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Abstract

Background. Awake surgery with intraoperative electrical mapping emerged as a gold-standard approach in newly
diagnosed diffuse low-grade glioma (DLGG) to optimize the extent of resection (EOR) while sparing critical brain
structures. However, no study has assessed to what extent cognitive recovery occurs following awake mapping-
guided neurosurgery in a large, longitudinal, and homogeneous series of DLGG.

Methods. A longitudinal study on the cognitive status of 157 DLGG patients was performed. Neuropsychological
assessments were done before and three months after awake mapping-based surgery. Z-scores and variations of
Z-scores were computed to determine the number of patients with cognitive deficit(s) or decline. Clinical, surgical,
and histopathological variables were studied to investigate factors contributing to neurocognitive outcomes.
Results. Eighty-seven patients (55.4%) had preoperative cognitive impairments. Statistical analysis between the
preoperative (baseline) and postoperative assessments demonstrated a significant difference in three domains
(Executive, Psychomotor Speed and Attention, Verbal Episodic Memory). Eighty-six percent of patients exhibited
no postoperative cognitive decline, and among them, 10% exhibited cognitive improvement. The mean EOR was
92.3%=+7.8%. The EOR, postoperative volume, and tumor lateralization had a significant association with cognitive
decline. No patients demonstrated permanent postoperative neurologic deficits, but 5.8% did not resume their
preoperative professional activities. The 5-year survival rate was 82.2%.

Conclusions. This is the largest series ever reported with systematic longitudinal neuropsychological assessment.
86% of patients demonstrated no cognitive decline despite large resections and only 5.8% did not return to work.
This work supports the practice of awake surgery with cognitive mapping as safe and effective in DLGG patients.

Key Points

Supratentorial diffuse low-grade gliomas (DLGG, ie WHO  neoplasms' that arise from dysfunctional glial precursor
grade |l gliomas), which account for about 15% of all  cells.? Their natural history demonstrates continuous infil-
gliomas, are a heterogeneous group of rare primitive brain  tration of white matter pathways® and a high propensity to
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Importance of the Study

This study is the largest series to report on the sys-
tematic, longitudinal preoperative and postoperative
(3 months) neuropsychological assessments performed
of a cohort of 157 homogeneous, consecutive DLGG
patients that underwent awake mapping resections.
Patients in this study had excellent neurological results,
with no permanent neurological deficits induced by sur-
gery, and favorable neuropsychological outcomes, with
86% of patients showing no cognitive decline. Among
these patients without cognitive decline,10 % of patients

transform into high-grade gliomas, thus conditioning pa-
tients’ neurological status and life expectancy A number of
spontaneous and therapeutic prognostic factors impacting
the natural history DLGG have been identified over the
last two decades, including clinical,* radiological®® and,
histomolecular profiles.” For example, pseudo-randomized
studies demonstrated that an approach with early sur-
gical resection compared to watchful waiting can signifi-
cantly increase life expectancy.® Furthermore, the volume
of residual tumor following surgery has been shown to
be as a major, independent predictor of poor prognosis.®®
Furthermore, DLGGs are frequently located within “elo-
quent” areas, which provides an additional challenged to
neuro-oncologist to find the optimal onco-functional bal-
ance, that is, maximizing extent of tumor resection while
preserving cognitive abilities and quality of life (QOL)."°
QOL is multifaceted and is made up of factors such as
physical, emotional, and subjective wellbeing. Moreover,
all these factors undoubtedly are related, and can have an
impact on cognitive status. DLGG are most commonly
found in young adults following onset of seizures but who
otherwise enjoy an active, normal life. As such, preserving
the QOL of an otherwise healthy and active patient is of
utmost importance. Awake monitoring with intraoperative
electrical mapping has emerged as the gold-standard ap-
proach in newly diagnosed DLGG as a means to main-
tain the QOL by maximizing the extent of resection (EOR)
while sparing critical neural structures.'?>' In addition,
multimodal techniques for cognitive mapping have been
recently implemented. These techniques help map and
preserve higher-order cognitive functions, in addition to
their more conventional use in mapping motor and lan-
guage functions.’ A number of studies performing awake-
mapping surgeries have shown a drastic improvement in
functional outcomes, with approximately 3% of surgery-
associated permanent neurological deficits.'®
Neurocognitive function indirectly reflects health-related
QOL, social and professional abilities and has become an im-
portant outcome measure in neuro-oncology.'® Patients with
DLGG may suffer from cognitive decline as a result of tumor
infiltration per se (even in the earlier stages of the disease)'”
as well as from implementation of oncologic therapies, in-
cluding surgery,'® chemotherapy, and radiation therapy.™
However, no study has assessed the extent of cognitive
recovery following awake mapping-guided neurosurgery

demonstrated significant cognitive improvement, mean-
while, only 5.8% of patients did not resume their pro-
fessional activities. Favorable oncological outcomes
were obtained with a mean EOR of 92.3 + 7.8% and a
5-year survival rate of 82.2%. EOR was optimized while
sparing critical neural structures by awake mapping re-
section of DLGG. Thus, this work effectively addresses
the “onco-functional balance” challenge—that is,
maximizing extent of tumor resection while preserving
quality of life in DLGG patients.

in a large, longitudinal, and consecutive series of homo-
geneous DLGG patients. It is crucial to assess the ability
of intraoperative cognitive monitoring to efficiently pre-
serve the set of functions mapped. Moreover, as all func-
tions cannot be intraoperatively mapped for clinical
reasons (limited amount of time of the awake period, the
patient’s tiredness which renders monitoring unreliable), it
is necessary for the clinical practice to determine the de-
gree of preservation of other unmapped functions. Here,
we analyzed a cohort of patients that underwent an awake
mapping-based resection and a comprehensive longi-
tudinal neurocognitive assessment (ie. before and three
months after awake surgical resection).

Materials and Methods
Participants

We analyzed data from 157 patients having undergone
an awake mapping resection for DLGG at the Montpellier
University Medical Center’'s Department of Neurosurgery
(Montpellier, France) over a period of seven years (2013-
2019). Patients’” medical records were carefully screened
by chart review (Figure 1). The following exclusion criteria
was used: high-grade gliomas (based on histopathological
reports), prior surgical resection, prior brain radiotherapy
(which may influence cognitive performances), other neu-
rological diseases (eg. stroke, traumatic brain injury, and
multiple sclerosis), or neurodevelopmental diseases, non-
native French patients, and patients for whom cognitive
data was insufficiently documented. Patients provided in-
formed consent for the surgical procedure. Approval for
the study was granted by the Institutional Review Board
of the ethical comity of research from the National French
College of Neurosurgery (IRB N°00011687-2021/18).

Measures

Neurocognitive assessment.—Patients underwent a neu-
ropsychological assessment at two times points: the day
before surgery and three (3) months after surgery. The
neurocognitive battery used consisted of a set of behav-
ioral tasks that probe various aspects of cognition and
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291 patients with
gliomas operated from
2013 to 2019

43 patients with anaplastic glioma and
glioblastoma excluded

248 patients with
histopathologically
confirmed DLGG

36 patients having undergone more
than one surgical resections in the
Montpellier hospital center and 15
v patients operated in an other
hospital center

197 patients undergone
awake surgery as a
first-line oncological

treatment 2 patients with neurological or/
neurodevelopemental diseases
¥ (SEP) and (TDAH)

195 patients

6 non native french patients
Y

189 native French
patients

l—‘ 3 patients with radiotherapy

186 patients free off
radiotherapy

l—

157 patients included
in the study

29 patients without longitudinal
neurocognitive assessments
excluded

Fig.1 Patientinclusion.

language. The neuropsychological assessment was per-
formed by a trained neuropsychologist (G.H. or A.-L.L.) and
a dedicated speech therapist (S.M.G) for left-hemispheric
tumors. The following cognitive domains were evalu-
ated: (1) Executive Functions, assessed with the part B
and the part B minus A of the Trail Making Test (TMT), the
STROOP test (subtest Interference and Interference minus
Naming subtest), forward and backward digit span from
the Wechsler Adult Intelligent Scale (WAIS-IV) and phono-
logical and semantic verbal fluencies; (2) Social Cognition
evaluated with the Read the Mind in the Eyes test (RMET);
(3) Psychomotor Speed and Attention assessed with the
subtest “code” from the WAIS-IV, the subtests “color
naming” and “reading” from the STROOP task, and the
part A of the TMT; (4) Visuospatial Function evaluated with
the copy of the Rey-Osterrieth complex figure (ROCF) or
the Taylor complex figure (TCF), and the bell test; (5) lan-
guage and semantic abilities, evaluated with the DO80
naming task, the PPTT task, reading of regular words, ir-
regular words, pseudo-words and text; (6) verbal episodic
memory, assessed with the “Rappel libre et rappel indicé
a 16 items (RL RI-16); and (7) Nonverbal Memory, exam-
ined with the immediate and delayed recall of the Rey-
Osterrieth complex figure or the Taylor complex figure.
Note that, when available, alternate forms were used (ver-
sion a and b of the RLRI-16, ROCF was alternated with the

TCF). A detailed description of the neuropsychological
tests is provided in SupplementaryTable 1 and their ration-
ales are provided in Supplementary references.

Raw scores for patients were Z-transformed (according
to age, gender, and educational level) on the basis of
published French normative data. Patients with a Z-score
<1.65 were considered to have impaired performance,
whereas those with Z-scores ranging from -1 to -1.65 were
considered to have poor function. In addition, we calcu-
lated the difference between postsurgical Z-scores and
presurgical Z-scores to derive a AZ-score. AZ-score pro-
vides a means to determine if a patient’s performance on a
given neurocognitive test is stable (AZ-score = [-1; 1]), de-
creased (AZ-score <-1) or improved (AZ-score >1). A sim-
ilar method was previously reported.””

Intraoperative monitoring.—All patients were operated
in an “awake” condition to enable intraoperative func-
tional mapping using direct electrostimulation. Technical
details of this approach have been extensively detailed in
previous publications.'?20-22 Brain regions in which stimu-
lation provoked three nonconsecutive identical functional
perturbations were recorded as responsive? and were la-
beled with sterile numbered tags on both the cortical sur-
face and at the level of the white matter tracts.

During awake mapping surgery, we systematically
assessed sensorimotor processes?*2® and language
production (including speech articulation and lexical re-
trieval).?-2° Moreover, additional validated neurocognitive
tasks were administrated according to the clinical and ra-
diological characteristics (tumor localization, handedness)
the patient’s presurgical language and neuropsychological
assessment and patient’s expectations (eg. based on his/
her job and hobbies and lifestyle). These additional tasks
included: line bisection task to evaluate visuospatial cog-
nition,%® nonverbal semantic association task,2® RME task
to evaluate social cognition,??3" visual tasks®? to evaluate
visual fields (and avoid hemianopia) and reading aloud®?
to evaluate reading abilities. A complete description of
the surgical procedure is provided in the supplementary
methods.

Clinical, radiological, and histomolecular measures.—
We calculated preoperative and 3-month postoperative
tumor volumes (assessed by the same author (HD)) to in-
vestigate the association between the extent of cognitive
recovery and the radiological data. Tumor volumes were
calculated by measuring the volume of pre- and post-
operative hyper FLAIR signal. Volumes were measured
manually using a dedicated software (Myrian, Intrasense,
Montpellier, France). EOR was characterized as “partial”
(residual volume greater than ten (10) cm?), “subtotal” (re-
sidual volume less than ten (10) cm?®) or “complete” (no
residual tumor volume) based on the postoperative MRI.®
The histomolecular profile (based on the WHO 2016 clas-
sification?), IDH status, tumor location, history of previous
oncological treatments (such as including type of che-
motherapy, for example, Temozolomide or Procarbazine,
Lomustine and Vincristine combination ie. PCV), use of
preoperative anti-epileptic drugs (AED) (with or without),
and occurrence of pre- and/or postoperative seizures
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were collected. All patients systematically received AEDs
postoperatively up to three months after surgery. Standard
clinical examinations were performed postoperatively at
3 months by the same surgeon (HD). Any of the following
was considered a neurological deficit: aphasia, loss of
muscle strength (grade 1 to 3 on the Medical Research
Council Scale), or hemianopia. Clinical, radiological, and
histomolecular data are provided inTable 1.

Statistical Analyses

We used either a parametric t-test or a nonparametric
Wilcoxon signed-rank test to compare paired preoper-
ative vs. postoperative Z-scores for each cognitive test.
The normality of the distribution was determined with the
Kolmogorov-Smirnov test.

To probe the relationship between clinical and histopath-
ological variables and neurocognitive recovery (quantified
by use of the AZ-score), we computed nonparametric cor-
relations (Spearman’s Rho) by means of a subgroup anal-
ysis using Statistica Software (version 6.0) (http:/www.
statsoft.com/). Since language assessment was only per-
formed on left-sided tumors, statistical analyses using lan-
guage subtests were only performed on these patients. To
decrease the risk of type-l error, we performed a Bonferroni
correction.® This correction led to a critical alpha level
of 0.00156 (ie. the a-level divided by the number of pre-
dictors, referring here to the number of neurocognitive
tests: a/32) and only significant results after the Bonferroni
correction are discussed.

We computed the number of patients that displayed
normal performance (Z-score > -1), impaired performance
(Z-scores < 1.65), or poor function [-1.65; —1] to identify
the most frequent neuropsychological deficits. Likewise,
to identify patients with the most impaired cognitive per-
formance, we computed the frequency of patients with a
stable, decreased, or improved AZ-score. Frequency calcu-
lations were performed individually for each cognitive task.

It is important to note that multivariate analyses were
not performed in this study since the key assumptions un-
derlying parametric statistical models were not fulfilled.3®

Results
Participants

The patient population consisted of 72 females and 85
males (with a mean + standard deviation age of 39.1 +
10.5 years; range: 18-67). Seventy-eight (78) patients had
left-sided and 79 patients had a right-sided DLGG. The
most infiltrated region was the fronto-temporal-insular
region (21.7% of the patients) (Figure 2A). The maximum
overlap of the resection cavity maps occurred in the right
and the left fronto-temporal-insular region (n = 30) (Figure
2B). Note that eleven patients (7%) were administered che-
motherapy (Temozolomide in 10 patients, and PCV in 1 pa-
tient) before surgical resection.

One-hundred seventeen (117) patients (74.5%) had
seizures preoperatively and 22 (14.1%) postoperatively.

Table1 Clinical, Radiological, and Histopathological Characteristics
of the Patients’ Sample

Total patients
Mean (SD) or %

Demographics

Age 39.08 (10.49)
Mean education in years 14.45 (3.08)
Gender H/F, n (%) 85 (54.14%)/72 (45.86.0%)
Right-handed, n (%) 130 (83.0%)
Left-handed, n (%) 16 (10.0%)
Ambidextrous, n (%) 11 (7.0%)
Tumor location

Left, n (%) 78 (49.68%)
Right, n (%) 79 (50.32%)
Frontal, n (%) 94 (59.99%)
FTI, n (%) 34 (21.66%)
F n (%) 25 (15.92%)
SMA, n (%) 9 (5.73%)
Premotor, n (%) 13 (8.28%)
Fronto-insular (Predom. F). n (%) 13 (8.28%)
Temporal 36 (22.92%)
Temporal, n (%) 17 (10.83%)
Temporo-insular (Predom,T), n (%) 12 (7.64%)
Temporal (posterior), n (%) 4 (2.58%)
Temporo-basal, n (%) 1(0.64%)
JTO, n (%) 2(1.27%)
Insular 10 (6.43%)
Insular, n (%) 9 (5.73%)
Insular-frontal (Predom. Ins), n (%) 1(0.64%)
Parietal 17 (10.8%)
Parietal, n (%) 14 (8.92%)
Parieto-insular 2 (1.27%)
(Predom,P), n (%)

Parieto-temporal 1(0.64)
(Predom,P, n (%)

Tumor radiological characteristics

Presurgical volume, cm? 53.18 (46.73)
Postsurgical volume, cm?3 5.54 (7.88)
Extent of Resection (%) 92.28%
Total resection, n (%) 44 (28.02%)
Subtotal resection, n (%) 80 (50.96%)
Partial resection, n (%) 33(21.02%)
Tumor Histopathological character-

istics

Astrocytoma, IDH mutated, n (%) 85 (54%)
Astrocytoma, IDH wild type, n (%) 25 (16%)
Oligodendroglioma IDH mutated 47 (30%)
1p19qcodeleted, n (%)

Oncological treatment

Previous chemotherapy, n (%) 11 (7%)
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Further, of the 22 patients with postoperative seizures,
20 already had preoperative seizures and only 2 patients
developed seizures for the first time postoperatively.
Additional information regarding AED usage is provided
in the Supplementary Table 2. No patients had a postop-
erative neurological deficit (eg. motor deficit, aphasia,
hemianopia) based on a standard clinical examination at
three months.

In terms of return to professional activity, 139 patients
were employed at the moment of the surgery, the others
were unemployed, retired or stay at home. 115 patients
(82.7%) resumed their preoperative professional activ-
ities. The reasons why the other patients did not resume
their professional life were mainly: legal issues related to
seizures or to the administration of AED (n =9, 6.5%) or
introduction of chemotherapy (n=7; 5.0%). Only 8 patients
(5.8%) did not return to their professional life at one year
after the surgery.

Surgical Results

The average presurgical tumor volume was 53.2 + 46.7 cm?
(range 1.3-230.0 cm?3) and the mean postoperative residual

m”w || 40 || 50 60

Dorsal

Glioma spatial distribution. (A) Preoperative tumor infiltration maps, and (B) resection cavity maps.

tumor volume was 5.5 + 7.9 cm? (range 0.0-50.0 cm?3). The
mean EOR was 92.3 + 7.8% (range 55.0-100%) with 44
(28%) total resections, 80 (51%) subtotal resections and 33
(21%) partial resections. Radiological characteristics are
provided inTable 1 and additional information is provided
in the Supplementary Materials.

Clinical and Oncological Follow-up

Five patients (3.2%) received oncological treatment im-
mediately after the surgery (two patients underwent che-
motherapy with temozolomide and three with PCV). The
three-year and five-year survival rates were 94.8% and
82.2%, respectively, with 144 patients still alive at the end
of follow-up. Kaplan-Meier survival analyses are provided
in Supplementary Figure 2.

Preoperative Individual Level of Cognitive
Functioning

Prior to surgery, 87 patients (55.4 %) demonstrated cogni-
tive impairments (ie. at least one Z-score inferior to —1.65 in
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at least one cognitive test) and 40 patients (25.5%) demon-
strated weak performance (ie. Z-scores ranging from -1.65
to —1). Cognitive performance was within the normal range
in all tests in 30 patients (19.1%). Table 2 shows the deficit
(Z <-1.65), poor function (Z <-1), and normal function rates
on a task-by-task basis. The highest deficit rate occurred in
(1) Language (PPTT); (2) Verbal Episodic Memory (FR 1,2,3
and DFR); (3) Executive Functions (phonological and cat-
egorical fluency); (4) Psychomotor Speed and Attention,
specifically the Naming and Reading part of the STROOP
test (range: 10% to 22%).

The majority of patients (minimal of 75% of the patients)
displayed a normal Z-score in other subtests including
Executive Functions, Psychomotor Speed and Attention,
Language, Verbal Episodic Memory (Encoding, TR 1,2,3
and DTR), Visuospatial Function, Nonverbal Memory and,
Social Cognition.

Postoperative Level of Cognitive Function per
Individual

The cognitive domains most affected when evaluated at
the postsurgical neuropsychological assessment (Table
2), (range: 13.6% to 21.2%) were: (1) Verbal Episodic
Memory (FR1,2,3, TR1 and DFR), (2) Psychomotor Speed
and Attention with the Reading subpart of the STROOP,
(3) Language (Text Reading and the subtest Nonwords
reading), (4) Executive Functions (fluency tasks).

Seventy-five percent (75%) of patients did not show
disorders in neurocognitive subtasks embedded in the
Executive Functions, Psychomotor Speed and Attention
(Codes, part A of the TMT), Language (D080, Text reading,
and regular irregular reading), Verbal Episodic Memory
(Encoding and DTR), Visuospatial function, Nonverbal
Memory and Social Cognition.

Comparison Between Preoperative (Baseline) vs.
Postoperative Performance

We found a significant difference for the following tasks:
categorical fluency (pre: —0.16 +1.21 vs. post: -0.43 +1.22;
t15g) = 3566, Digreceq = 0-016, mean difference = 0.266,
95% CI [-0.41; -0.119]), the reading part of the STROOP
task (pre: -0.23 +1.10 vs. post: -0.68 + 2.02; Z ., = 4.28,

Peorrected = 0-0003), and the DFR of the episodic memory
test (pre: -0.54 + 1.12 vs. post: -0.82 + 1.15; 2(87) = 4.062,
pcorrected =0.001 6)'

We found no significant differences with the other cogni-
tive tasks. Comparisons are summarized in Figure 3 and in
SupplementaryTable 3.

Hemispheric Dominance Analyses on Pre- and
Postoperative Assessment

Subgroup comparisons showed a significant difference
between tumor lateralization and postoperative Z-scores in
Executive Functions and Verbal Episodic Memory. For the
Executive domain, there was a significant difference in the
TMT B (Left: -0.36 + 1.6 vs. Right: 0.54 +0.86; 2,155 = —4.80,
Peorrected = 0-000064) and the TMTB-A (Left: -0.56 + 1.28
vs. Right, 0.27 £0.85; Z,,55) = =5, Pyrrecteq = 0-000032). In

the Verbal Episodic Memory, there was a significant dif-
ference for postoperative FR1 (Left: -0.98 +1.54 vs. Right:
-0.12 £0.87; Z,;,;, = =3.39, Peorrocteq = 0-02).

Correlations analyses were performed separately based
on tumor lateralization and results are summarized in the
Supplementary Figure 1. First, in patients with a left-sided-
lesion, those with a high socio-educational level had signif-
icantly higher Z-scores in Executive Functions (TMT B, in
the pre- and postsurgical phase), Language (PPTT preoper-
atively, Reading text pre- and postoperatively), and in the
Psychomotor Speed and Attention (Code preoperatively).
In contrast, a high socio-educational level was negatively
correlated with Z-scores in the Visuospatial function (R&T
Copy in the presurgical step). Our results showed that the
preoperative volume was significantly correlated with a
lower Z-score in the Verbal Episodic Memory (preoper-
ative Z-scores in Encoding). However, for the Executive
Functions (phonological fluency) and Verbal Episodic
Memory (encoding, FR1, FR2, and TR1), the postoperative
Z-scores were negatively correlated with postoperative
volume, while the extent of resection were positively
correlated.

In patients with a right-sided tumor, a high socio-
educational level was positively correlated with a higher
score in Executive Functions (categorical fluency in
pre- and postsurgical) and Psychomotor Speed and
Attention (Codes preoperatively) but negatively correl-
ated with Visuospatial function (R&T Copy preopera-
tively). In addition, greater Age was positively correlated
with Visuospatial function (R&T Copy both for pre- and
postsurgical assessment). Correlation analyses are sum-
marized in the Supplementary Figure 1.

Task-by-Task Evaluation of Cognitive
Performance

The task-by-task average of all patients with preserved cog-
nitive performance was estimated to 86.2% (range: 75.8% to
98.8%).Thus, patients did not have a decreased performance
in most of cognitive tasks at the three months postoperative
assessment. Among them, the average of all patients with
improved performance was 10.8% (range: 2.4% to 24.2%).
The main domains in which patients demonstrated the most
improvement was Nonverbal Memory (Immediate and
Delayed Recall of the R&T figure), Verbal Episodic Memory
(the first Free Recall), Language (PPTT), Executive Functions
(phonological fluency), and Social Cognition. Detailed AZ-
scores are shown inTable 3 and in Figure 4.

The average of all patients with decreased cogni-
tive performances was 13.8% (range: 1.2% to 24.2%).
Impaired performance was mostly noted in Nonverbal
Memory (Immediate and delayed Recall of the R&T
figure), Language (text and nonwords reading, naming
task), Verbal Episodic Memory (FR1, TR1, and DFR), and
Executive Functions (fluency tasks).

Influence of Sociodemographic, Clinical,
Radiological and Histomolecular Factors on
AZ-scores

We performed subgroup analysis to ascertain the ex-
tent to which clinical/histopathological variables had a


http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab275#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab275#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab275#supplementary-data

Lemaitre et al. Cognition following awake neurosurgery for gliomas 787

Table2 Frequency of Preoperative and Postoperative Deficits, poor Performances and Normal Performances for Each Neurocognitive Task

Frequency (preoperative) Frequency (postoperative)
m Deficit Poor functioning  Normal
range
Z [-1.65; -1]
Executives functions (Average of the 5.63 10.13 84.24 9.74 11.43 78.84
domain)
TMTB 4.52 3.87 91.61 4.46 9.55 85.99
TMT B-A 4.52 10.32 85.16 9.55 7.64 82.80
STROOP interference 5.84 714 87.01 11.18 9.87 78.95
STROOP I-N 5.84 779 86.36 11.84 7.89 80.26
Forward span 4.29 11.43 84.29 5.56 9.72 84.72
Backward span 0.71 6.43 92.86 3.47 9.72 86.81
Phonological fluency 10.32 15.48 74.19 15.58 18.18 66.23
Categorical fluency 8.97 18.59 72.44 16.23 18.83 64.94
Social cognition
RMET 8.79 10.99 80.22 12.09 7.69 73.63
Psychomotor speed and attention 6.07 8.05 85.89 10.25 8.18 81.57
(Average of the domain)
Codes 4.96 7.09 87.94 5.84 8.03 86.13
TMTA 0.65 1.29 98.06 1.91 3.18 94.90
STROOP naming 8.33 10.90 80.77 13.64 9.74 76.62
STROOP reading 10.32 12.90 76.77 19.61 11.76 68.63
Visuospatial functioning (Average of the 2.14 0.36 97.50 1.03 2.07 96.90
domain)
R&T: Copy 0.00 0.00 100.00 0.00 0.00 100.00
Bell test: omissions 4.29 0.71 95.00 2.07 4.14 93.79
Language (Average of the domain) 6.60 7.81 85.59 10.80 7.85 81.35
D080 1.30 3.90 94.81 10.14 7.25 82.61
PPTT 22.08 6.49 71.43 15.94 4.35 79.71
Reading text 4.05 16.22 79.73 14.52 17.74 67.74
Regular words 1.35 12.16 86.49 3.23 6.45 90.32
Irregular words 1.35 1.35 97.30 3.23 1.61 95.16
Pseudo-words 9.46 6.76 83.78 17.74 9.68 72.58
Verbal Episodic Memory (Average of 9.18 12.56 78.25 13.15 9.90 76.96
the domain)
Encoding 2.68 6.25 91.07 5.36 2.68 91.96
Immediate free recall 1 (FR1) 14.29 23.21 62.50 16.96 16.07 66.96
Immediate free recall 2 (FR2) 10.71 18.75 70.54 16.51 11.01 72.48
Immediate free recall 3 (FR3) 11.71 1712 7117 15.38 13.46 71.15
Total recall 1 (TR1) 721 9.91 82.88 16.36 1.82 81.82
Total recall 2 (TR2) 6.31 9.01 84.68 8.33 5.56 86.11
Total recall 3 (TR3) 9.01 9.01 81.98 7.69 6.73 85.58
Delayed free recall (DFR) 12.61 10.81 76.58 21.15 18.27 60.58
Delayed total recall (DTR) 8.1 9.01 82.88 10.58 13.46 75.96
Nonverbal memory (Average of the 3193 9.17 86.90 7.86 10.05 78.61
domain)
R&T: immediate recall 3.51 8.77 87.72 7.89 11.40 79.82
R&T: delayed recall 4.35 9.57 86.09 7.83 8.70 77.39
Overall, all domain 6.05 8.44 85.51 9.27 8.17 81.12

D080: Dénomination orale d'images, PPTT: Pyramid and palm tree test, TMT: Trail making test, R&T Rey or Complex Figure, WAIS-IV: Wechsler adult
intelligence scale 1V, RMET: Read the mind in the eyes task, FR: Free Recall, TR: Total recall, DFR: Delayed Free Recall; DTR: Delayed Total Recall
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Fig.3 Statistical comparison between presurgical versus postsurgical Z-score for each neurocognitive domain. (A) Executive Functions, (B)
Psychomotor Speed and Attention, (C) Visuospatial Functioning, (D) Social Cognition (E) Language domain (F) Verbal Episodic
Memory and Nonverbal Memory. All neuropsychological Z-scores are shown. The black lines denotes to one standard deviation and the
red line to the pathological thresholds (Z-score <—1.65). *: P<.05; **: P<.01.

significant impact on cognitive recovery (ie. AZ-scores). We
found a significant difference only for forward digit span
when considering the quality of resection (H(2,131) =12.77,
Peorrected = 0-03). We performed posthoc analyses with a
Dunn’s test for multiple comparisons. Patients with a par-
tial resection had a greater decrease in AZ-score com-
pared to patients that underwent either a subtotal (Partial
AZ: -0.855 + 1.66 vs. SBT AZ: 0.064 = 0.73; P < .01) or
complete resection (Partial AZ: -0.855 +£1.66 vs. Complete

AZ: 0.12 £1.085; P < .01). Meanwhile, there was no signif-
icant difference in AZ-score between subtotal and com-
plete resection (SBT AZ: 0.064 + 0.73; vs. Complete AZ:
0.12 + 1.085; P> .05). There were no significant differences
when we used tumor location, seizure (use of preopera-
tive AED, pre- and postoperative seizures), histomolecular
parameters, or IDH status as predictors (Supplementary
Tables 4-7). We found a significant difference for the
Naming subtest of the STROOP task with respect to tumor
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Table3 Frequency of Patients Showing a Decrease, Stability or Increase of Their Cognitive Performances in Each Neurocognitive Task

Frequency

Decrease and no de- Stability and improve-

crease ment

AZ<-1 AZ>-1 AZ[-1;1]
Executives functions (Average of the domain) 14.71 85.30 76.15 9.14
TMTB 155 10.97 89.03 84.52 4.52
TMT B-A 155 12.26 8774 78.06 9.68
STROOP interference 149 12.75 87.25 82.55 4.70
STROOP I-N 149 12.75 87.25 77.85 9.40
Forward span 131 15.27 84.73 76.34 8.40
Backward span 131 10.69 89.31 76.34 12.98
Phonological fluency 153 19.61 80.39 65.36 15.03
Categorical fluency 154 23.38 76.62 68.18 8.44
Social cognition
RMET 59 18.64 81.36 66.10 15.25
Psychomotor speed and attention (Average of the domain) 11.21 88.79 84.34 4.45
Codes 123 8.13 91.87 87.80 4.07
TMTA 155 774 92.26 88.39 3.87
STROOP naming 153 13.07 86.93 82.35 4.58
STROOP reading 151 15.89 84.1 78.81 5.30
Visuospatial functioning (Average of the domain) 6.28 93.72 86.37 7.35
R&T: Copy 125 6.40 93.60 91.20 2.40
Bell test: omissions 130 6.15 93.85 81.54 12.31
Language (Average of the domain) 12.91 87.09 77.15 9.94
D080 69 15.94 84.06 82.61 1.45
PPTT 69 5.80 94.20 75.36 18.84
Reading text 61 16.39 83.61 78.69 4.92
Regular words 61 14.75 85.25 62.30 22.95
Irregular words 61 1.64 98.36 95.08 3.28
Pseudo-words 61 22.95 77.05 68.85 8.20
Verbal episodic memory (Average of the domain) 9.61 90.39 84.23 6.16
Encoding 88 4.55 95.45 94.32 1.14
Immediate free recall 1 (FR1) 88 17.05 82.95 62.50 20.45
Immediate free recall 2 (FR2) 85 12.94 87.06 80.00 7.06
Immediate free recall 3 (FR3) 81 1.1 88.89 79.01 9.88
Total recall 1 (TR1) 86 16.28 83.72 79.07 4.65
Total recall 2 (TR2) 84 3.57 96.43 95.24 1.19
Total recall 3 (TR3) 81 1.23 98.77 96.30 2.47
Delayed free recall (DFR) 81 17.28 82.72 7778 4.94
Delayed total recall (DTR) 81 2.47 97.563 93.83 3.70
Nonverbal memory (Average of the domain) 23.20 76.80 53.60 23.20
R&T: immediate recall 91 24.18 75.82 51.65 24.18
R&T: delayed recall 90 22.22 7778 55.56 22.22
Overall, all domain 13.80 86.21 75.42 10.80

D080: Dénomination orale d'images, PPTT: Pyramid and palm tree test, TMT: Trail making test, R&T Rey or Complex Figure, WAIS-IV: Wechsler adult
intelligence scale 1V, RMET: Read the mind in the eyes task, FR: Free Recall, TR: Total recall, DFR: Delayed Free Recall; DTR: Delayed Total Recall.
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lateralization, (LeftAZ = -0.679 + 1.84, RightAZ = 0.054 =
0.617; Z,,53=-3.35, Doy recteq = 0-026).

Further, we performed correlation analyses using the
Spearman’s Rho. In patients with a left-sided tumor, we
found a significant negative correlation between AZ-scores
and postoperative volume with the encoding part of Verbal
Episodic Memory (AZ Encoding r,y =-0.47, p_ .cc1eq = 0-016).
The EOR had a positive correlation with the same memory
measure (AZ Encoding r,, = 0.474, p = 0.017).

corrected
Correlation analyses are summarized in Supplementary

Table 5 (right-sided tumors) and Supplementary Table 6
(left-sided tumors). No were no other significant correl-
ations found in this study.

I
Discussion

The purpose of this work was to study the effects on
neurocognition of awake mapping resection in a large
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cohort of DLGG patients that underwent comprehensive
longitudinal neurocognitive assessment. Here we dem-
onstrate that the use of awake cognitive monitoring for
the resection of DLGG provides a high level of safety.
First, no patients had a permanent neurological deficit.
Second, from a neurocognitive standpoint, 86% of pa-
tients demonstrated stable cognitive performance, 10 %
had improvement in their cognitive status, and 13% had a
cognitive decline at the 3-month postoperative follow-up.
Finally, 5.8% of patients did not return to their previous
professional activities within the first year of surgery. The
strengths of this study are the following: 1) this is the lar-
gest, homogeneous, and consecutive series of DLGG with
systematic neuropsychological assessment to date; 2) only
few patients received confounding adjuvant therapies (eg.
chemotherapy); 3) and all patients were operated on with
the same surgical technique.

Survival of patients with DLGG has drastically improved
over the last two decades, as a result of improved surgical
management and oncologic therapies. Recent surgical
studies have established a survival benefit in patients with
residual tumor volume (ie. residual FLAIR infiltration) <10-
15 cm?. Therefore, maximal surgical resection is the gold-
standard therapy in newly diagnosed DLGG patients.3¢
Furthermore, the balance between cytoreduction and neu-
rological morbidity (previously reported to account for
3.4% of DLGG surgeries)' has been considerably refined
with the advent of functional-based surgery performed
under awake conditions with direct electrostimulation.?”
Online cognitive monitoring allows the oncological sur-
geon to determine each individual patient’s functional
boundaries both at the cortical and subcortical levels thus
sparing critical neural circuits.'2

Recent meta-analyses demonstrate cognitive changes in
executive, attentional, verbal memory and, language do-
mains following glioma surgery. These changes can occur
as early as the immediate postoperative period with sus-
tained long term decline.383° Nevertheless, current liter-
ature does not provide a comprehensive overview of the
effects of surgery on neurocognition in DLGG patients.The
3 main reasons are: (i) available studies frequently include
a mixture of heterogeneous glioma histologies (including
significant subsets of high-grade gliomas, metastatic le-
sions, and meningiomas); (i) neurocognitive outcomes
are frequently measured at different time endpoints fol-
lowing surgery; and (iii) intraoperative awake mapping
is used inconsistently in tumors invading “noneloquent
areas” Cognitive sequelae result from tumor progression
and oncological treatment can have a significant impact
on health-related QOL. Nevertheless, no study has inves-
tigated the effects of awake surgery on cognition in a large
cohort of DLGG patients.

The prevalence of cognitive impairment prior to treat-
ment varies widely (31 to 75%) in patients with a DLGG.383%
However, baseline cognitive impairments can have a sig-
nificant impact in selected populations of asymptomatic
patients.” Our findings suggest that 55.4 % of patients
may suffer from different forms of cognitive decline prior
to surgery. Executive, language attention, and verbal epi-
sodic memory were the most impaired cognitive domains
in the preoperative setting, with 10% to 22% of patients
showing impairment in neuropsychological tasks. These

results support the view that extensive neuropsychological
assessment should be introduced in routine neurosurgical
practice from the moment of diagnosis. Therefore, our
data highlight that cognitive decline induced by surgery
(eg. forward digit span, subtest Naming from the STROOP
and encoding), may be associated with a specific surgical
condition and tumor characteristic (eg. EOR, tumor lateral-
ization, and postoperative volume). Surprisingly, a greater
EOR did not correlate with cognitive deficits but instead
with improvement in certain tasks (eg. memory encoding).
These results may be due to better control of mass effect
and/or seizure control in the early postoperative setting.
The challenge in addressing the “onco-functional bal-
ance” may be accomplished with an awake mapping sur-
gery, which will optimize extent of surgical resection while
sparing critical neural structures.

These results suggest that cognitive domains may be af-
fected by surgery (eg. forward digit span, subtest Naming
from the STROOP, and encoding). Dedicated rehabilitation
programs in the early postoperative course may help min-
imize any potential negative impact surgery might have on
these cognitive domains and optimize a patients ability to
resume an active life." For example, the benefit of rehabil-
itation has been reported for attentional, verbal memory,
and mental fatigue domains.*>-%2 Multiple rehabilitation
strategies, based on longitudinal neuropsychological as-
sessments, subjective complaints, patient characteristics
(eg. socio-professional life, bilingualism) may enable de-
velopment of compensatory strategies that could be imple-
mented in everyday life and ultimately, in preserving QOL.

This study has limitations that should be mentioned.
First, cognitive changes were assessed only 3 months after
surgery, which is a short postoperative endpoint. Indeed,
neurocognitive recovery may take up to one year after sur-
gical resection.**Therefore, the cognitive recovery observed
here might have probably been even better if an extensive
neurocognitive assessment had been performed one year
after surgery. Second, neuropsychological subtests were
selected according to tumor location and thus, specific cog-
nitive tasks were not displayed for each patient (eg. lexical
retrieval tasks in patients with a right DLGG). Third, most
of our patients received AEDs before (n = 115, 73.2%) and,
systematically after surgery, which may have substantially
modified mood and cognitive performance.

Conclusion

To our knowledge, this is the largest series ever reported
describing a homogeneous and consecutive cohort of
DLGG patients that underwent awake mapping surgery as
well as systematic longitudinal (pre- and postoperative)
neuropsychological assessments. The present study sup-
ports the idea that awake surgery with cognitive mapping
is a safe and effective therapeutic approach in newly diag-
nosed DLGG patients This claim is supported by the favor-
able oncological results (mean EOR, 92.3 + 7.8%, 5-year
survival rate 82.2%), excellent neurological outcomes (no
permanent neurological deficits) and low negative cog-
nitive impact at 3 months (range of 75.0% to 96.30% of
the patients with stabile performance in 75% of cognitive
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tasks). Only 5.8% of patients did not resume their profes-
sional activities. However, 82.7% of patients returned to
work at one year after awake surgery, which is greater than
52% return to work reported in previous research.*

Supplementary Material

Supplementary material is available at Neuro-Oncology
online.
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