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Glioblastoma (GBM) is the highest-grade, primary 
central nervous system cancer and has a 5-year 
survival rate of less than 5%.4 Current guidelines 

for the treatment of GBM call for a combination of re-
section, radiation therapy, and chemotherapy to improve 

symptoms and prolong lifespan.19,22 Several prognostic 
factors have been identified and prospectively validated 
as indicators of shorter survival in patients with high-
grade gliomas, including advanced age, aggressive his-
tological features, and low Karnofsky Performance Scale 
(KPS) scores.3,5,22 While most within the field of neuro-
oncology agree that maximal resection of the tumor of-
fers the best chance for prolonged survival, the impact of 
extent of resection (EOR) on survival continues to be a 
point of discussion.15

Previous studies have used both CT and MRI to try 
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Object. The impact of extent of resection (EOR) on survival for patients with glioblastoma (GBM) continues 
to be a point of debate despite multiple studies demonstrating that increasing EOR likely extends survival for these 
patients. In addition, contrast-enhancing residual tumor volume (CE-RTV) alone has rarely been analyzed quantita-
tively to determine if it is a predictor of outcome. The purpose of this study was to evaluate the effect of CE-RTV and 
T2/FLAIR residual volume (T2/F-RV) on overall survival. 

Methods. A retrospective review of 128 patients who underwent primary resection of supratentorial GBM fol-
lowed by standard radiation/chemotherapy was undertaken utilizing quantitative, volumetric analysis of pre- and 
postoperative MR images. The results were compared with clinical data obtained from the patients’ medical records.

Results. At analysis, 8% of patients were alive, and no patients were lost to follow-up. The overall median sur-
vival was 13.8 months, with a median Karnofsky Performance Scale (KPS) score of 90 at presentation. The median 
contrast-enhancing preoperative tumor volume (CE-PTV) was 29.0 cm3, and CE-RTV was 1.2 cm3, equating to a 
95.8% median EOR. The median T2/F-RV was 36.8 cm3. CE-PTV, CE-RTV, T2/F-RV, and EOR were all statistically 
significant predictors of survival when controlling for age and KPS score. A statistically significant benefit in survival 
was seen with a CE-RTV less than 2 cm3 or an EOR greater than 98%. Evaluation of the volumetric analysis meth-
odology was performed by observers of varying degrees of experience—an attending neurosurgeon, a fellow, and a 
medical student. Both the medical student and fellow recorded correlation coefficients of 0.98 when compared with 
the attending surgeon’s measured volumes of CE-PTV, while for CE-RTV, correlation coefficients of 0.67 and 0.71 
(medical student and fellow, respectively) were obtained.

Conclusions. CE-RTV and EOR were found to be significant predictors of survival after GBM resection. CE-
RTV was the more significant predictor of survival compared with EOR, suggesting that the volume of residual 
contrast-enhancing tumor may be a more accurate and meaningful reflection of the pathobiology of GBM.
(http://thejns.org/doi/abs/10.3171/2014.7.JNS132449)
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to determine EOR and its implications for survival in 
GBM patients. Although there are no definitive prospec-
tive studies that have shown that EOR alone alters surviv-
al, there is a substantial volume of retrospective literature 
that has shown that maximizing EOR likely extends time 
to progression and increases survival.2,7,12–14,16 However, 
there are inconsistencies in the way that we evaluate EOR 
in gliomas. In the case of low-grade gliomas, the volume 
of T2 or FLAIR abnormality is used to delineate tumor 
burden and completeness of resection, whereas for high-
grade gliomas, only contrast-enhancing volume is typi-
cally used and the T2/FLAIR components of the tumor 
are typically ignored.21,23 Given that brain infiltrated with 
tumor does not always enhance, but still may appear ab-
normal on other MRI sequences, the contrast-enhancing 
tumor volume may underestimate the full extent of tumor 
burden.10,23

Extent of resection is not an ideal measure of the 
success of surgery, as it does not convey a direct indi-
cation of the residual disease burden that must be ad-
dressed by medical therapies (i.e., radiation therapy and 
chemotherapy). The biological impact of EOR is likely 
to be strongly dependent upon the preoperative tumor 
volume (PTV). That is, a near-total resection of a very 
large tumor may leave behind more tumor mass than a 
subtotal resection of a small tumor, and yet the proposed 
relationship between EOR and outcome would suggest 
that it is the more complete resection that conveys a better 
prognosis, regardless of residual tumor burden. Further-
more, past studies have neglected to evaluate the relation-
ship between postsurgical T2/FLAIR residual volume 
(T2/F-RV), which is known to include infiltrating glioma 
cells, and clinical outcome. These inconsistencies, along 
with the methodological shortcomings of previous stud-
ies, raise questions about the biological relevance of past 
analyses. We hypothesized that the pathobiology of GBM 
is primarily dependent on residual tumor volume (RTV) 
rather than EOR and sought to evaluate the effect of both 
contrast-enhancing RTV (CE-RTV) and T2/F-RV on 
overall survival with use of volumetric analysis.

Methods
This study was approved by the institutional review 

board of the Cleveland Clinic.

Patient Selection
A retrospective study was performed of all cases of 

supratentorial GBM in adult patients who were treated at 
the Cleveland Clinic with surgery followed by standard 
radiation and chemotherapy19 between the years 2005 
and 2010. Patients were included if they had a newly dis-
covered, histologically confirmed GBM, and underwent 
resection, a preoperative MRI study, and a postoperative 
MRI study acquired no later than 48 hours after the time 
of surgery. Patients were excluded if they underwent a 
needle biopsy only or if they had previously been treated 
with chemotherapy and/or radiation prior to resection of 
the GBM.

All surgeries were performed with the use of im-
age-guided navigation. A contrast-enhanced MPRAGE 

(magnetization-prepared rapid acquisition gradient echo) 
sequence, usually obtained the day before surgery, was 
used as the reference study for intraoperative navigation. 
No patient included in this analysis underwent surgery 
with the use of intraoperative MRI. Forty-three patients 
underwent intraoperative electrocorticography and/or 
awake monitoring.

An institutional review board–approved database was 
populated using demographic data, clinical outcomes, 
and treatment-related variables. Variables collected that 
were selected for analysis included age at diagnosis, KPS 
score, any adjuvant therapy (chemotherapy/radiation), and 
tumor location (lobe). Data were obtained from electronic 
medical records and mortality was cross-referenced using 
the Social Security Death Index (SSDI).

Eloquence Definition
Each tumor was defined as being in a noneloquent, 

near-eloquent, or eloquent region based on preopera-
tive MRI scans and as described by Sawaya et al.17 and 
Lacroix et al.12 Lesions in noneloquent regions included 
frontal and temporal polar lesions, a right-sided pari-
etooccipital lesion, or a lesion located in the cerebellar 
hemisphere. Eloquent regions included the motor/sensory 
cortex, visual or speech center, basal ganglia, hypothala-
mus, brainstem, and corpus callosum. Near-eloquent re-
gions were defined as immediately adjacent to eloquent 
structures. Importance of nearby white matter tracts was 
not assessed.

Volumetric Analysis
The authors used a quantitative, semiautomated volu-

metric analysis tool (BrainLab prototype iPlan software) 
to measure PTV and RTV. The analysis was performed 
independently by 3 individuals who were blinded to each 
others’ results (M.M.G., P.F.R., M.A.V.). The assessors in-
cluded a medical student, a fellow, and a senior attending 
neurosurgeon with over 15 years of a dedicated neuro-
surgical oncology practice (M.A.V.), thus representing a 
wide range of experience in the field. Determination of 
volumes was made without consideration of clinical out-
come. The volumes taken by the attending neurosurgeon 
were considered the standard measurements that were 
used for all statistical calculations aside from those relat-
ed to interobserver variability and correlations. T2/F-RV 
was assessed by the attending neurosurgeon only.

All volumes were defined in three dimensions using 
preoperative and postoperative MR images obtained on 
1.5-T scanners. Postoperative images were obtained with-
in 48 hours from the time of surgery. Imaging sequences 
that were evaluated included pre- and postcontrast 3D 
MPRAGE and 2D precontrast T2/FLAIR sequences. 
Contrast-enhancing preoperative tumor volume (CE-
PTV) was defined as the volume of contrast-enhancing 
brain tissue for MPRAGE sequences. It is recognized that 
postoperative blood products, which are hyperintense in 
the acute phase on T1-weighted or MPRAGE sequences, 
and when localized within the area of enhancement of the 
contrast images, can inflate the apparent volume of the 
postoperative “enhancement.” To avoid inclusion of hy-
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perintense blood or blood products from the RTV calcu-
lations, we evaluated the volume of hyperintense tissue 
on the postoperative, precontrast MPRAGE images and 
subtracted this overlapping volume from the subsequently 
determined volume for the postoperative, postcontrast 
MPRAGE images. Postoperative T2/F-RV was calculated 
as the volume of T2/FLAIR abnormality, with the resec-
tion cavity excluded. For this analysis, EOR was calcu-
lated using the following formula: [(PTV - RTV) / PTV] 
× 100%.

Survival Analysis
The primary end point used in this analysis was over-

all survival, as calculated by the time from initial surgery 
to the date of death in months. The date of death was con-
firmed using the SSDI, while patients who had no entry in 
the SSDI and had recent clinical contact were considered 
alive and censored at the date of cross-reference with the 
SSDI in the analysis. Age at diagnosis (in years), KPS 
score, EOR (as a fraction), PTV and RTV (both in cubic 
centimeters) were analyzed as continuous variables.

Statistical Analysis: Interobserver Variability and  
Correlations

To assess interobserver variability between the medi-
cal student, fellow, and attending neurosurgeon, Pearson 
correlation coefficients and p values were reported for 
each variable and between each volume measurement 
taken by the attending neurosurgeon.

The following statistical tests used only the measure-
ments taken by the attending neurosurgeon. Cox propor-
tional hazards regression was used to investigate associa-
tions of clinical variables and volumetric measurements 
with survival. The candidate predictors of survival were 
identified based on the literature along with each of the 
volume measurements. The Akaike information criterion 
(AIC) was used to determine the best volumetric predic-
tor of survival. The AIC is a measure of the relative qual-
ity of a statistical model for a given set of data. As such, 
it provides a means for model selection, dealing with the 
tradeoff between complexity of the model and goodness 
of fit of the model. Thus, AIC not only rewards good-
ness of fit, but also includes a penalty that is an increasing 
function of the number of estimated parameters (to avoid 
overfitting the model). Given a set of candidate models 
for the data, the preferred model is the one with the mini-
mum AIC value (the absolute value of the AIC is of no 
consequence by itself).

Results
Patient Characteristics

A total of 128 patients met the inclusion criteria for 
this study, with an age range of 23–86 years (median 60 
years). Their initial median KPS score was 90 (range 
30–100). The median duration of survival (overall sur-
vival) was 13.8 months (range 1–84 months). At the time 
of analysis, 8% of patients were alive, and no patients 
had been lost to follow-up. Thirty-one patients had tu-
mors located in eloquent areas of the brain, 48 in near-

eloquent regions, and 49 in noneloquent regions. All pa-
tients received conventional chemoradiation followed by 
adjuvant chemotherapy, and most patients received some 
combination of adjuvant chemotherapies, investigational 
agent(s), and/or underwent subsequent resections at the 
time of recurrence. The immediate preoperative clinical 
parameters of the patients enrolled in this study are sum-
marized in Table 1.

Interobserver Correlations
The Pearson correlation coefficients for the 3 observ-

ers’ contrast-enhancing volume measurements are re-
ported in Table 2. In defining CE-PTV, both the medical 
student and the fellow recorded correlation coefficients 
of 0.98 when compared with the standard measurements 
(attending surgeon’s measured volumes). For CE-RTV, 
the fellow recorded a correlation coefficient of 0.71 when 
compared with the standard measurement, while the 
medical student recorded a 0.67 when similarly com-
pared. Following this trend, correlation coefficients for 

TABLE 1: Patient characteristics*

Variable Value

no. of patients 128
age
  median 60 yrs
  range 23–86 yrs
KPS
  median 90
  range 30–100
overall survival
  median 13.8 mos 
  range 1–84 mos
eloquence of tumor location
  noneloquent 49
  eloquent 31
  near-eloquent 48
CE-PTV†
  median 29.0 cm3 
  range 0.3–121.6 cm3

CE-RTV†
  median 1.2 cm3 
  range 0–30.5 cm3

EOR†
  median 95.8%
  range 56.9–100%
T2/F-RV†
  median 36.75 cm3

  range 0.59–169.71 cm3

*  CE-PTV = contrast-enhancing preoperative tumor volume; CE-RTV 
= contrast-enhancing residual tumor volume; EOR = extent of resection; 
T2/F-RV = T2/FLAIR residual volume.
†  All volumes defined from the attending neurosurgeon’s measure-
ments.
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EOR measurements were 0.71 and 0.70 for the fellow and 
medical student, respectively, when compared with the 
standard measurement.
Volume Measurement Correlations

Some of the variables assessed are likely to be inter-
dependent. For example, one could assume that a greater 
EOR should be associated with a smaller RTV. However, 
the relationship between EOR and RTV also depends 
upon the PTV. For any given percent resection, the RTV 
will increase with PTV. Hence, we decided to further 
evaluate the degree to which these variables are corre-
lated. Correlations between the standard measurements 
of tumor volume are reported in Table 3. Variables with 
highly statistically significant correlations (p < 0.0001) 
include the following: EOR and CE-RTV (r = -0.71); CE-
PTV and CE-RTV (r = 0.41); CE-PTV and T2/F-RV (r = 
0.38). CE-RTV and T2/F-RV were weakly correlated (r = 
0.22, p = 0.01), while EOR was not correlated with CE-
PTV or T2/F-RV (r = 0.04 and -0.07, respectively).

Predictors of Survival—T1-Weighted and FLAIR Images
Median values for tumor volume measurements are 

reported in Table 1. The median CE-PTV was 29.0 cm3 
(range 0.3–121.6 cm3) and the median CE-RTV was 1.2 
cm3 (range 0–30.5 cm3), equating to a 95.8% median 
EOR (range 56.9%–100%). Median T2/F-RV was 36.8 
cm3 (range 0.6–169.7 cm3).

Univariate predictors of survival are noted in Table 
4. The variables age, KPS score, CE-PTV, CE-RTV, and 
T2/F-RV all achieved statistical significance with p < 
0.05. EOR (p = 0.07) and eloquence (p = 0.06) were only 
marginally significant.

Due to the correlations among variables as noted 
above, we created separate multivariable models for each 
volume measurement to identify the best predictor of sur-
vival, when controlling for age and KPS score (Table 5). 
These models indicated that the CE-PTV, CE-RTV, T2/
F-RV and EOR were all statistically significant predic-
tors of survival; however, the volume predictor of survival 
with the lowest AIC value was determined to be CE-RTV.

CE-RTV and EOR were further analyzed to deter-
mine whether useful dichotomized thresholds could be 
generated (Tables 6 and 7 and Fig. 1). For CE-RTV, statis-
tical significance was achieved with cutoffs in the range 
of less than 2 cm3 of RTV, with 80 (62.5%) of the 128 
patients having had primary resections that achieved this 
criterion. This range of cutoffs provided hazard ratios of 
approximately 0.5, which means that having a residual tu-
mor volume of less than 1–2 cm3 reduces the risk of death 
by half on average. Alternatively, in regard to EOR, sta-
tistical significance was achieved with resections of 98% 
or more, with 37 (28.9%) of the 128 patients in this group. 

TABLE 2: Inter-reviewer correlations*

Variable–Variable r Value p Value

CE-PTV: MS–AN 0.98 <0.0001
CE-PTV: FEL–AN 0.98 <0.0001
CE-RTV: MS–AN 0.67 <0.0001
CE-RTV: FEL–AN 0.71 <0.0001
EOR: MS–AN 0.70 <0.0001
EOR: FEL–AN 0.71 <0.0001

*  The attending neurosurgeon’s measurements were the standard for 
this study. Boldface type indicates statistical significance. AN = attend-
ing neurosurgeon; EOR = extent of resection; FEL = fellow; MS = medi-
cal student; PTV = preoperative tumor volume; RTV = residual tumor 
volume.

TABLE 3: Volume measurement correlations*

Variable–Variable r Value p Value

CE-PTV–CE-RTV 0.41 <0.0001
CE-PTV–T2/F-RV 0.38 <0.0001
CE-RTV–T2/F-RV 0.22 0.012
EOR–CE-PTV 0.04 0.677
EOR–CE-RTV −0.71 <0.0001
EOR–T2/F-RV −0.07 0.401

*  All volumes were defined from the attending neurosurgeon’s mea-
surements. Boldface type indicates statistical significance.

TABLE 4: Unadjusted analysis of survival predictors*

Variable p Value

age 0.007
KPS score <0.0001
log(PTV) 0.003
log(RTV) 0.001
log(T2/F-RV) <0.001
EOR 0.065
eloquence† 0.056

*  All volumes were defined from the attending neurosurgeon’s mea-
surements. Boldface type indicates statistical significance. 
†  Eloquence: noneloquent versus near-eloquent/eloquent as described 
by Sawaya et al.17

TABLE 5: Comparison of models associating tumor  
measurements on survival in patients with GBM*

Variable AIC HR (95% CI) p Value

PTV 921.4 1.01 (0.99–1.01) 0.19
log(PTV) 918.2 1.25 (1.02–1.53) 0.03
RTV 919.5 1.04 (1.00–1.08) 0.03
log(RTV) 915.8 1.42 (1.11–1.81) 0.005
EOR (%) 918.7 0.98 (0.95–0.99) 0.03
T2/F-RV 920.5 1.01 (0.99–1.01) 0.10
log(T2/F-RV) 917.5 1.28 (1.04–1.57) 0.02

*  All models adjusted for patient age and KPS score. All volumes were 
defined from the attending neurosurgeon’s measurements. Boldface type 
indicates statistical significance. AIC = Aikake information criterion. 
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If the EOR was above 98%, the risk of death at any time 
was approximately halved when compared with patients 
with an EOR below 98%.

Predictors of Survival—Interobserver Predictive Strength
To assess the predictive strength of each assessor’s 

volume measurements on overall survival, multiple mul-
tivariable Cox proportional hazards analyses were per-
formed (Tables 8 and 9). For CE-RTV, all assessors’ 
volumes achieved statistical significance, with the at-
tending neurosurgeon’s measurement achieving higher 
significance (p = 0.005) and larger impact, as measured 
by hazard ratio, when compared with those of the fellow 
(p = 0.049) and medical student (p = 0.047). In regards 

to EOR, only the attending neurosurgeon’s assessment 
achieved statistical significance (p = 0.030) with respect 
to predicting overall survival; those of the fellow and 
medical student did not achieve statistical significance (p 
= 0.133 and p = 0.122, respectively).

Discussion
In this series of 128 consecutive patients undergoing 

primary resection of GBM followed by standard radia-
tion and chemotherapy, we observed that CE-RTV, T2/F-
RV, and EOR were predictive of survival, independent 
of age, disability level, and eloquence. Furthermore, we 
have demonstrated that CE-RTV was a stronger predic-

TABLE 6: Comparison of patient survival according to various contrast-enhancing residual tumor volume thresholds*

Below Cut-Point Above Cut-Point
Cut-Point 

(cm3)
No. of 
Cases 

Median Survival 
 in Mos (95% CI)

No. of 
Cases 

Median Survival  
in Mos (95% CI)

HR (95% CI) Below  
vs Above p Value

1.00 57 19 (14–29) 71 12 (10–15) 0.47 (0.32–0.70) 0.0002
1.25 65 16 (13–26) 63 13 (10–15) 0.52 (0.35–0.77) 0.0009
1.50 69 16 (14–25) 59 12 (10–14) 0.50 (0.34–0.74) 0.0004
2.00 80 16 (13–20) 48 12 (10–15) 0.59 (0.40–0.86) 0.007
2.50 94 15 (12–18) 34 13 (10–16) 0.79 (0.52–1.19) 0.26
3.00 97 15 (13–18) 31 13 (9–16) 0.77 (0.50–1.19) 0.24
3.50 100 15 (13–18) 28 12 (8–15) 0.68 (0.43–1.07) 0.09
4.00 105 15 (13–17) 23 12 (8–15) 0.71 (0.44–1.15) 0.16
4.50 109 15 (13–17) 19 12 (8–16) 0.65 (0.38–1.11) 0.11
5.00 111 15 (13–17) 17 11 (8–15) 0.66 (0.38–1.16) 0.15

10.00 122 14 (12–16) 6 11 (4–31) 0.43 (0.18–0.99) 0.05
15.00 124 14 (12–16) 4 11 (4–15) 0.36 (0.13–1.02) 0.05
20.00 126 14 (12–16) 2 14 (14–15) 0.56 (0.13–2.36) 0.43

*  Boldface type indicates statistical significance.

TABLE 7: Comparison of patient survival according to various extent of resection thresholds*

Below Cut-Point Above Cut-Point

Cut-Point (%)
No. of 
Cases

Median Survival in 
Months (95% CI)

No. of 
Cases

Median Survival in 
Months (95% CI)

HR (95% CI) Above vs 
Below p Value

82.00 9 12 (3–19) 119 15 (13–16) 0.61 (0.30–1.26) 0.18
84.00 12 14 (4–31) 116 14 (12–16) 1.02 (0.53–1.97) 0.95
86.00 19 15 (8–19) 109 14 (12–16) 0.85 (0.51–1.43) 0.54
88.00 26 14 (8–18) 102 14 (12–16) 0.88 (0.56–1.40) 0.59
89† 32 15 (10–18) 96 14 (12–16) 0.81 (0.53–1.23) 0.32
90.00 36 14 (9–16) 92 14 (12–17) 0.71 (0.47–1.07) 0.71
92.00 46 15 (11–16) 82 14 (12–19) 0.74 (0.50–1.10) 0.13
94.00 56 14 (11–16) 72 14 (12–19) 0.71 (0.48–1.03) 0.07
96.00 65 14 (11–16) 63 15 (12–20) 0.72 (0.49–1.04) 0.08
98† 91 14 (12–15) 37 16 (12–31) 0.65 (0.42–0.99) 0.05
99.00 115 14 (12–16) 13 38 (11–46) 0.49 (0.25–0.96) 0.04

100.00 121 14 (12–16) 7 38 (11–∞) 0.40 (0.16–0.99) 0.05

*  Boldface type indicates statistical significance.
†  Cutoffs identified by Lacroix et al.9
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tor of survival than EOR or T2/F-RV, with significant 
survival benefit noted for residual volumes of less than 2 
cm3 of contrast-enhancing disease. This is the first study 
to indicate that CE-RTV is a more important predictor 
of outcome than EOR, and it validates our hypothesis 
that residual enhancing tumor burden, prior to the start 
of medical therapy, is an important prognostic factor for 
these patients.

We used a quantitative, semi-automated segmentation 
algorithm to measure CE-RTV. This prototype, advanced 
version of software that is widely used for neuronaviga-
tion is relatively straightforward to deploy, understand, 
and operate for these purposes, and there was little vari-
ability in the measurement of pretreatment tumor volumes 
between assessors who had a wide degree of experience in 
neurosurgical oncology (ranging from none to more than 
a decade). However, the correlation data, along with the 
predictive strength of each assessor’s RTV and EOR mea-
surements, revealed that there was significant variability 
between measurements of postoperative contrast-enhanc-
ing volumes (and hence the ability of each variable to 
predict a survival benefit), which appears to be dependent 
upon years of training and experience. The likely cause 
for this variability (and where experience becomes impor-
tant) was in the discerning of RTV.

The presence of blood products, among other objects, 

in the region of the resection cavity creates nonspecific 
T1 (or MPRAGE) hyperintensity that could artificially 
skew the results. Albert et al. and others have reported 
enhancement of variable thickness and intensity observed 
along the margins of resection on MRI within days of 
surgery, which our study attempted to account for by re-
quiring all postoperative imaging to be obtained no more 
than 48 hours after surgery.1,23 However, there are other 
sources of nonspecific enhancement present during the 
immediate postoperative period, including the choroid 
plexus, the ependyma, dilated veins at surgical sites, and 
blood products in the surgical bed.1,8,18,20 We attempted to 
control for these sources by the comparison of noncon-
trast to postcontrast postoperative imaging.

While we did not measure variability among asses-
sors of the same experience level, other studies have in-
vestigated interobserver agreement with results similar to 
ours.11 It is apparent that our measurement methodology 
was a limitation of the study, as the data indicate that the 
assessor’s experience remains important in the evaluation 
of postoperative scans. These limitations may be over-
come utilizing work by Kanaly and colleagues, whose 
nearly fully automated software algorithm was designed 
to minimize interobserver variability while accounting 
for factors such as resection cavity collapse and the pres-
ence of blood products after surgery.9 However, it should 

Fig. 1.  Association between patient survival and CE-RTV (left) and EOR (right), with locally weighted scatterplot smoothing 
curves. The dashed lines represent study-identified cutoffs of 2 cm3 of residual tumor volume and 98% EOR. The 10 patients alive 
at the time of analysis (censored) are represented as blue points.

TABLE 8: Results from multiple multivariable Cox proportional 
hazards analyses to assess effect of residual tumor volume on 
survival in patients with GBM when controlling for age and KPS*

Variable HR (95% CI) p Value

MS: log(CE-RTV) 1.27 (1.003–1.60) 0.047
FEL: log(CE-RTV) 1.23 (1.001–1.50) 0.049
AN†: log(CE-RTV) 1.42 (1.10–1.80) 0.005

*  Boldface type indicates statistical significance. 
†  Standard measurement for this study (attending neurosurgeon’s 
measurement). 

TABLE 9: Results from multiple multivariable Cox proportional 
hazards analyses to assess effect of EOR on survival in patients 
with GBM when controlling for age and KPS*

Variable HR (95% CI) p Value

MS: EOR 0.28 (0.06–1.51) 0.134
FEL: EOR 0.33 (0.10–1.37) 0.123
AN†: EOR 0.08 (0.01–0.84) 0.030

*  Boldface type indicates statistical significance.
†  Standard measurement for this study (attending neurosurgeon’s 
measurement).
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be noted that ours is the first study to report assessors’ 
experience as a factor to be considered when evaluating 
the utility of a particular volumetric approach. Future 
studies assessing tumor volume should be as automated 
as possible to standardize measurements across assessors 
of both varying degrees of experience and from different 
institutions.

This study also looked at the predictive value of 
residual volume of FLAIR abnormality. Although tu-
mor infiltration into normal brain has been observed in 
nonenhancing areas, there are questions regarding its 
usefulness and timing in delineating tumor burden and 
predicting survival.10 In our patient population, T2/F-RV 
is a significant predictor of survival in both univariate 
and multivariable analyses. However, preoperative mass 
effect on surrounding tissue, along with intraoperative 
manipulation of tissue within the surgical corridor and 
tumor bed can create an abnormal, edema-related T2/
FLAIR signal that persists for days to weeks after sur-
gery.21 Consequently, an unknown portion of the mea-
sured abnormal T2/F-RV may represent edema that will 
eventually resolve, rather than tumor infiltration. Thus 
this may represent a methodological shortcoming of our 
study, since the FLAIR images were obtained less than 
48 hours after surgery.

Previous studies have suggested an association be-
tween EOR and both time to progression and survival. 
One of the first studies to examine this association was by 
Lacroix et al., who performed a retrospective analysis of 
416 GBM cases in which EOR was determined by com-
paring findings on contrast-enhancing preoperative and 
postoperative MRI using computerized volumetric analy-
sis.12 The authors reported a significant survival advan-
tage when EOR was 98% or greater. Their methodology 
was innovative and superior to studies previously per-
formed due to the standardized, computer-based quanti-
fication of tumor volume; however, their analysis differed 
from ours specifically with regard to the measurement of 
RTV. RTV alone was not analyzed to determine if it was 
a predictor of outcome. Albert et al. looked prospectively 
at the postoperative MRI studies in 60 cases in which pa-
tients underwent resection of high-grade gliomas.1 They 
found that those patients with residual contrast-enhancing 
tumor had approximately 6.6 times the risk of death as 
those patients without residual tumor. However, residual 
tumor was defined qualitatively as definite enhancement, 
uncertain findings, and without enhancement. Thus, the 
quantitative effect of RTV remained unclear. The largest 
study was performed by Sanai et al., who assessed 500 
consecutive cases of newly diagnosed GBM and found 
that an EOR of 78% or greater positively impacted pa-
tient survival, with this trend continuing toward higher 
EOR percentages.16 In addition, within a multivariable 
Cox proportional hazards analysis, they found RTV to be 
highly predictive of survival, along with age, KPS, and 
EOR. However, the significance of impact of RTV on sur-
vival within their model was not discussed.

While our results support previously published data 
regarding the significance of EOR and its association 
with survival, they more importantly underscore the sig-
nificance of RTV in predicting survival. The EOR and 

RTV thresholds we found for predicting overall survival 
differ from those recently identified by Chaichana et al.6 
The authors found that an EOR threshold of 70% and a 
RTV threshold of 5 cm3 were statistically associated with 
survival, which is a lower EOR and higher RTV thresh-
old than ours. The causes for this divergence in results 
are unclear, but it may be related to the differences in 
the patient populations studied. While the median over-
all survival in their study was relatively similar to that in 
ours (13.4 vs 13.8 months, respectively) and the median 
PTV was also (32.2 vs 29.0 cm3), their patients’ median 
RTV was nearly twice that of ours (2.1 vs 1.2 cm3). Since 
the overall survival and PTV were relatively similar, it 
stands to reason that Chaichana et al. would find a higher 
RTV threshold in their study since their median RTV 
was higher. Accordingly, the lower RTVs observed in our 
patients provided us with a greater sensitivity to detect 
small differences in outcome as a function of RTV.

Although this volume of work has produced consid-
erable evidence that greater EOR increases time to sur-
vival, the results are tempered by the fact that the analysis 
of the impact of EOR has been performed in retrospect 
only and not by prospective design. Being retrospective in 
nature, our study suffers from the same shortcomings as 
the previous literature, specifically with regard to selec-
tion bias, lack of randomization, and difficulty in control-
ling for confounders and establishing cause and effect. 
However, there are understandable ethical and practi-
cal concerns that have contributed to the lack of rigor-
ous Level 1 evidence regarding the relationship between 
EOR and outcome. For example, it would be of dubious 
ethical probity to randomize patients with GBM to an in-
tended subtotal resection, and it is unlikely that patients 
would agree to such a study even if approved by an in-
stitutional review board. While prospective data collec-
tion is feasible and would improve study design, the other 
limitations are considerably more difficult to overcome 
and thus have constrained the ability of the neurosurgical 
community to causally link surgical outcome, defined by 
completeness of resection, with progression and overall 
survival. Nevertheless, this ethical dilemma is mitigated 
by the substantial data that support the practice of exten-
sive removal of enhancing tumor tissue, limited primarily 
by proximity to eloquent brain, and this goal remains the 
widely accepted standard of care for patients with newly 
diagnosed GBM.

Since EOR is defined, in large part, by RTV, the cor-
relation of the two measures EOR and RTV is expected 
since they quantify two related aspects of tumor volume 
and the impact of surgery. Notably, our data show that 
PTV and EOR are not correlated with one another, sug-
gesting that a surgeon is just as likely to achieve a high 
EOR or a low EOR with any given PTV. Since the actual 
variable that has an association with the outcome and is 
driving the EOR calculation is RTV, one may question 
the necessity of including PTV in EOR as a predictor of 
survival. While our results do not diminish the value of 
EOR demonstrated in previously published studies, they 
suggest that the benefit seen with more extensive EORs 
largely arises from the consequent small RTVs that were 
obtained, but not fully analyzed.
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In addition to statistical evidence, there are other 
practical arguments to be made that support minimiza-
tion of RTV to be the more useful and pragmatic stat-
ed goal for surgery than increasing EOR. For example, 
a patient with a 25-cm3 PTV who undergoes resection 
and has an EOR of 90% would have a significantly larger 
RTV than a patient with a 5-cm3 PTV with EOR of 90% 
(RTV 2.5  vs. 0.5 cm3, respectively), and it is not clear that 
an emphasis on EOR will convey this biological reality to 
clinicians or patients. Based on the results of this study, 
neither patient would be predicted to have attained a sur-
vival benefit solely utilizing EOR as the predictor, while 
the patient with a RTV of 0.5 cm3 would be predicted 
to have attained a survival benefit using RTV. From a 
practical standpoint, it is difficult to assess EOR intra-
operatively, even with the use of intraoperative imaging 
techniques, and the difference between 5% increments in 
EOR may not have practical relevance in the preopera-
tive or intraoperative setting. RTV may be a more practi-
cal measure, especially when intraoperative imaging is 
employed. One would expect that the CE-RTV goal for 
GBM should be 0 cm3, but we found that a CE-RTV of 
2 cm3 or less still confers survival benefit to the patient. 
While the exact reasons for this effect are not clear, we 
speculate (along with others16) that the residual tumor’s 
response to subsequent radiation and chemotherapy may 
be nonlinear, with smaller, scattered RTVs having a more 
favorable response. Given the results and arguments out-
lined here, we believe that the pathobiology of GBM is 
primarily dependent on RTV, not EOR, and that RTV is 
the more clinically relevant measure.

Conclusions
When measured volumetrically, CE-RTV, CE-PTV, 

T2/F-RV, and EOR were all found to be significant pre-
dictors of survival after GBM resection when controlling 
for age and KPS score. In our study, contrast-enhancing 
residual tumor volume (CE-RTV) was the most signifi-
cant predictor of survival when compared with EOR, T2/
FLAIR residual volume (T2/F-RV), and contrast-enhanc-
ing preoperative tumor volume (CE-PTV), which sug-
gests that residual tumor volume may be a more accurate 
and meaningful reflection of the pathobiology of these tu-
mors. Future studies are needed to further clarify the ef-
fect of CE-RTV on patient survival after GBM resection.
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