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ABSTRACT

Background. The extent of tumor resection (EOTR) cal-
culated by enhanced T1 changes in glioblastomas has been
previously reported to predict survival. However, fluid-at-
tenuated inversion recovery (FLAIR) volume may better
represent tumor burden. In this study, we report the first
assessment of the dynamics of FLAIR volume changes
over time as a predictive variable for post-resection overall
survival (OS).

Methods. Contemporary data from 103 consecutive
patients with complete imaging and clinical data who
underwent resection of newly diagnosed glioblastoma fol-
lowed by the Stupp protocol between 2010 and 2013 were
analyzed. Clinical, radiographic, and outcome parameters
were retrieved for each patient, including magnetic reso-
nance imaging (MRI)-based volumetric tumor analysis
before, immediately after, and 3 months post-surgery.
Results. OS rate was 17.6 months. A significant incre-
mental OS advantage was noted, with as little as 85 % T1-
weighted gadolinium-enhanced (T1Gd)-EOTR measured
on contrast-enhanced MRI. Pre- and immediate postoper-
ative FLAIR-based EOTR was not predictive of OS;
however, abnormal FLAIR volume measured 3 months
post-surgery correlated significantly with outcome when
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FLAIR residual tumor volume (RTV) was <19.3 cm® and
<46 % of baseline volume (p < 0.0001 for both). Age and
isocitrate dehydrogenase (IDH)-1 mutation were predictive
of OS (p < 0.0001, Cox proportional hazards).
Conclusions. OS correlated with the immediate postop-
erative T1Gd-EOTR measured by enhanced T1 MRI, but
not by FLAIR volume. Diminished abnormal FLAIR vol-
ume at 3 months post-surgery was associated with OS
benefit when FLAIR-RTV was <19.3 cm® or <46 % of
baseline. These threshold values provide a new radiological
variable that can be used for prediction of OS in patients
with glioblastoma immediately after completion of stan-
dard chemoradiation.

Glioblastomas are the most common primary malignant
brain tumors' and are widely infiltrative, making the
extensive resection of these tumors a challenging goal.”
Controversy exists with regard to the extent of tumor
resection (EOTR) that should be performed to impact
survival;*™ the EOTR of glioblastomas is mostly defined
by calculating the enhanced tumor volume on T1-weighted
magnetic resonance imaging (MRI) studies."*'° Previous
studies have suggested that resection of more than 78 % of
the contrast-enhanced tumor volume is associated with
improved survival;l’10 however, the enhanced tumor vol-
ume may underestimate the full extent of tumor burden
since tumor infiltration into normal brain is known to exist
in non-enhanced areas, which are characteristically
hyperintense on T2-weighted and fluid-attenuated inver-
sion recovery (FLAIR) sequences.s’9

The aim of this study was to assess the correlation
between overall survival (OS) and post-surgical FLAIR
residual tumor volume (FLAIR-RTV) and FLAIR-EOTR
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immediately after surgery and again at 3 months after
patients completed a standard Stupp protocol consisting of
chemotherapy and radiation therapy.

METHODS

This study was approved by the Institutional Review
Board (IRB) committee of the Tel Aviv Medical Center
(IRB approval number TLV065013), and was based on
prospectively collected data of consecutive patients with
newly diagnosed glioblastoma undergoing surgical resec-
tion at the Tel Aviv Medical Center. From 2010 to 2013, a
total of 369 adult patients (age >18 years) with newly
diagnosed glioblastoma underwent surgical resection. Pa-
tients who had not completed the Stupp protocol or did not
have all of the required imaging information were excluded
from the study. Also excluded from the analysis were
patients who only underwent tumor biopsy, those with
infratentorial tumor, and patients with multifocal disease.
Overall, 103 patients fulfilled the inclusion criteria and
comprised the study group.

Clinical Characteristics

Clinical records of the study patients were retrospec-
tively reviewed. Data of interest included demographics,
comorbidities, presenting symptoms, hospital course, and
postoperative neurological function. Pathological diagnosis
was determined by a neuropathologist and was based on
the World Health Organization (WHO) criteria.'’ The
Karnofsky Performance Scale (KPS) was used to assess
preoperative functional status.

Volumetric Analysis

The pre- and postoperative MRIs were obtained and
reviewed for each patient. The preoperative tumor volume
was measured using T1-weighted gadolinium-enhanced
(T1Gd) and FLAIR-MRI (1.5-3 mm axial cuts) studies
obtained up to 1 week prior to surgery. Using Brainlab
software (BrainLAB, Heimstetten, Germany), the area of
contrast enhancement and FLAIR abnormality were cal-
culated for each axial section, and the tumor volume was
quantified, in a semi-automated manner, based on the sum
of axial areas. The FLAIR and T1Gd-RTVs were calcu-
lated in the same manner by evaluating the MRI obtained
within the first 48 h following surgery, and 3 months after
surgery and the completion of chemoradiation. The T1Gd-
RTV and FLAIR-RTV calculations were based on T1Gd
and FLAIR abnormalities on the MRI. The volume of
blood products rather than residual tumor was confirmed by
comparing T1-weighted gadolinium-enhanced and non-

enhanced MRIs. The EOTR was calculated using the fol-
lowing formula: (preoperative — postoperative tumor
volume)/preoperative tumor volume x 100. Volumetric
measurements on the MRI were made by two clinicians
unaware of patient outcome, and the area and volumes
were computed using Brainlab software. The intraobserver
consensus (ICC) of two independent observers was 0.914
(95 % C10.872-0.942; p = 0.001). Perioperative mortality
was recorded within 30 days after surgery, while postop-
erative neurological outcome was assessed within 7 days
from surgery. OS was calculated from time of surgery to
the time of death, and all patients were treated according to
the Stupp protocol within 6 weeks from surgery. Patients
typically underwent follow-up MRI at 1-3-month intervals
and/or if there were new or progressive neurological
symptoms.

Statistical Analysis

Descriptive statistics were given as median, mean, and
standard deviation (SD) for continuous variables, and as
frequency distribution for categorical variables. The Chi
square test or Fisher’s exact test was used to examine group
differences in categorical variables, while the two-sample
t test or Mann—Whitney test was used to compare the
groups for continuous variables. A mixed model, repeated
measures analysis of variance was performed for repeated
measurements, and a multiple logistic regression model
was applied to determine which parameters were inde-
pendently associated with outcome. The model building
methods used consisted of forced entry, forward selection,
and backward elimination. A multivariate Cox regression
analysis was performed to identify predictors indepen-
dently associated with OS. OS as a function of time after
surgery was expressed as Kaplan—Meier plots, and log-rank
analysis was used to compare Kaplan—Meier plots. All
statistical analyses were performed using SPSS 17.0 for
windows (SPSS Inc., Chicago, IL, USA). A p value <0.05
were considered statistically significant.

RESULTS

The clinical characteristics of the 103 patients included
in this study are summarized in Table 1. The mean age of
patients at diagnosis was 59.6 + 12.5 years, and there was
slight male predominance (n = 66, 64 %). The median
KPS prior to surgery was 90, and 82.5 % of patients had a
KPS >70. No patient was lost to follow-up. More patients
presented with a motor deficit (n = 36, 36 %), followed by
a language deficit (n = 33, 32 %) and a cognitive decline
(n = 32,31.1 %). Only 28 (27.2 %) patients suffered from
headache. The most common tumor location was the
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TABLE 1 Demographic and clinical characteristics of 103 patients undergoing surgery for a newly diagnosed glioblastoma from 2010 to 2013

Characteristics Mean + SD
Age at diagnosis, years 59.6 + 12.5
Male [n (%)] 66 (64)
KPS [median, mean (SD)] 90, 85 (14.9)
Preoperative symptoms [n (%)]
Motor deficits 36 (36)
Language deficit 33 (32)
Cognitive decline 32 (31.1)
Headache 28 (27.2)
Other, fatigue, weight loss 28 (27.2)
Seizures 21 (20.4)
Awake craniotomy [n (%)] 37 (35.9)
IDH1 mutation [n (%)] 4 (3.9)
Ki-67 % [n £ SD] 16.8 £ 9.4
Postoperative complications [n (%)] 9 (8.7)

Tumor volume

Preoperative tumor volume T1Gd

Preoperative tumor volume FLAIR

T1Gd RTV

T1Gd EOTR

FLAIR RTV

FLAIR EOTR

3-Month postoperative T1Gd volume

3-Month postoperative FLAIR volume

3-Month postoperative FLAIR volume (% of baseline)

3-Month postoperative T1Gd volume (% of baseline)
Median OS

35.3 4+ 24.6 cm®
100.7 & 55.1 cm®
42 4+ 74 cm®
89.3 %

51.9 + 352 cm®
48.5 %

153 + 24 em®
41.2 + 50.6 cm®
40.9 %

43.5 %

17.6 months

SD standard deviation, IDH isocitrate dehydrogenase, FLAIR fluid-attenuated inversion recovery, RTV residual tumor volume, EOTR extent of
tumor resection, 7/Gd T1-weighted gadolinium-enhanced, KPS Karnofsky Performance Scale, OS overall survival

temporal lobe (40 patients, 38.8 %), followed by the frontal
lobe (39 patients, 37.9 %), parietal lobe (21 patients,
20.4 %), and occipital lobe (3 patients, 2.9 %). The mean
preoperative contrast-enhanced tumor volume (T1Gd) and
FLAIR abnormality were 35.3 +24.6cm’ (range
0.3-115.9) and 100.7 &+ 55.1 cm® (range 3.7-222.5),
respectively. Forty-five (43.6 %) patients harbored tumors
in the right hemisphere, 55 (53.4 %) patients harbored
tumors in the left hemisphere, and 3 patients (3 %) had
bilateral tumor involvement. All patients underwent image-
guided, 5-aminolevulinic acid (5-ALA)-directed micro-
surgical resection, followed by chemotherapy and radiation
therapy (i.e. the Stupp protocol). Thirty-seven (35.9 %)
patients underwent awake craniotomy for intraoperative
monitoring of language and high cognitive functions. The
mean postoperative T1Gd and FLAIR-RTVs, as measured
by contrast-enhanced tumor volume and FLAIR, were
42 + 7.4 cm? (range 0-50.9) and 51.9 + 35.2 cm? (range
0.8-182.2), respectively, while the mean postoperative

T1Gd and FLAIR-EOTRs, as measured by contrast-en-
hanced tumor volume and FLAIR, were 89.3 % (range
100-2.1 %) and 48.5 % (range 97.7 %, a twofold increase
in volume of FLAIR abnormality), respectively. At
3 months post-resection, the T1Gd tumor volume was
153 + 24 cm3, and 43.5 % of the baseline volume and
3.6-fold of the immediate postoperative volume. For the
FLAIR-based calculation, the FLAIR volume at 3 months
post-resection was 41.2 + 50.6 cm®, representing 40.9 %
of baseline FLAIR volume and 79.4 % of immediate
postoperative FLAIR volume.

By 3 months, all patients were off steroids or were
remaining on a minimal dose of dexamethasone 2 mg.
Following surgery, nine (8.7 %) patients experienced
postoperative complications, including three (2.9 %)
patients who had postoperative dysphasia, three (2.9 %)
patients who had a new motor deficit, one (0.97 %) patient
who had new hemianopsia, and one (0.97 %) patient who
developed postoperative hydrocephalus and eventually
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underwent ventriculoperitoneal shunt placement. In addi-
tion, one (0.97 %) patient had wound dehiscence. The
median OS for the entire cohort was 17.6 months (range
0.7-55 months).

Clinical Parameters Associated with Overall Survival
(0S)

Using the univariate Cox proportional hazards model
analysis, the following parameters were found to be sig-
nificantly associated with survival: age (p = 0.04), KPS
(p = 0.006), isocitrate dehydrogenase (IDH)-1 mutation
(»p = 0.04), bilateral tumor infiltration (p = 0.004),
postoperative complications (p = 0.004), T1Gd-RTV
(p < 0.0001), postoperative TIGd-EOTR as measured by
contrast-enhancement (p < 0.0001), 3-month postoperative
FLAIR volume (p < 0.0001), 3-month postoperative per-
centage of baseline FLAIR volume (p < 0.0001), and
3-month postoperative TIGd-RTV (p < 0.0001). A multi-
variate Cox proportional hazards analysis revealed that age
(hazard ratio [HR] 1.04, 95 % confidence interval [CI]
1.014-1.067; p = 0.003), IDHI mutation (HR 0.07, 95 %
CI 0.009-0.55; p = 0.01), TIGd-RTV (HR 1.04, 95 % CI
1.015-1.058; p = 0.001), T1IGd-EOTR (HR 0.2, 95 % CI
0.86-0.51; p = 0.001), and 3-month postoperative per-
centage of baseline FLAIR volume (HR 1.017, 95 % CI
1.01-1.024; p = 0.001) were all predictors of OS.

Association Between T1-Weighted Gadolinium-
Enhanced Extent of Tumor Resection (TIGd-EOTR)
and OS

The impact of different T1Gd-EOTR cut-off points on
OS according to contrast-enhancement was assessed using
Kaplan—-Meier survival curves. A significant survival
advantage was observed with a TIGd-EOTR of >85 % of
the enhanced volume (p < 0.0001). The median OS
increased with higher T1Gd-EOTRs, while a T1Gd-
EOTR < 85 % was associated with a median OS of
8.5 months. Resection of 85-95 % led to a 19.4-month
median OS. A T1Gd-EOTR of 95-99 % was associated
with a 26.7-month median OS, and a T1Gd-EOTR of
100 % was associated with a 27.5-month median OS (see
Table 4; Fig. 3 in the Online Appendix).

Association Between T1Gd-Residual Tumor Volume
(RTV) and OS

In the univariate analysis, the T1Gd-RTV strongly cor-
related with OS immediately following and 3 months after
surgery (p < 0.0001). After controlling for factors pre

viously shown to be associated with OS, the multivariate
analysis revealed that the T1Gd-RTV remained signifi-
cantly associated with immediate postoperative OS only
(p < 0.0001). The TIGd-RTV was incrementally evaluated
in order to determine the threshold T1Gd-RTV associated
with prolonged OS. The maximum T1Gd-RTV that was
still associated with improved OS according to the multi-
variate analysis was 1 cm® (p = 0.009). The median OS
for patients without an TIGd-RTV or with an TIGd-RTV
of <1 cm® was 27.5 and 27.4 months, respectively, com-
pared with 16.1 months for patients with an TIGd-RTV of
1-3 cm® (»p = 0.009), 11.1 months for patients with an
T1Gd-RTV of 3-5 cm’ (p < 0.0001), 10.1 months for
patients with an TIGd-RTV of 5-10 cm’® (p = 0.003), and
6.1 months for patients with an TIGd-RTV of 10-60 cm®
(see Table 5; Fig. 4 in the Online Appendix).

Association between Fluid-Attenuated Inversion
Recovery (FLAIR) RTV, EOTR and OS

Preoperative and immediate postoperative FLAIR-based
EOTR did not correlate with OS; however, the FLAIR
volume and percentage of baseline FLAIR volume
3 months after surgery correlated significantly with OS
when the FLAIR volume was <19.3 cm® and the percent-
age of baseline FLAIR volume was <46 % of baseline
(p < 0.0001 for both) (Tables 2, 3, respectively). Patients
with a FLAIR volume >19.3 cm® at 3 months survived
13.4 months compared with 26.7 months for patients with
a FLAIR volume of <19.3 cm’ (» <0.0001) (Fig. 1).
Similarly, patients with a percentage of baseline FLAIR
volume of <46 % had a median OS of 26.7 months, while
patients with a percentage of baseline FLAIR volume
>46 % had a significantly shorter survival (13.5 months;
p < 0.0001) (Fig. 2).

Association Between FLAIR, TIGd-RTV and OS

The T1Gd-RTV measured immediately post-surgery and
at 3 months post-surgery correlated significantly with the
FLAIR volume at 3 months after surgery. The Pearson
correlation showed a modest but significant correlation
between T1Gd-RTV when measured immediately postop-
eratively and 3 months after surgery as measured by
FLAIR volume (R = 0.326, p = 0.002). Using the Pearson
correlation test, a stronger correlation was found between
tumor volume measured by T1Gd and FLAIR 3 months
after surgery (R = 0.855, p = 0.001). It emerged that
57.4 % of patients with <15 % residual tumor enhance-
ment also had a <46 % FLAIR abnormality at 3 months
after surgery compared with baseline values (Fisher’s exact
test, p = 0.01).
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TABLE 2 Results of a multivariate Cox proportional hazards analysis to assess the effect of FLAIR volume 3 months postoperatively on

survival in patients with glioblastoma

3-month postoperative FLAIR volume (cm®) Median p value
Estimate 95 % CI

>19.3 26.6 £4.3 18.3-34.9 <0.0001

<193 135 £0.8 11.9-14.9

Overall 176 £ 1.3 15.2-20.2

FLAIR fluid-attenuated inversion recovery, CI confidence interval

TABLE 3 Results of a multivariate Cox proportional hazards analysis to assess the effect of FLAIR volume 3 months postoperatively as a
percentage of baseline volume on survival in patients with glioblastoma

3-month postoperative FLAIR volume (% baseline) Median p value
Estimate 95 % CI
<46 26.6 £ 3.7 19.4-33.9 <0.0001
>46 135 £ 0.5 12.6-14.5
Overall 176 £ 1.4 14.9-20.4
FLAIR fluid-attenuated inversion recovery, CI confidence interval
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FIG. 1 Overall survival by FLAIR volume 3 months postopera-
tively. The median overall survival for patients who had a residual
FLAIR volume of <19.3 cm® (blue line) was 26.6 months compared
with 13.5 months (p < 0.0001) for patients with a residual FLAIR
volume of >19.3 cm® (green line). FLAIR fluid-attenuated inversion
recovery

DISCUSSION

The current study was carried out on a contemporary
homogenous group of 103 patients with newly diagnosed
glioblastoma who underwent tumor resection followed by
the Stupp protocol. The median OS for the entire cohort
was 17.6 months, and the TI1Gd-RTV, T1Gd-EOTR, and
3-month postoperative FLAIR and percentage of baseline
FLAIR volumes were all predictors of OS. Among all
prognostic factors known to be associated with OS in
glioblastoma patients, EOTR is the only one that is

Time (months)

FIG. 2 Opverall survival by percentage of baseline FLAIR volume
3 months postoperatively. The median overall survival for patients
who had a FLAIR abnormality of <46 % of baseline (blue line) was
19.4 months compared with 12.6 months when the residual tumor
volume was >46 % (p < 0.0001) (green line). FLAIR fluid-attenuated
inversion recovery

modifiable.'>'* There is abundant class II and III evidence
but not class I evidence, which precludes the validation of
criteria for guiding glioblastoma EOTR."'%'*=! The con-
trast-enhanced region in a glioblastoma is used to delineate
the tumor burden; however, due to the infiltrative nature of
this lesion, the contrast-enhanced volume underestimates
the true tumor extent. Thus, T2 and FLAIR sequences, and
not solely the enhanced T1 sequence, are used for radiation
planning.*® Importantly, the preoperative and immediate
postoperative FLAIR abnormality is a mixture of tumor-
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associated edema and true tumor infiltration. Moreover,
surgical manipulation may create immediate postoperative
MRI areas of FLAIR abnormality that are indistinguishable
from true tumor infiltration. Our results support this like-
lihood. Neither FLAIR abnormalities measured by
preoperative MRIs nor those measured by immediate
postoperative MRIs correlated with OS. However, after
resolution of the postoperative changes when measured
3 months postoperatively, the volume of FLAIR abnor-
mality appeared to better represent the true tumor
extension. On the other hand, even at 3 months post-sur-
gery, the volume of a FLAIR abnormality may be affected
by treatment-related changes. This is especially relevant
for larger tumors with larger areas of irradiation, which
could theoretically lead to more FLAIR alterations after
treatment. In opposition to our results, Grabowski et al.’
and, more recently, Li et al.®? reported that the FLAIR-
RTV measured immediately postoperation was a signifi-
cant predictor of OS. Grabowski et al.” correctly noted that
the preoperative mass effect on surrounding tissue, along
with intraoperative manipulation of tissue within the sur-
gical site, may create an abnormal, edema-related T2/
FLAIR signal that can persist from days to weeks after
surgery. In fact, an unknown portion of the measured
abnormal T2/FLAIR-RTV may represent edema that will
eventually resolve, and not tumor infiltration. Grabowski
et al. describe this feature as a methodological shortcoming
of their study. Nevertheless, the reason for the discrepancy
in results is not clear. In the current study, we demonstrated
for the first time that the FLAIR volume and the percentage
of baseline FLAIR volumes when measured 3 months after
surgery are predictive of OS. We also delineated the
FLAIR volume thresholds at 3 months postoperatively that
correlate with OS.

Limitations

The limitations of any retrospective analysis also apply
to our study, particularly with respect to the risk of selec-
tion bias; however, such risk of selection bias may be
minimized by including only patients who were scheduled
for an attempted gross total resection of their tumor. We
used a quantitative semi-automated segmentation algo-
rithm to measure a FLAIR abnormality without
differentiation between tumor and edema or operative
artifacts. Such differentiation is not feasible with current
imaging technologies. The impact of the so-called ‘pseudo-
progression’ on OS was not addressed in this work since it
merits a separate study with longer imaging and clinical
follow-up. In addition, our volumetric data were available
before, immediate after, and 3 months postoperatively, but
not later on. Finally, the conclusions presented in our study
should be validated in a larger cohort of patients in order to

assess the predictive value of FLAIR volume in patients
with glioblastoma.

CONCLUSIONS

This is the first study to demonstrate the dynamics of
FLAIR volume changes over time as a predictive variable
for OS. Immediate postoperative EOTR measured by
enhanced T1 MRI, but not by FLAIR volume, was found to
significantly correlate with OS. An abnormal FLAIR vol-
ume at 3 months after surgery was associated with an OS.
This finding provides a new radiological variable that can
be used for prediction of OS in patients with glioblastoma.
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