change in the normalized ADC from mid- to post-RT
showed much clearer significant difference between pro-
gressors and nonprogressors within all the regions, with
significantly higher percent changes for progressors vs
nonprogressors. Previous studies have shown dynamic
changes in the ADC after treatment,”'’ with ADC
values increasing and then decreasing again. In this
study, we noticed dynamic changes (increases, decreases,
and stability) in the normalized ADC between pre- to
mid-RT and mid- to post-RT, with the changes from
mid- to post-RT seeming to indicate the most significant
separation between progressors and nonprogressors.
This suggests that an increase or decrease in the ADC
alone is not sufficient to determine treatment response
and that the timing of these increases and/or decreases
may be very important both during and after treatment.
For the treatment considered in this study, it appears that
the percent changes in the ADC from mid- to post-RT
are significant in assessing 6-moPFS.

The majority of patients were off steroids or tapering
down. The literature suggests variable effects of high
steroid dose on ADC values. Sinha et al.*® showed an
increase in the ADC values within a nonenhancing lesion
of a patient. Sinha et al. also showed a decrease in the
ADC values within the nonenhancing lesions,” ™'
whereas Minamikawa et al. showed no significant
decrease within the nonenhancing lesions.”> Most
studies suggest a decease in the ADC values within
enhancing lesions of 6%—-11%.>%3! Since the majority
of patients were off steroids or tapering down, we
suspect that steroid use would not have a strong impact
on the ADC values in this study.

Key to the interpretation of the fDM parameters is a
comparison between parameters in similar regions of
tissue in the pretreatment and follow-up scans. This
can be problematic when there is an extensive surgical
resection that leaves a relatively small region of residual
tumor, which may lead to substantial tissue shift in the
follow-up examinations. In this study, most patients
received sub- or gross-total resections. This translated
to a median intersecting pre- and mid-RT contrast
enhancement of 1.3 cc. For the majority of patients,
the residual contrast enhancement appeared as a
narrow region that surrounded the cavity and temporal
changes led to substantial tissue shift for follow-up
examinations. For cases where the region is relatively
small, it is difficult to make accurate correlations
between parameter values from different examinations.
It is for this reason that requiring the patient to have a
minimum volume of intersecting contrast enhancement
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of 4 cc was recently proposed as a criterion for eligibility
to apply the fDM technique.?” The fact that our lesion
volumes were mostly at the threshold or lower than
the suggested limit means that it is not surprising that
there was no significant difference in the Vi or Vg par-
ameters between the progressors and nonprogressors.

In conclusion, this study assessed the changes in the
volumes and diffusion parameters within the enhancing
and nonenhancing lesions at pre-, mid-, and post-RT and
how these changes may relate to the clinical outcome of
6-moPFS. The results indicated that changes from mid-
to post-RT were significantly different between patients
who progressed within 6 months vs those who were free
of progression for 6 months after initiation of therapy.
The study also showed that changes in diffusion
parameters from the mid- to post-RT scan may be
more significant than changes from pre- to mid-RT or
from pre- to post-RT. This is important because the
mid-RT scan is currently not performed as part of the
standard clinical care. Although we initially intended
to apply the fDM method to evaluate our patients, the
fact that the median intersecting pre- and mid-RT CEL
volume was 1.3 cc meant that our data did not satisfy
the requirement of a minimum volume of 4 cc. Our
observation of no significant differences in fDM par-
ameters was consistent with the observation that, in its
current form, the technique is unable to assess response
to therapy in populations of patients with GBM who
have had resections that leave behind limited or no
residual contrast enhancement.
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