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The objective of this study was to test the predictive
value of serial MRI data in relation to clinical outcome
for patients with glioblastoma multiforme (GBM).
Sixty-four patients with newly diagnosed GBM under-
went conventional MRI and diffusion-weighted and per-
fusion-weighted imaging postsurgery and prior to
radiation/chemotherapy (pre-RT), immediately after
RT (post-RT), and every 1-2 months thereafter until
tumor progression, up to a maximum of 1 year.
Tumor volumes and perfusion and diffusion parameters
were calculated and subject to time-independent and
time-dependent Cox proportional hazards models that
were adjusted for age and MR scanner field strength.
Larger volumes of the T2 hyperintensity lesion
(T2ALL) and nonenhancing lesion (NEL) at pre-RT,
as well as increased anatomic volumes at post-RT,
were associated with worse overall survival (OS).
Higher normalized cerebral blood volumes (nCBVs),
normalized peak height (nPH) and normalized recircula-
tion factors (nRF) at pre-RT, and nCBV at post-RT, in
the T2ALL and NEL, were associated with shorter pro-
gression-free survival (PFS). From pre- to post-RT, there
was a reduction in nCBV and nPH and an increase in
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apparent diffusion coefficient (ADC). Patients with
lower nRF values at pre-RT, or a larger increase in
nRF from pre-RT to post-RT, had significantly longer
PFS. Time-dependent analysis showed that patterns of
changes in ADC and anatomic volumes were associated
with OS, while changes in nCBV, nPH, and the contrast-
enhancing volume were associated with PFS. Our studies
suggest that quantitative MRI variables derived from
anatomic and physiological MRI provide useful infor-
mation for predicting outcome in patients with GBM.
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liomas account for the majority of primary brain
Gtumors and vary from benign to malignant.
Glioblastoma multiforme (GBM) represents the
highest grade of glioma and is both the most common
and the most malignant subtype. Treatment for patients
with GBM includes maximal safe resection, radiation
therapy (RT), and chemotherapy. The median survival
that is reported in clinical trials is typically 15 months'
but there is considerable variability among individuals,
with some patients benefitting from more aggressive
therapies. GBMs are highly infiltrative, and recurrence
typically occurs in adjacent brain tissue within 2 cm of
the original tumor site. Early assessment of prognosis,
accurate grading, and determination of tumor burden
and response to therapy are thus of great importance
for all phases of treatment planning and patient care.
MRI is the standard imaging method in the evalu-
ation of patients with brain tumors because it is able
to delineate structural abnormalities. The standard
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criteria for assessing tumor progression and response to
therapy are based upon changes in cross-sectional diam-
eters of the contrast-enhancing lesion (CEL) on post-
gadolinium (Gd) T1-weighted images.” This represents
the regions where the blood—brain barrier (BBB) has
been compromised. The region of T2 hyperintensity is
larger than the CEL but fails to distinguish between
edema, gliosis, inflammation, cyst, and active tumor.
Methods that have been proposed as candidates for
improving the sensitivity and specificity for defining
tumor are diffusion-weighted imaging (DWI), which
reflects tumor cellularity as well as breakdown of
normal tissue architecture, and perfusion-weighted
imaging (PWI), which provides information on vascular
density and abnormality.’

Previously published research revealed several
factors—such as age, KPS score, extent of resection,
molecular markers, presence of corticosteroid, and
whether the patient undergoes reoperation at the time
of recurrence—that influence the prognosis of patients
with GBM.*~!'! Preoperative and preradiation MRI
characteristics of the tumor have been reported as
having predictive value in relation to survival.'*='*
Since not all the surgeries of patients enrolled in this
study were completed in our institution and previous
studies have noted the importance of assessment after
surgery and prior to RT, we evaluated the relationship
between serial MR parameters and overall survival
(OS) and progression-free survival (PFS) in patients
with primary GBM from this time point. We hypoth-
esized that serial changes in imaging parameters would
be helpful in anticipating disease progression and can
be of prognostic value, which would be useful in
making decisions about patient care.

Materials and Methods

Patient Population

All patients’ charts were reviewed, and the GBM was
called “primary” if there was no clinical or imaging
history to suggest a lower grade tumor that progressed. A
total of 66 patients with newly diagnosed primary GBM
who were evaluated at the University of California—San
Francisco after surgery and prior to initiation of RT were
recruited to this imaging study. Each patient gave written
informed consent to undergo the specialized imaging.
Two patients were excluded from the analysis: one
patient died of hepatitis B virus infection before pro-
gression, and the other had incomplete imaging data due
to significant surgical complications. The remaining 64
patients constituted the study population.

Patients had their baseline scans after surgical resec-
tion or biopsy but prior to RT and chemotherapy
(pre-RT), immediately after RT (post-RT) and every 2
months thereafter until presumed tumor progression
(up to a maximum of 1 year). When tumor progression
was suspected, patients received an additional scan at a
short time interval (~1 month) to help in distinguishing
true from pseudoprogression. Criteria for defining

true progression were clinical deterioration and/or
radiological progression, which was based upon
changes in cross-sectional diameters of the CEL as
defined by McDonald criteria,” or as confirmed by a
second surgery. Pre-RT MR examinations were obtained
following surgery or biopsy (mean 4 standard devi-
ation, 26 + 8 days). Of the 57 patients for whom the
exact start date of RT was recorded, pre-RT examin-
ations were acquired at an average of 6 days (standard
deviation, 6 days) before RT. RT was administered
with a total dose of 60 Gy in 2-Gy fractions over a
6-week period. Chemotherapy was given concurrently
either as temozolomide alone (23 patients), temozolo-
mide with tarceva (29 patients), poly ICLC (10 patients),
or R115777 (2 patients).

MR Examination

MR data were acquired from either 1.5 T or 3 T GE
scanners (GE Healthcare Technologies) between
November 2002 and March 2007.

Anatomic MR imaging included a T1-weighted sagit-
tal scout (repetition time [TR]/echo time [TE]= 54/
2 ms), axial T2-weighted fluid attenuated inversion recov-
ery (FLAIR) (TR/TE /inversion time [TI] = 10002 /127 -
157/2200 ms, matrix = 256 x 256 x 48, slice
thickness =3 mm), and pre- and postcontrast
T1-weighted spoiled gradient echo (SPGR) (TR/TE =
26/2-8 ms, matrix = 256 x 256 x 64, slice thickness =
3 mm) images. These images were aligned to the corre-
sponding post-Gd 3D SPGR images."’

Diffusion-weighted images were acquired with 3- or
6-directional axial diffusion echo-planar imaging
(EPI) sequences (TR/TE = 5000-10000/63-110 ms,
matrix = 128 x 128 or 256 x 256, slice thickness =
3-5mm, 21-40 slices, b= 1000 s/mm?). The ADC
maps were calculated using software developed in our
group, resampled to the same resolution as the postcon-
trast T1-weighted images, and then rigidly aligned to
them using the VTK CISG software package.'®

A bolus of 0.1 mmol/kg of body weight gadolinium
diethyltriamine pentaacetic acid (Gd-DTPA) was
injected intravenously at the speed of S5 mL/s.
Perfusion-weighted images were achieved by collecting
a series of T2*-weighted EPI (TR/TE/Flip = 1000—
2000/54 ms/30-35°, 128 x 128  matrix,  slice
thickness = 3—-5 mm, 7-15 slices, 60—80 timepoints)
acquired before, during, and after the bolus injection.
Perfusion datasets were resampled to the same resol-
ution as the postcontrast T1-weighted images and then
rigidly or nonrigidly aligned using the VTK CISG soft-
ware package.'® Cerebral blood volume (CBV),
percent AR2* signal recovery (Rec), AR2* peak
heights (PHs), and recirculation factors (RFs) were cal-
culated for each voxel using software developed in our
group. CBV intensities were obtained by fitting the
dynamic perfusion data by a modified gamma-variate
function with a recirculation parameter.'” Peak height
and percent recovery values were estimated using a
simple nonparametric procedure.'®
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Image Analysis

Regions of interest (ROIs) included the normal-
appearing white matter (NAWM), the CEL, the
T2ALL, and the NEL, which was defined as the
T2ALL lesion subtracted from the CEL and necrosis
(Figure 1). NAWM was segmented automatically using
a hidden Markov random field model with an
expectation-maximization algorithm'® on the 3D
SPGR brain images. The masks of tumor lesions were
segmented using a region-growing segmentation tool.”’
All ROIs excluded the resection cavity.

Volumetric, diffusion, and perfusion parameters were
analyzed within these abnormalities. Due to smaller
acquisition coverage of DWI and PWI compared with
the anatomic images, these parameters were limited to
the region that overlapped. To emphasize any difference
between patients, ADC, CBV, PH, and RF maps were
normalized to the median value within NAWM. The
value of Rec is calculated as a percentage of the baseline
and was therefore not normalized.

Statistics

The statistical analysis was performed using the SPSS
software package and R version 2.9.2 (www.r-project.
org). OS and PFS were estimated by using Kaplan—
Meier survival curves. OS was determined from the
date of the MR examination prior to RT and the date
of death or last contact at which the patient was
known to be alive (censored) as of January 31, 2009.
PFS was defined as the time from the baseline scan to
disease progression or death due to any cause, whichever
came first. Since disease progression was tracked regu-
larly for only up to one year, PFS was censored at the
1-year visit for those individuals who were alive and
free of progression at that time. Survival curves for the
various subgroups were compared using the log-rank
test. One month was calculated as 30 + 10 days.

A Cox proportional hazards model was used to evalu-
ate the influences of pre-RT and post-RT MR

parameters and the difference of MR variables
between these two time points on OS and PFS. Patients
who progressed at the time of post-RT were excluded
from the post-RT analysis, and patients who were
scanned at a different field strength at the time of
post-RT than pre-RT were left out of the analysis
when testing for significant difference between pre-RT
and post-RT. A nonparametric Wilcoxon signed-rank
test was used to access significance between time
points. To evaluate the impact of change in imaging
values over time on clinical outcome, we used a time-
dependent Cox proportional hazards model treating
the longitudinal image values as time-dependent covari-
ates.”! All the Cox model analyses were adjusted by age
and field strength. Due to the exploratory nature of the
study, no formal adjustment of type I error was under-
taken; in all cases, a p-value <0.05 was considered stat-
istically significant.

Results

Patient Characteristics and Outcomes

Table 1 summarizes the characteristics of the patient
population, and Figure 2 shows the time to progression
and status for each patient. It was noted that 73% of
the patients (47/64) progressed within a year, as con-
firmed by follow-up imaging criteria (23/47) or by a
second surgery (24/47). Of the 47 patients who pro-
gressed, 20 received a new type of chemotherapy alone
(P-C), 24 had new therapy in combination with a
second surgical resection (P-C + S), and data were not
available for 3 patients. Sixteen patients progressed by
the time of post-RT scan, with 10 of these assessments
being confirmed by surgical resection. Of the patients
who received a second surgery, histopathology of the
resected tissue showed recurrent GBM.

The median OS was 588 days (95% CI, 468-708
days) with 11 patients censored, and the median PFS
was 186 days (95% CI, 136—236 days) with 17 patients
censored. Figure 3A and 3B illustrate the OS and PFS

Fig. 1. Axial T1-weighted postcontrast, FLAIR, and ADC maps from a patient with GBM. Lines represent CEL, T2ALL, and NEL contours,

respectively.
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curves. In the univariate analysis, age, sex, KPS, steroids,
extent of resection, and type of chemotherapy were
not significantly correlated with OS or with PFS.
Treatment failure or progression, by either 6 months
or 12 months, was associated with a significant survival
disadvantage (Fig. 3C-D, log-rank tests, p = 0.0008, p
< 0.0001). In patients who progressed, the median

Table 1. Baseline Characteristics of All Study Subjects

Characteristics All Study Subjects

survival times were 351 days and 619 days, respectively.
This contrasted with 792 days or 1833 days in patients
who were stable at 6 months or 12 months, respectively.
There was no difference in survival between patients
who had a PFS of less than 6 months and those who pro-
gressed between 6 and 12 months (Fig. 3E, log-rank test,
p = 0.80), with patients who progressed by 6 months
(PFS <6 mos) having a median survival time of 351
days (95% CI, 229-473), and patients who progressed
between 6 months and 12 months (PFS 6-12 mos) sur-
viving for 342 days (95% CI, 395-659). Patients who
received a combination of reoperation and new che-

Age, yr
gMy. motherapy (P-C + S) had significantly longer survival
edian 53 .
Ranee 2777 than those who received new chemotherapy alone
Cend 8 (P-C) (p < 0.0001, log-rank test) (Fig. 3F). The
ender, n median survival was 558 days (95% CI, 448-668
Male e days) for the former and 342 days (95% CI, 105-579
Female 26 days) for the latter. Only 2 of the patients who pro-
Karnofsky performance gressed received anti-angiogenic therapy at the time of
Median, % 920 recurrence.
Range, % 60-100
Data missing, n 16 Imaging Characteristics
Corticosteroid therapy, n
Yes 36 A total of 291 examinations were acquired from
No 21 64 patients (see Table 2). DWI data were acquired for
Data missing 7 278 of the 291 examinations, and PWI data were avail-
Extent of surgery, n ablF: for 263 of the 29.1 exgminations. The nonlinear
Bi fitting procedure for estimating CBV and RF was more
iopsy 3 . . . .
. demanding in terms of the data quality required to
Subtotal resection 29 . .
Cross total t' 3 obtain stable parameter estimates, and so 241/263 of
r0s5 fotal resection these datasets were used for the CBV/RF analysis,
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Fig. 2. Event chart for the 64 patients who were followed in the study. Each line represents a single patient. Patients are sorted by PFS.
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Fig. 3. Kaplan—Meier survival curves for OS and PFS. The median OS (A) was 588 days, and median PFS (B) was 186 days. Survival curves
(C) and (D) are for populations split based upon whether the patient progressed or was stable by 6 months and 12 months. Patients who
progressed within 6 months or 12 months had shorter survival; but there was no significant difference between patients who progressed by 6
months and patients who progressed between 6 and 12 months (E). Patients who progressed within a year benefited from the combination
of reoperation and chemotherapy (P-C + S) (F).
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Table 2. Number of Datasets for Each Imaging Parameter within
the ROIs Considered

CEL T2ALL NEL NAWM
Vol 245 291 290* 291
ADC 233 278 278 278
CBV/RF 199 241 241 241
PH/Rec 214 260 260 260

*1 dataset was acquired without contrast injection.

while 260/263 of these datasets were considered for
PH/Rec. Imaging parameters that were found to be sig-
nificant predictors of OS and PFS at a significant level of
0.05 or lower based on the Cox regression model that
was adjusting for age and field strength are summarized

in Table 3.

Baseline Imaging Parameters

The only pre-RT imaging parameters that were related
to OS were the volumes of the T2ZALL and NEL. There
was no association between any of these volumes and
PFES. Table 4 shows the median and 10th/90th percentile
values for nCBV, nPH, nRF, and %Rec in the anatomic
ROIs. Note that all of the parameters considered includ-
ing nCBV, nPH, and nRF were higher in the subpopu-
lation who progressed by 12 months than in the
subpopulation who did not, but only the values in the
T2ALL and NEL were found to be significantly associ-
ated with PFS but not with OS. Figure 4 shows examples
of anatomic images, nCBV and nPH maps from 2
patients at pre-RT. The patient who had regions with
elevated nCBV and nPH in the T2ALL had relatively
shorter PFS (128 days vs. stable at 378 days). None of
the pre-RT diffusion parameters were associated with
OS or PFES in this population.

Changes in Imaging Parameters between Pre-RT and
Post-RT

Table 5 shows the normalized perfusion parameters at
the time of pre-RT and post-RT. There were significant
decreases in nCBV and nPH in all three anatomic ROIs
from pre- to post-RT. The differences in the nRF and
%Rec values were relatively small, and none of those
changes was significant. Larger median nCBV in the
T2ALL and NEL at post-RT was significantly associated
with shorter PFS (p = 0.026 and 0.029). The differences
between post-RT and pre-RT in 90th percentile nRF
values within the T2ALL and NEL were significant
factors for PFS. Patients with increased 90th nRF in
T2ALL and NEL had a significant benefit in PFS
(hazard ratio, 0.346, 0.339; p = 0.046, 0.037). In
patients with PFS >12 mos, the mean + standard devi-
ation of 90th nRF in T2ALL and NEL was 0.98 +
2.27 and 0.98 + 2.28; in contrast, there were 0.00 +
0.72 and 0.00 + 0.69 in patients with PFS <12 mos,
respectively.

Table 3. Significant (p < 0.05) Predictors of OS and PFS

oS PFS
Patient info Response failure, 12
mos*** (5.031)
Response failure, 6
mos** (2.506)
Pre-RT Volume T2ALL (1.016)  Median nPH in
T2ALL* (3.007)
Volume NEL (1.017) Median nCBV in
T2ALL (2.414)
Median nRF in NEL
(8.352)
Median nPH in NEL
(2.481)
Median nRF in
T2ALL (7.101)
Median nCBV in
NEL (2.350)
Post-RT Volume T2ALL* Median nCBV in
(1.010) T2ALL (5.180)

[Post-pre]-RT

Time-dependent

Volume NEL* (1.011)

Volume CEL* (1.042)

Volume T2ALL***
(1.013)

Volume NEL***
(1.014)

Volume CEL** (1.048)

Median nADC in CEL*
(0.143)

10th nADC in NEL
(21.708)

10th nADC in T2ALL
(21.320)

10th nADC in CEL
(0.123)

Median nADC in
T2ALL (5.717)

Median nADC in NEL
(4.727)

Median nCBV in
NEL (5.029)

90th nRF in NEL
(0.339)

90th nRF in T2ALL
(0.346)

Median nCBV in
T2ALL* (3.927)

Median nPH in
T2ALL (3.592)

Median nCBV in
NEL (3.339)

Volume CEL (1.036)

All the tests were adjusted by age and field strength, and values
are in the order of p-value from the smallest to the largest.
Numbers in parentheses are hazard ratios.

*p < 0.01.
**p < 0.001.
**%p < 0.0001.

The differences in normalized ADC (nADC) par-
ameters in the various anatomic regions are shown in
Table 6. The median and 10th percentile values of
nADC were significantly larger in all anatomic regions
after RT compared with the initial values, but none of
the parameters was related to OS or PFS.

As shown in Table 3, the only parameters that were
related to OS at the post-RT time points were the
volumes of the three anatomic lesions (CEL, T2ALL,
and NEL).
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Table 4. Perfusion-Weighted Imaging Parameters, Normalized CBV (nCBV), Normalized Peak Height (nPH), Normalized Recirculation

Factor (nRF), and Recovery (%Rec) at the Time of Pre-RT.

PFS <12 mo PFS >12 mo HR (95% CI) p-Value
Median nCBV CEL 1.40 + 0.79 1.26 £ 0.67 >0.05
T2ALL 1.13 £ 0.45 0.92 +0.27 2.414 [1.147 5.082] 0.020
NEL 1.06 + 0.39 0.89 +0.27 2.350 [1.022 5.403] 0.044
90th nCBV CEL 2.65 +1.41 236 +0.11 >0.05
T2ALL 2.30 + 1.09 1.95 + 0.65 >0.05
NEL 2.01 +£0.75 1.76 £ 0.55 >0.05
Median nPH CEL 1.49 + 0.78 1.34+0.63 >0.05
T2ALL 1.13 £ 0.41 0.91 +0.26 3.007 [1.401 6.542] 0.005
NEL 1.04 + 0.37 0.88 + 0.25 2.481[1.112 5.533] 0.026
90th nPH CEL 2.99 + 1.53 2,55+ 1.05 >0.05
T2ALL 2.61+1.26 214 £0.71 1.294 [0.998 1.678] 0.052
NEL 2.27 £1.01 1.97 £ 0.60 >0.05
Median nRF CEL 1.23 +0.36 1.20+£0.36 >0.05
T2ALL 1.09 + 0.14 0.98 + 0.14 7.101 [1.090 46.281] 0.040
NEL 1.08 + 0.16 0.96 + 0.12 8.352 [1.357 51.408] 0.022
90th nRF CEL 2.14 +0.49 2.08 + 0.57 >0.05
T2ALL 1.77 + 0.46 1.62 +0.38 >0.05
NEL 1.68 + 0.49 1.53 +£0.30 >0.05
Median %Rec CEL 92+6 89+ 15 >0.05
T2ALL 9% +5 98 +5 >0.05
NEL 97 +5 99 + 4 >0.05
10th %Rec CEL 68 + 15 65 + 21 >0.05
T2ALL 79 + 11 77 £ 18 >0.05
NEL 81+ 11 81+ 13 >0.05

HR, hazard ratio; Cl, confidence interval.

Time-dependent Analysis

Parameters that were significantly associated with PFS in
the time-dependent analysis were the median nCBV in
the T2ALL (p =0.006) and NEL (p = 0.0181), the
median nPH in the T2ALL (p = 0.0147), and the
volume of the CEL (p = 0.0376). Figure 5 demonstrates
the changes in the volumes of the CEL, T2ALL, and
NEL in terms of time of OS and PFS. Some patients
who progressed show an initial reduction in anatomic
lesion volume, but, as can be expected, patients with
an overall increase in the volumes of their abnormalities
appear to have worse OS.

Figure 5 also shows the median nADC values in the
various regions over time. Although it appears that the
patients who live for over 2 years have stable changes
in median ADC within the T2ALL and NEL regions
between pre- and post-RT, the difference between
post-RT and pre-RT was not a significant predictor for
OS using Cox regression analysis. The time-dependent
Cox regression model showed that smaller nADC
values (median and 10th percentile) within the CEL (p
= 0.008, 0.016) and higher nADC (median and 10th
percentile) with the T2ALL (p = 0.018, 0.011) and
NEL (p = 0.027 0.011) were associated with poor OS.

Discussion

MRI is the principal method being used to evaluate
response to therapy and tumor progression in patients
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with GBM. The current study examined the predictive
values of an integrated anatomic and diffusion- and
perfusion-weighted imaging examinations that were
obtained postsurgery, pretreatment, and at posttreat-
ment follow-ups to determine whether the information
obtained could contribute to predicting PFS and OS.

The median OS for the patients in this study with
GBM was 84 weeks, but as seen from Figure 2, there is
a large range of outcome values observed. Previous
studies have found several variables that are associated
with worse survival, but it is not known how these
relate to each other.*~!' Age did not reach significance
in the population considered in this study but was
adjusted for in the statistical analysis because it has pre-
viously been shown to act as a prognostic factor in
studies with larger patient populations.*”'! Extent of
resection was also tested but was not found to be a sig-
nificant factor. The importance of the extent of resection
is still controversial”'"*** and may influence decisions
about the treatment that is chosen.'” Other factors—
such as tumor size, edema, midline shift, and
location—that may affect resection and influence survi-
val were not examined here due to the limited size of
the population.

Disease progression was determined in this study
based upon the size of the CEL in conjunction with
neurologic function and corticosteroid use.” Patients
who progressed by 6 months or 12 months had signifi-
cantly shorter median survival time than those who did
not. Although there was no difference in survival
between patients who progressed by 6 months and
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Fig. 4. Postcontrast T1-weighted, T2-weighted, ADC, nCBV, and nPH images from 2 patients with GBM and the corresponding AR2* curves
showing the magnitude of PH and Rec parameters in the T2ALL and NAWM regions at pre-RT. All the nCBV and nPH maps were plotted
with the range between 0 and 5. Patient A had a short PFS of 128 days, and Patient B was stable at 378 days.

12 months, the second-line therapies that they were  chemotherapy being significantly longer than that of

given did influence OS, with the median survival of = patients who  received chemotherapy  alone.
patients who received reoperation and other = Reoperation in combination with other salvage therapy
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Table 5. Median Values for Normalized Perfusion Parameters
within Different Anatomic Regions at the Time of Pre-RT and
Post-RT Time Points

CEL T2ALL NEL
Median Pre-RT  1.444+0.87 1.04+0.45 097 +0.39
nCBV
Post-RT 0.95+0.47 0.88+0.37 0.88+0.37
N=29 N=33 N=33
p=0.0005 p=0.001 p=0.012
Median Pre-RT  1454+0.85 1.02+0.37 096+ 0.34
nPH
Post-RT 1.09+0.50 0.85+0.32 0.84 +0.31
N=33 N=37 N =37
p=0.010 p = 0.001 p = 0.005
Median Pre-RT  1.264+0.30 1.03+0.15 1.01+0.15
nRF
Post-RT 1.26+0.49 1.04+0.48 1.03+0.38
N =29 N=33 N=33
p>0.05 p >0.05 p >0.05
Median Pre-RT 76+ 10 80 + 11 81+ 10
%Rec
Post-RT 74 + 14 82 4+ 11 82+ 11
N=33 N=37 N =37
p > 0.05 p >0.05 p >0.05

Table 6. Median and 10th Percentile Intensity Values for
Normalized ADC within Different Anatomic Regions at the Time
of Pre-RT and Post-RT.

CEL T2ALL NEL
(N=37) (N = 40) (N = 40)
Median Pre-RT  1.45+0.39 1.38 +0.28 1.37 £ 0.27
nADC
Post-RT 1.71 +0.34 1.49 +0.27 1.47 +0.27
p =0.001 p=0.015 p=0.016
10th Pre-RT  1.10+0.28 1.06+0.18 1.06 +0.18
nADC
Post-RT 1.28 +£0.25 1.17 +£0.16 1.16 + 0.15
p=0001 p=0.0004 p=0.0003

has been reported to show a significantly prolonged sur-
vival compared with reoperation alone,*® but the criteria
for reoperation are still not standardized across
institutions.”**

Another interesting finding from our analysis was
that the pre-RT contrast-enhancing volume was not
related to OS. We believe that this is due to some areas
of enhancing being postsurgical effects rather than
tumor. Previous studies at our institution have indicated
that areas showing restricted diffusion on the immediate
postsurgical scan may become enhancing in follow-up
scans.?® When corrected for this effect, we have shown
that an increase in the true volume of contrast enhance-
ment between surgery and pre-RT is associated with
shorter survival.?” It was not possible to make an assess-
ment of whether variations in the pre-RT enhancing
lesion volume were due to this effect in the current
study because not all of the patients considered received
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their surgery at our institution. The robustness of the
relationship between the T2ALL and NEL volumes
and OS observed in our study is enhancing and supports
the idea that they may be used to assess the presence of
residual disease.

Recent studies have shown that some patients with
GBM suffer from a temporary increase in the CEL that
subsides afterward without further treatment.?®*” This
effect has been termed pseudoprogression, and it com-
monly develops within 2 to 6 months after completion
of concomitant RT plus temozolomide. Of the 47
patients who progressed during our study, 51% were
confirmed as having true progression by the reoperation.
For patients who did not get a resection, the assessment
was based upon clinical and imaging follow-up, which
included a repeat MR scan at 1-month intervals to
assess whether the new enhancement was persistent.
This strategy was intended to minimize any confounding
effects caused by pseudoprogression.

Of interest in terms of determining which time point
to consider in predicting outcome is that the volumes of
all 3 anatomic lesions at the post-RT examination were
related to OS. As shown in Figure 5, patients with worse
survival had a larger volume of T2 hyperintensity after
surgical resection at any given time point, even though
none of the volumetric parameters were associated
with PFS. The latter is not that surprising because
some of the patients who progress show an initial
reduction in lesion volume, and the definition of pro-
gression is based upon the change of contrast enhance-
ment between the current and previous scans.

The observed decline in nCBV and nPH that we
observed following radiation suggested that there was
a reduction in vascular density due to the effects of RT
and concurrent chemotherapy. The presence of regions
with elevated nCBV and nPH at pre-RT and post-RT
time points, as well as time-dependent changes in these
values in all anatomic lesions, was correlated with
shorter PFS. This is consistent with previous obser-
vations.®® 3! As gliomas grow, their cellularity tends
to increase, which may cause regional hypoxia due to
inadequate vascular supply. Upregulation of vasoactive
endothelial growth factor (VEGF) promotes the for-
mation of new blood vessels by the process of angiogen-
esis.” ™7 The results of this study indicate that PWI can
be used to monitor these effects. The fact that these par-
ameters are not related to OS is not surprising given that
there was so much change in them after a patient pro-
gressed. It also suggests that the relationship between
tumor growth and abnormal angiogenesis in GBM is
more complex than has previously been appreciated.

The recirculation and recovery parameters estimated
from PWI data reflect increased vascular permeability
and vessel tortuosity. Our results show that the presence
of higher values of the recirculation parameter in the
T2ALL and NEL at the pre-RT examination is associ-
ated with shorter PFS. In other words, patients who
had more leaky vessels were more initially likely to pro-
gress at an early time point. Patients with smaller
changes in the recirculation parameters between
pre-RT and post-RT were more likely to show early
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Fig. 5. [Left] The mean and standard deviation of the mean for volumes of abnormalities in each individual group over time. Higher volumes
at any given time point are seen in patients who had shorter survival. The median volumes of the T2ALL in the patients who died within a
year were 21.6 (n =19), 53.6 (n = 16), 48.2 (n = 8), 104.3 (n = 7), and 113.6 cc (n = 1) at O, 2, 4, 6, and 8 months, respectively, while
they were 12.4 (n = 13),9.6 (n = 12),10.3 (n = 10), 10.1 (n =7),11.7 (n = 4),30.6 (n = 5), and 11.8 cc (n = 5) at 0, 2, 4, 6, 8, 10, and
12 months in the population who lived longer than 2 years. [Middle] Changes in volume for patients with progression by 6 months (red),
between 6 and 12 months (blue), and after 12 months (green). Note that some patients who progressed show an initial reduction in lesion
volume. [Right] Time course of median nADC in 3 groups of GBM patients. Values refer to mean and standard deviation of the mean.
Smaller nADC values in CEL and higher in T2ALL and NEL are seen in patients who died within a year.

progression. This suggests that the increased vascular
permeability caused by RT?®?” may facilitate more
effective delivery of the chemotherapy through the BBB
and hence provide time to prolong progression.

Low ADC within regions of tumor is thought to cor-
respond to regions of higher cellularity, while increased
ADC corresponds to edema or treatment effects.>®* =% In
practice, both of these findings are present and may
therefore counteract each other, especially once the
lesion has been treated. Our data showed that there
was a significant increase in nADC within all anatomic
lesions after RT, which is consistent with the radiation
causing increased disruption of tissue architecture and
a decrease in cellularity that is associated with
treatment-induced necrosis.*! Unlike the change in vas-
cular parameters, these structural and cell-based
measures of treatment effect were not related to PFS

but were associated with OS when looked at longitudin-
ally in a time-dependent analysis. The differences in
relationship to clinical outcome highlight the complexity
of the processes associated with disease progression and
treatment effects.

Although the normalized ADC values observed at
pre-RT and post-RT were not significant prognostic
factors, the time-dependent values were significantly cor-
related with OS. Interestingly, lower nADC in the CEL
and higher nADC in the T2ZALL and NEL were associated
with worse survival in the time-dependent analysis. This
may be interpreted as the ADC in the enhancing volume
being dominated by increased tumor cellularity, with
the changes in ADC in the nonenhancing volume being
associated with infiltrative tumor causing a breakdown
of the normal tissue architecture. The potential for
uncoupling these effects is interesting but highlights the
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complexity of interpreting changes in ADC. It is for this
reason that the function diffusion map has been proposed
as a measure of the sum of positive and negative changes
in ADC on a pixel-by-pixel basis within the enhancing
region as opposed to more global parameters. Our
study suggests that it may be of interest to separately
examine the temporal changes in enhancing and non-
enhancing volumes separately.

The relatively short median survival for GBM
patients has led to the development of therapeutic
agents that are designed to act either by inhibiting
angiogenesis or blocking cell proliferation.**~**
Anti-angiogenic or antiproliferative therapies that sup-
press tumor growth, rather than directly causing cell
death may cause reduction in the incidence of CELs
without a concurrent decrease in the number of tumor
cells. This means that increases in the spatial extent of
the T2 hyperintense lesions will be critical for assessing
recurrence.”’ Even in our study, where the majority of
patients (81%) received only temozolomide and radi-
ation, the volume of the T2ALL was related to OS.
Future studies will use similar multiparametric anatomic
and diffusion- and perfusion-weighted imaging methods
to follow patients participating in clinical trials using
novel treatment strategies.

Conclusion

Our study has highlighted differences in the temporal
and spatial patterns of MR parameters derived from
anatomic and diffusion- and perfusion-weighted
images from patients with newly diagnosed primary

that higher blood volumes, peak height, and recircula-
tion factors in the T2 lesion were associated with PFS,
while nonenhancing and T2 lesion volumes were associ-
ated with OS. By the end of radiation, there was a
reduction in blood volume and peak height, with an
increase in the observed ADC values within all anatomic
regions. This is consistent with reduced vascular density
and the formation of treatment-induced necrosis.
Time-dependent analysis showed that patterns of
changes in ADC and anatomic volumes were associated
with OS, while changes in blood volume, peak height,
and enhancing volume were associated with PFS. This
indicates that a multiparametric MR examination that
integrates anatomic and perfusion- and diffusion-
weighted imaging can provide useful information for
predicting outcome and understanding treatment
effects in patients with GBM.
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