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Abstract

Purpose Extent of resection remains a paramount prognostic factor for long-term outcomes for glioblastoma. As such,
supramaximal resection or anatomic lobectomy have been offered for non-eloquent glioblastoma in an attempt to improve
overall survival. Here, we conduct a propensity-matched analysis of patients with non-eloquent glioblastoma who underwent
either lobectomy or gross total resection of lesion to investigate the efficacy of supramaximal resection of glioblastoma.
Methods Patients who underwent initial surgery for gross total resection or lobectomy for non-eloquent glioblastoma at
our tertiary care referral center from 2010 to 2019 were included for this propensity-matched survival analysis. Propensity
scores were generated with the following covariates: age, location, preoperative KPS, product of perpendicular maximal
tumor diameters, and product of perpendicular FLAIR signal diameters. Inverse probability of treatment weighting IPTW)
with generated propensity scores was used to compare progression-free survival and overall survival.

Results Sixty-nine patients were identified who underwent initial resection of glioblastoma for non-eloquent glioblastoma
from 2010 to 2019 (GTR =37, lobectomy =32). Using IPTW, overall survival (30.7 vs. 14.1 months) and progression-free
survival (17.2 vs. 8.1 months were significantly higher in the lobectomy cohort compared to the GTR group (p <0.001).
There was no significant difference in pre-op or post-op KPS or complication rates between the two groups.

Conclusion Our propensity-matched study suggests that lobectomy for non-eloquent glioblastoma confers an added survival
benefit compared to GTR alone. For patients with non-eloquent glioblastoma, a supramaximal resection by means of an
anatomic lobectomy should be considered as a primary surgical treatment in select patients if feasible.
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changes (1-2 cm) around the contrast-enhancing lesion
or by means of a formal lobectomy. For lesions confined
to one lobe, anatomic lobectomy typically provides wide
margins of surgical resection with direct landmarks that
can facilitate a supramaximal resection. Despite a survival
benefit reported in a few series, supramaximal resection by
means of lobectomy has not been rigorously assessed against
lesionectomy/gross total resection (GTR). At our institution,
we offer both lesionectomy and lobectomy to patients with
non-eloquent region glioblastoma, depending on surgeon-
preference. Due to the difficulty in conducting a prospective
randomized study comparing GTR and supramaximal resec-
tion, we offer an alternative approach utilizing a propensity
matched cohort analysis to compare institutional outcomes
between patients offered a GTR or lobectomy for non-elo-
quent newly diagnosed GBM.

Here, we present the largest series of anatomic lobectomy
for glioblastoma, assessing its safety and efficacy compared
to standard lesionectomy. In this paper, we will also discuss
the indications, outcomes, disadvantages and pitfalls associ-
ated with lobectomy for glioblastoma.

Methods

This study was conducted and reported in accordance with
STROBE guidelines [9]. After Institutional Review Board
approval, a retrospective patient study was conducted for
all patients with newly diagnosed glioblastoma from 2010
to 2019 at our tertiary referral center. Patient consent was
waived as all data was de-identified. All patients included in
our analysis must have met the following inclusion criteria:

1. newly diagnosed glioblastoma (no previous resection/
radiation/chemotherapy)

2. located in non-eloquent cortex (right frontal/temporal/
occipital or left occipital)

3. underwent lesionectomy (GTR) or lobectomy

Left and right occipital lesions were considered non-
eloquent as patients already suffered from pre-operative
homonymous hemianopsia and thus there was no risk of
post-operative loss of function that would dramatically alter
work or activities of daily living. 69 cases were identified
from our tertiary care referral center who had met these
inclusion criteria. All patient undergoing GTR also met cri-
teria for lobectomy. Relevant patient information including
demographics, tumor histology, molecular markers, tumor
location, adjuvant treatments, extent of resection, func-
tional status (Karnofsky Performance Status) and follow-
up were included. The molecular markers obtained include
indication of the presence of methylguanine methyltrans-
ferase promoter methylation (MGMT+) and/or isocitrate
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dehydrogenase R132H mutation (IDH+), determined
through immunohistochemical analysis of biopsy samples
and/or genetic testing. In our institution, a dichotomy exists
between several surgeons who prefer lesionectomy (GTR)
of nGBM and those who prefer lobectomy when possible.
Pooled data was collected from each of these surgeons’ case
series to determine extent of resection and outcomes. All
patients were referred for standard postoperative chemora-
diation with temozolomide [1].

Pre-operative tumor burden was measured as the product
of orthogonal diameters of T1 contrast-enhancing lesions
based on previously established criteria by the RANO group
[10]. Measurement of FLAIR hyperintensity burden was
conducted in a similar manner. Two independent reviewers
evaluated the postoperative MRIs to ensure lesionectomy as
evidenced by removal of T1 contrast-enhancing lesion. Our
primary outcome of overall survival (OS) and progression-
free survival (PFS), measured from date of surgery, was
collected as well as perioperative patient morbidity. Pro-
gression free survival was identified as clinical symptomatic
progression in the absence of steroid taper. Radiographic
recurrence (local control) was identified by board-certified
neuroradiologists and detailed on patient charts.

Surgical technique

Frontal lobectomy was performed as described previously
[11, 12]. Briefly, using a small paramedian craniotomy
(4-6 cm), a frontal corticectomy is conducted to the ante-
rior skull-base (preserving the olfactory tracts). A subpial
dissection is then carried down laterally to the level of syl-
vian fissure and falx with special attention to stay rostral to
the corpus callosum. In most cases, an attempt was made
to avoid entering the frontal horn of the lateral ventricle.
Similarly, temporal lobectomies were carried out as previ-
ously described with the superior and posterior aspect of the
dissection guided by the tumor boundaries [13]. An amyg-
dalohippocampectomy was performed in all cases and por-
tions of the anterior superior temporal gyrus were removed
depending on the lesion location. Occipital lobectomy was
performed based on procedures previously described by
Conner et al. [14] All patients in our cohort were treated
with postoperative dexamethasone tapers over 10-14 days
to reduce postoperative edema.

Statistical analysis

Propensity scores were generated using the following covari-
ates: age at surgery, location, product of perpendicular maxi-
mal tumor diameters, product of perpendicular FLAIR sig-
nal diameters, and pre-operative KPS. KM curves were then
created and weighted based on generated propensity scores
through IPTW. Molecular testing was done after surgery or
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biopsy and thus was not included in the generation of pro-
pensity scores but factored into multivariate Cox regression.
Multiple imputation with eight iterations was used to simu-
late molecular marker data for patients that lacked immu-
nohistochemical or genetic analysis of their tumor sample.
PFS, OS, and local control was compared between patients
receiving lobectomy and GTR using inverse probability
of treatment weighting (IPTW). A Gehan—Breslow—Wil-
coxon test was used as the ideal test to compare weighted
Kaplan—Meier (KM) curves as multiple patients were lost to
follow up at later time points with no clear patterns, there-
fore the assumption of proportional hazards necessary for
the logrank test was not fulfilled. To compare multiple KM
curves, the logrank test for trend was used. Other continuous
parameters were compared using independent samples t-test
while categorical variables were compared using Chi-square
analysis or Fisher’s Exact Test. Ordinal variables (KPS) was
compared using a Mann—Whitney U test. p values less than
0.05 were considered significant. All statistics analyses were
performed using SPSS Statistics v24.0 (IBM, Armonk, NY)
and PRISM (GraphPad Software, San Diego, CA) software.

Results
Patient characteristics

Sixty-nine patients underwent either lobectomy or gross
total resection who met our aforementioned inclusion cri-
teria (Fig. 1). Patient characteristics are given in Table 1.
The median age was 64 years with a male predominance
(57.9%). The majority of patients received lobectomy under-
went temporal (n=19, 59.4%) and occipital (n=8, 25%)
lobectomies. For the GTR group, the majority of patients
underwent temporal (n=20, 54.1%) and frontal cranioto-
mies (n=15, 40.5%). Preoperative KPS was 90 and 80 for
the GTR and lobectomy group respectively (p=0.388).
Mean product of maximum orthogonal lesion diameters
was 15.4+9.5 and 18.7+7.8 for the GTR and lobectomy
groups respectively. Mean product of FLAIR hyperinten-
sity diameters was 21.1 +10.6 and 31.5 + 12.2 for GTR and
lobectomy groups respectively. There was no difference in
the mean product of maximum perpendicular diameters of
the contrast-enhancing lesion for the GTR group or lobec-
tomy group, however FLAIR hyperintensity diameters was
significantly higher for the lobectomy group (p=0.127;
p<0.001). There was no difference between the groups in
terms of MGMT hypermethylation status (p=0.551); how-
ever, there was significantly more IDH-wild type phenotypes
in the lobectomy groups (n=23, 71.9% vs. n=16, 43.2%,
p=0.001). Finally, 61 patients in total completed post-oper-
ative chemo- and radiotherapy (ChemoRT); completion of
adjuvant ChemoRT was not significantly different between

patients receiving lobectomy and GTR (p=0.627). Clinical
outcomes for both groups are presented in Table 2.

For the entire cohort, median overall survival and pro-
gression free survival was 22 months (mo) and 9.9 mo
respectively. On non-weighted KM analysis OS (30.7,
95% CI 10.7-50.7, vs 14.1, 6.9-21.3, mo, p=0.019) and
PFS (17.2, 6.1-28.2, vs 8.1, 6.3-9.9, mo, p=0.015) but
not local control (14.4, 2.5-26.3, vs 11, 5.8-16.1, mo,
p=0.991) were significantly higher in patients receiving
lobectomy compared to GTR. Using IPTW, overall survival
(30.7, 20.5-40.9, vs. 14.1, 9.4-18.8, mo), progression free
survival (17.2, 11.5-22.9, vs. 8.1, 5.7-10.5, mo), but not
local control (14.4, 9.3-19.5, vs. 11.1, 7.7-14.3, mo) were
significantly greater in the lobectomy cohort with a mean
follow up of 13.7 months (Fig. 2, p<0.001, p=0.382). Cox
regression with multiple imputations showed that differences
in OS, PFS, and local control persisted when accounting
for MGMT hypermethylation and IDH1 mutational status
(p=0.022, p=0.008, p=0.366).

Additionally, a subgroup analysis was conducted for
patients with MGMT hypermethylation and IDH1 muta-
tional status. Patients with MGMT hypermethylation receiv-
ing lobectomy exhibited significantly increased OS and PFS
compared to patients receiving lesionectomy; similar results
were seen for IDH1 mutations for PFS although trends of
increased OS were not significant (p <0.05, p=0.0569,
Fig. 3). At last follow-up, postoperative KPS was not sig-
nificantly different between the lobectomy and GTR group
(80 vs 80, p=0.829). In the immediate post-operative time,
two complications occurred in the GTR group (5.4%) includ-
ing (1) instance of post-operative seizure and (1) instance
of DVT. Three complications occurred in the lobectomy
group (9.4%) including (1) instance of meningitis, (1) post-
operative seizure, and (1) CSF leak. Complication rates did
not differ between groups (p=0.657). Rate of post-operative
seizures did not significantly differ between patients receiv-
ing lobectomy or GTR (2.7% vs 3.1%, p=1.00).

Discussion

The concept of supramaximal resection for glioblastoma
dates back to the early twentieth century in an effort to
reduce recurrence and white matter spread [15, 16]. How-
ever, with the lack of reliable neuroimaging or adjuvant
modalities, survival for these patients remained unde-
niably poor with significant complications. Due to the
early high morbidity of lobectomy and presence of tumor-
infiltrating cells in normal parenchyma, the concept of
lobectomy was disregarded over the ensuing decades in
favor of a tailored resection (lesionectomy) [17, 18]. In
addition, with the advent of microsurgical techniques over
30 years ago, gross total resection offered similar overall
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Fig. 1 Side by side comparisons of T1-weighted, contrast-enhanced
MRI radiographs comparing lesionectomy (left) and lobectomy
(right). a, b Frontal lesionectomy versus lobectomy showing pre-

survival compared to lobectomy (12.6 vs. 12.9 respec-
tively) [19]. Furthermore, over the last two decades,
several studies have suggested and validated a threshold
for extent of resection for glioblastomas (~ 78 to 98%) to
confer a survival benefit [5, 20-22]. However, recently,
it has been suggested that supramaximal resection should
be offered for patients with nGBM when feasible [23,

@ Springer

operative lesion (top) and post-operative changes (bottom). ¢, d Post-
operative changes after temporal lesionectomy versus lobectomy. e, f
Similar comparison for occipital lesionectomy versus lobectomy

24]. Initially proposed for low-grade gliomas, the primary
aim of these initial studies was to maximize resection of
peritumoral FLAIR signal (tumor infiltrated parenchyma)
to prevent disease recurrence [19, 20, 25-28]. To date,
few studies have demonstrated that resection of FLAIR
signal around the GBM (~ 50%) would confer an survival
benefit; however this advantage has not been replicated
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Table 1 Baseline characteristics

. Characteristic Total GTR Lobectomy p-value
for patient cohort
Median age (IQR) 64 (54,73) 65 (54,71) 60 (54, 75) 0.662
Sex (%)
Female 29 (43.1) 22 (59.5) 7(21.9) 0.002
Male 40 (57.9) 15 (40.5) 25 (78.1)
Product of diameters (cm?, mean+S.D.) 16.92+8.7 154495 18.7+7.8 0.127
FLAIR product 259+125 21.1+10.6 31.5+12.2 <0.001
Median preoperative KPS (IQR) 80 (80, 90) 90 (80, 90) 80 (70, 90) 0.388
IDH1
Wild type 39 (56.5) 16 (43.2) 23 (71.9) 0.010
Positive 1(1.5) 0(0) 1@3.1D
No data 29 (42) 21 (56.8) 8 (25)
MGMT promoter status
Unmethylated 28 (40.6) 13 (35.1) 15 (46.9) 0.551
Hypermethylated 8 (11.6) 4(10.8) 4(12.5)
No data 33 (47.8) 20 (54.1) 13 (40.6)
Location
Frontal 20 (29) 15 (40.5) 5(15.6) 0.009
Temporal 39 (56.5) 20 (54.1) 19 (59.4)
Parietal 1(1.4) 12.7) 0(0)
Occipital 9 (13) 12.7) 8 (25)
ChemoRT
Yes 61 (88.4) 32 (86.5) 29 (90.6) 0.627
No data 8 (11.6) 6 (13.5) 309.4)
Bolded p-values indicate p < 0.05
Table 2 Clinical outcomes of GTR versus lobectomy (unweighted)
Group Median length of Postoperative Progression free Local control Overall survival Death, n (%) Complica-
follow-up (months), KPS (IQR) survival (months), (months), (95%  (months), (95% tions, n
(IQR) (95% CI) CI) CI) (%)
GTR 6(2.9,13.8) 80(70,90)  8.1(6.3,9.9) 11 (5.8,16.1) 14.1 (6.9, 21.3) 23 (62.2) 2(54)
Lobectomy 12.4 (5.1, 18.15) 80 (60,90) 17.2(6.1,28.2) 144 (2.5,26.3) 30.7(10.7,50.7) 10(31.2) 3094
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Fig.2 Kaplan Meier analysis of OS, PFS, and local control with and without IPTW. Top: OS (p=0.019) and PFS (p=0.015) but not local con-
trol (p=0.992) was statistically significantly greater in patients receiving lobectomy compared to GTR

in other smaller series [23, 24, 29]. As such, the ben-

efit of supramaximal resection of nGBM has yet to be

established.

Anatomic lobectomy may serve as a surrogate to optimize
supramaximal resection for non-eloquent glioblastoma. In

previous smaller series, lobectomy has conferred a survival
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Fig.3 Subgroup survival analysis of patients with MGMT hyper-
methylation and IDH1 mutations. MGMT WT patients receiving
lobectomy displayed higher median OS (72.2 vs 11) and PFS (17.2 vs
8.1) compared to GTR. IDH1 WT patients receiving lobectomy also

benefit for nGBM without significant additional morbidity
[11, 30]. Here, we present the largest comparative series
of lobectomy versus oncologic resection (lesionectomy) for
newly diagnosed glioblastoma using a propensity matched
survival analysis. Patients in the lobectomy cohort demon-
strated a significantly improved OS and PFS (symptomatic
progression) compared to GTR alone after adjusting for age,
location and size. Overall, our data suggests that supramaxi-
mal resection via lobectomy may confer a survival benefit
for non-eloquent glioblastoma. We do acknowledge however
that our results are limited only to non-eloquent regions as
we have not yet explored the utility of supramaximal resec-
tion in eloquent regions.

Aside from establishing tumor margins, lobectomy
may confer an added benefit with adjuvant chemoradia-
tion through cytoreduction and extended radiotherapy lim-
its. Standard adjuvant radiation is delivered at least 2 cm
beyond the ring-enhancing tumor; in the case of lobectomy,
the margin is widened to cover a greater amount of normal
parenchyma, potentially eliminating viable tumor infiltrat-
ing cells. Therefore, we argue that a patient’s response to
adjuvant treatment may be inversely proportional on the bur-
den of residual disease; supramaximal resection minimizes
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displayed higher OS (72.2 vs 16) and PFS (24.2 vs 8.1). Logrank test
for trend was statistically significant for all comparisons (p<0.05)
other than OS for IDHI mutations which was not significant at
p=0.0569

residual microscopic disease, thereby optimizing adjuvant
treatments.

Our results seem to compliment the findings from another
recent investigation published by Molinaro et al. [31]. In a
retrospective, multicenter study of 761 patients with newly
diagnosed GBM, significantly improved OS was identified
with resection of non-contrast enhancing (NCE) tumor vol-
ume. However, this effect was only identified in patients
younger than 65 years of age but not in elderly patients.
This raises the question as to whether older patients may
tolerate and benefit from aggressive supramaximal resec-
tion. Our results seem to suggest so with a median cohort
age of 64 years, highly representative of the median age of
diagnosis for GBM [32]. Previously, we have shown that
GTR of brain tumors to be safe and tolerable in a subset of
octogenarians and nonagerians [33]. Future studies may seek
to evaluate specifically the impact of supramaximal resection
for elderly patients with nGBM.

Complications

Overall morbidity in our study was relatively low and com-
plication rates were not significantly different between
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groups. Although theoretically lobectomy may increase the
risk of post-operative hydrocephalus due to opening the
ventricle, this was not seen in our study. Ultimately, patient
outcome in terms of KPS at final follow-up was not signifi-
cantly different between groups while median OS and PFS
was increased in patients receiving lobectomy.

Future studies

In the future, we plan to assess whether supramaximal
resection of nGBM can be safely employed for eloquent
region tumors. Primarily, using surgical adjuncts such as
awake mapping techniques, motor evoked potentials, and
diffuse tensor imaging, we hope to evaluate outcomes for
patients with eloquent region lesions. Currently, we are
employing these techniques for eloquent region lesions to
offer supramaximal resection in optimal settings. In essence,
we offer a tailored lobectomy for left frontal and tempo-
ral lesions to optimize extent of resection while preserv-
ing functional cortical networks. An important factor of
our study is that our lobectomy cohort maintained similar
functional status (KPS) to our lesionectomy group; however,
we did not formally assess neuropsychological outcomes
following resection. Our institution is currently running a
study to compare neurocognitive function after lesionectomy
versus lobectomy. In the future, we would like to include
formal preoperative and postoperative neuropsychological
testing after resection since this has not been systematically
performed for patients with glioblastoma. Lastly, since our
study is a retrospective case—control study, we hope that we
can conduct a prospective trial in the future to definitely
assess outcomes between GTR and lobectomy.

Limitations

Our study is prone to all biases related to studies of ret-
rospective, non-randomized design including selection and
reporting biases. For this, we attempted to control for pos-
sible biases through the generation of propensity scores and
an IPTW analysis to help control for the potential selection
biases. Though our sample size was small, this is a relatively
large study compared to previous single-center reports on
the survival benefit of supramaximal resection. Addition-
ally, our study was of sufficient statistical power to detect a
significant survival benefit with anatomic lobectomy com-
pared to GTR. Still, additional investigation is warranted in
the form of larger, multi-center trials.

Given the importance of molecular profiling in neuro-
oncology, we aimed to control for prognostic mutational
phenotypes; while rates of IDHI mutations and MGMT
hypermethylation were not significantly different between
GTR and lobectomy groups, multiple patients did not

have genetic data available, thus limiting the value of the
Cox regression analysis. Despite this, KM analysis show
increased survival in patients receiving lobectomy in
nearly all cases; nevertheless, future prospective studies
with more thorough molecular analysis may provide more
information on the impact of lobectomy versus GTR in
genetic variants of GBM.

Finally, all patients with occipital tumors included
in our series presented with pre-operative homonymous
hemianopsia and thus preservation of function did not con-
siderably influence resection margins. However, for future
studies, the possibility of selection bias in occipital tumors
may exist. Patients with smaller lesions and thus preserved
visual function may likely undergo a more conservative
resection in hopes of retaining the majority of the occipital
visual apparatus. Alternatively, patients with larger tumors
may present with fixed, permanent visual field deficits and
so preservation of function may not be a consideration and
thus a larger resection may be achieved. In these cases, rig-
orous neurocognitive assessment must be performed as the
technique of anatomic lobectomy is further investigated
which, as mentioned prior, we are currently pursuing.

Conclusion

Recent literature has endorsed the use of supramaximal
resection to extend survival benefit in select patients. Here,
we present the largest series comparing survival outcomes
in patients receiving lobectomy versus lesionectomy. Our
propensity-matched study suggests that lobectomy for
non-eloquent glioblastoma confers an added survival
benefit compared to lesionectomy alone. For patients with
non-eloquent glioblastoma, a supramaximal resection by
means of an anatomic lobectomy should be considered as
a primary surgical treatment in select patients if feasible.
Future studies should aim to assess and compare neuro-
logic outcome in patients undergoing lobectomy with rig-
orous neuropsychiatric testing.
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