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Abstract

Background. Glioma surgery aims to maximize tumor removal while preserving functional integrity. Functional
outcome usually focuses on neurological and neurocognitive functions, but surgery may also affect mood regu-
lation. We determined the occurrence of depressive symptoms after surgery and investigated associated factors,
including preoperative depressive symptoms and the location of the resection.

Methods. We included a single-center retrospective cohort of patients with supratentorial diffuse glioma (WHO
grade 2-4) who underwent first-time surgical resection between 2009 and 2021 and who completed the Center for
Epidemiologic Studies Depression Scale (CES-D) before and one year after surgery. Resection cavities were seg-
mented on postoperative MRI scans. White matter disconnections were computed, the so-called disconnectome,
to examine distant effects. Multivariable regression analysis was used to relate patient, tumor, and treatment char-
acteristics to postoperative depression scores and changes after surgery. Lesion-symptom mapping was used to
relate resection and disconnectome locations to these scores and changes.

Results. The study included 83 patients. Before surgery, 25% of patients had depressive symptoms and one year
after surgery 34%, which was not statistically different. Resections of gliomas in the right hemisphere were signif-
icantly associated with increased depression scores after surgery. A resection involving the left anterior temporal
region was significantly associated with low postoperative depression scores. Disconnectome locations were not
associated with either postoperative or change in depression scores.

Conclusions. Resection locations affect depressive symptoms in glioma patients. This information may be useful
for patient counseling.

Key Points
e Resection location affects depressive symptoms in patients with diffuse glioma.
e Resections in the right hemisphere are linked to increased depression post-surgery.

e Resections of the left anterior temporal area relate to low depression post-surgery.

Diffuse gliomas can cause various physical, psycholog- worsen existing symptoms and introduce new symptoms.
ical, and neurocognitive symptoms.'? Surgical resection is Awake resections can yield better functional outcomes by
typically the initial treatment for these tumors and aims to  intraoperatively testing functions such as motor or language
maximize tumor removal while preserving functional brain  functioning.® Similarly, increased or decreased depressive
tissue.2® However, surgery could potentially alleviate or symptoms could not only be related to the psychological
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Importance of the Study

Glioma surgery aims to remove the tumor while
preserving functional brain tissue. Functionalities such
as motor function and speech may be measured during
surgery. However, mood regulation may also be af-
fected by surgical location, which has not previously
been researched. In this study, we therefore aimed to
unravel the relationship between resection location

impact of the dismal prognosis but also to the reduction
of mass effect or disruption of functional brain networks.
Depressive symptoms are frequent after treatment and di-
minish the quality of life and functioning and possibly also
survival.*7 While several studies with small cohorts linked
resection locations to changes in cognitive functioning,®®
the link between resection cavities and changes in depres-
sive symptoms after surgery is unknown. Understanding
this relationship could enhance awareness among medical
professionals.

Lesion-symptom mapping is a method to relate focal
brain lesions, such as those caused by a tumor or resection,
to symptoms, such as depressive symptoms. Evidence
of an association between brain tumor locations and de-
pressive symptoms is limited. Emotional dysregulation
has been linked to the cortico-thalamo-limbic circuit being
infiltrated by diffuse glioma in patients before treatment.®
Furthermore, a case study by Manouri et al. suggests a
causal relationship between glioma resection in the cin-
gulate gyrus and major depressive disorder.® Moreover,
in a study including 11.8% of patients after tumor (prima-
rily meningioma) resections, depressive symptoms were
correlated with bilateral lesions in the anterior insula and
dorsolateral prefrontal cortex and in the left dorsomedial
prefrontal cortex.'®

Traditional voxel-wise lesion-symptom mapping can be
useful for localizing symptoms but does not consider spa-
tial relations between brain regions. Voxels are unlikely to
represent functional brain units but can be considered as
parts of larger functional anatomical brain systems.” For
instance, white matter tract disconnections have been
linked to cognitive impairment, for which disconnectome
analysis can be a useful approach to identify brain regions
connected with removed tumor-infiltrated brain by white
matter pathways."? Disconnectome-based lesion-symptom
mapping might better reflect a lesion's direct and indirect
distant effects.

In this study, we explore whether postoperative depres-
sive symptoms and changes in depressive symptoms fol-
lowing glioma surgery are associated with the location of
resections or their disconnected brain regions.

Methods
Patients

This study included patients diagnosed with diffuse glioma
who had their first resection between 2009 and 2021.

and depressive symptoms. We used voxel-wise and
disconnectome-based lesion-symptom mapping and in-
corporated relevant clinical characteristics to provide a
comprehensive analysis. Our findings identified regions
where resections significantly affect depressive symp-
toms, offering valuable insights for patient counseling.

Patients were included from several observational studies
at Amsterdam UMC location VUmc, which have been re-
ported on before.®'3 The studies were approved by the
Medical Ethical Committee of Amsterdam UMC (2008.52;
2009.189; 2010.126; 2014.297) and conducted in accord-
ance with the Declaration of Helsinki. All patients signed
informed consent.

Patients were included if they were (1) at least 18 years
old, (2) underwent a first-time resection for (3) a confirmed
or revised histopathological diagnosis of supratentorial
diffuse glioma WHO 2016 grade 2-4 after surgery, (4) had
an MRI scan after surgery, and (5) completed the Center
for Epidemiologic Studies Depression scale (CES-D) within
a year before surgery and after surgery at approximately
one year, at most within two years. MRI included at least
a 3D T1-weighted sequence without (T1w) and with gado-
linium contrast medium (T1c).T2-weighted (T2w) and Fluid
Attenuated Fluid-attenuated inversion recovery (FLAIR)
sequences were used when available.

Depressive Symptoms as Outcome

Depressive symptoms were assessed using the CES-
D, which has good validity and reliability in cancer
patients.’'*The CES-D consists of 20 questions about be-
havior and feelings in the past week. Each question is an-
swered on a scale from zero to three, ranging from never
or rarely (less than 1 day), to experiencing the feelings all
the time (5-7 days). Hence, a maximum total score of 60
can be acquired, with higher scores representing patients
having more and more frequent depressive symptoms.
The CES-D can be binarized to no risk of depression (<16)
and risk of depression (>16).'6

This study used two continuous outcome variables; the
cross-sectional postoperative depression score, and the
longitudinal change in depressive symptoms after surgery
measured by the difference between postoperative and
preoperative depression scores. A positive difference rep-
resents an increase on the CES-D scale and thus worsening
of depressive symptoms.

Patient, Tumor, and Treatment Characteristics

We collected patient, tumor, and treatment characteristics
including age, sex, educational level (low, middle, or high,
as classified according to the Verhage scale),"” preopera-
tive Karnofsky Performance Status (KPS),'® whether or not
patients had radiological progression or were in the stable
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phase at follow-up, whether or not patients suffering from
epilepsy, tumor grade, and type according to the WHO clas-
sification, and whether patients received adjuvant therapy
(radiotherapy and/or chemotherapy).”

Resection Locations

Surgical cavities were segmented to define resection loca-
tions and transformed to standard space as described be-
fore for tumors.® In short, automatic segmentations were
generated using an adapted nn-Unet segmentation algo-
rithm.?° Segmentations were manually verified and edited
where necessary (MC, PWH) under the supervision of an ex-
perienced neuroradiologist (FB) using 3D slicer v.5.0.2.222
Patients’ T1c scans were skull stripped using HD-BET fol-
lowed by a non-linear registration with cost-function
masking to Montreal Neurological Institute 152 (MNI152)
standard space and resampled to 2 x 2 x 2 mm spatial res-
olution using ANTSpy v0.3.2 for Python v3.8.0.232* These
transformations were then applied to the segmentation
and surgery characteristic, the resection cavity volume and
laterality in standard space was extracted. Cavity distribu-
tion maps were constructed by summing cavity segmenta-
tions over all patients.

Disconnectome

A disconnectome was made for each patient using
BCBtoolkit.2> Within the toolkit, each patient’s scan and as-
sociated cavity segmentation in standard space was regis-
tered to the brain space of 178 healthy subjects from the 7T
Human Connectome Project.?6?’ The segmentation of the
resection cavity was then used as the seed for tractography
in Trackvis based on diffusion-weighted imaging data
from these healthy subjects.?® The tractographies were
thresholded to create binary visitation maps, showing for
each voxel whether it was intersected by a tract. These bi-
nary visitation maps were transformed back to standard
space and averaged for each patient over all created vis-
itation maps. The resulting patient-specific disconnectome
thus accounts for interindividual variability of tract re-
constructions from healthy subjects, with each voxel rep-
resenting a probability of involvement ranging from 0 to
100%. We binarized these disconnectomes for probabil-
ities over 50% and summarized over patients to create a
disconnectome distribution map.”

Statistical Analysis

Continuous characteristics were reported with mean and
standard deviation for normally distributed variables and
with median and interquartile range otherwise. Categorical
variables were reported as counts and percentages of the
entire population. In further analysis, the following refer-
ence categories were used for variables: female for sex,
high for educational level, KPS 90-100 for preoperative
KPS, astrocytoma for histology, present for IDH mutation
status, progression for disease phase, and left for resection
side.

Differences in preoperative versus postoperative depres-
sion scores were tested using the Wilcoxon signed-rank

test. Linear regression analysis was performed with the
postoperative depression score and change scores as de-
pendent variables separately. First, univariate regression
was performed to select patient and tumor characteris-
tics (P<.05) for multivariable regression in which surgery
characteristics resected volume, and resection lateraliza-
tion were added for coarse resection analysis. For more
detailed localization analysis, significant variables from
multivariable regression were included in lesion-symptom
mapping analysis as confounders. Pvalues < .05 were con-
sidered significant. Analyses were performed in R v4.2.1
and Python v3.8.0.

Resection Cavity Symptom Mapping

We employed voxel-wise lesion-symptom mapping to link
the resection cavities and disconnectomes to the post-
operative depression scores and score changes.?® For all
analyses we used the randomize function from FMRIB’s
Software Library (FSL). Randomized performed nonpara-
metric permutation tests with family wise error correction
(FWE) and threshold-free cluster enhancement.?°-33 1000
permutations were used and voxels were masked for >3
cavities.®* Voxels were considered statistically significantly
related to the symptom if FWE P < .05.

Results
Patient Population

The cohort consisted of 83 patients with a mean age of 41
years (SD 12). Almost two-thirds of patients were male,
most patients had received higher education (45.8%), two-
thirds of patients were in good condition (KPS 90-100), and
59% of patients had a left-sided resection cavity. See Table
1 for details. For 23 patients we were unable to retrieve IDH
mutation status. Therefore, this variable had 3 categories;
mutated, wildtype, and unknown.

Depressive Symptoms After Surgery

Before surgery, 25% of patients had depressive symptoms,
and after surgery 34% (Table 1, Figure 1A). Depressive
symptoms did not change significantly after surgery
(V =1520.5, p=0.238). Both increasing and decreasing de-
pressive symptoms were observed with extremes in de-
pression score changes ranging from -25 to + 30 (Figure
1B and C). Effectively, this meant that 19% of patients
switched from no risk of depression to risk of depression,
and 11% of patients switched from risk of depression to
having no depressive symptoms.

IDH Mutation Status and Resection Side
Are Associated With Change in Depressive
Symptoms Following Surgery

From univariable regression, preoperative depression
scores and KPS were associated with postoperative de-
pression scores (Supplementary Table 1). In multivariable
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Table 1. Patient Characteristics

Overall (N =83)

Age, mean (SD) 41.3 (12.0)
Sex male, n(%) 51 (61.4%)
Education (Verhage), n(%)
High (6-7) 38 (45.8%)
Middle (5) 29 (34.9%)
Low (1-4) 16 (19.3%)
Preoperative KPS, n(%)
70-80 13 (15.7%)
90-100 70 (84.3%)
Epilepsy, n(%) 71 (85.5%)
Progression on follow-up measurement, n(%) 13 (15.7%)
Resection side left, n(%) 49 (59.0%)
Resection volume (ml), median [IQR] 22.3[30.4]
Histology, n(%)
Oligodendroglioma 35 (42.2%)
Astrocytoma 34 (41.0%)
Glioblastoma 10 (12.0%)
Oligoastrocytoma® 4 (4.8%)
IDH-status, n(%)
Mutated 50 (60.2%)
Wildtype 10 (12.0%)
Unknown 23 (27.7%)
Grade, n(%)
2 51 (61.4%)
3 22 (26.5%)
4 10 (12.0%)

Time between baseline depression score and 4.71 [8.29]
surgery (weeks preoperative), median [IQR]

Preoperative baseline depression scores 9.00[10.5]
(CES-D), median [IQR]

Time between surgery and follow-up depres- 57.2 (16.2)
sion score (weeks postoperative), mean (SD)

Has received chemotherapy, n(%) 27 (32.5%)
Has received radiotherapy, n(%) 36 (43.4%)

CES-D, Center for Epidemiological Studies-Depression Scale; IQR,
Interquartile range; KPS, Karnofsky Performance Scale.
“As defined by the WHO 2007 classification.'

regression with the addition of surgery characteristics,
high preoperative depression scores were related to high
postoperative depression scores (coef=0.75, CI=0.51 to
0.99, standardized coef=0.57; P<.001; Table 2). None of
the other patient or cavity-related variables were related to
postoperative depression score.

IDH mutation status was associated with a change in de-
pression scores in univariable regression (Supplementary
Table 2). This association was maintained after stratifying
for patients with known IDH mutation status. In
multivariable regression of surgery characteristics in-
cluding all patients, IDH wildtype was associated with a

decrease in depression scores (coef=-6.76, Cl=-12.41
to -1.19, standardized coef=-0.26; P=.019) and having
a right-sided resection was significantly associated with
an increase of depression scores following surgery
(coef=3.86, CI=0.19 to 753, standardized coef=0.22;
P=.039;Table 3).

Resection Locations are Significantly Associated
With Depressive Symptoms After Surgery

The distribution of all patients’ resection locations can be
seen in Figure 2A. As expected, most resections were lo-
cated in the frontal and temporal regions. In comparing pa-
tients without and with a risk of depression after surgery
(Figure 2B), resections are more often located in the left an-
terior temporal lobe in those without a risk of depression.
In voxel-wise lesion-symptom mapping, cavities of the left
anterior temporal lobe were associated with lower postop-
erative depression scores (lowest FWE P=.046, Figure 2C),
while adjusting for preoperative depression score.

In comparing patients with a decrease in depressive
symptoms, ie, a negative difference, and those with an
increase in depressive symptoms, ie, a positive difference,
we found a similar voxel cluster in the left temporal area
to be significantly associated with a larger decrease in de-
pressive symptoms (lowest FWE P=.037, Figure 2E), while
adjusting for IDH mutation status.

The intersection of these significant voxel clusters can
be seen in Figure 3A.There were three voxels, in the same
area, only significantly associated with a larger decrease
in depressive symptoms. Figure 3B compares the depres-
sion scores of patients with and without resection cavity
overlap with this specific region, further highlighting that
patients after a resection including this region, had lower
postoperative depression scores compared to those with a
resection cavity outside this region.

Disconnectome Locations Are Not Significantly
Associated With Depressive Symptoms After
Surgery

Disconnectome locations were not significantly associ-
ated with postoperative depression scores (lowest FWE
P=.181) or change in depression scores (lowest FWE
P=.251). Disconnectome distributions and statistics can
be observed in Supplementary Figure 1.

Preoperative CES-D Scores Do Not Differ Between
Left- and Right-Sided Gliomas

We observed that right-sided resection cavities were as-
sociated with an increase in depressive symptoms but
not with the prevalence of postoperative depressive
symptoms. This led us to hypothesize a potential tem-
poral disparity in the onset of depressive symptoms
based on cavity lateralization: patients with a left-sided
glioma might get depressive symptoms sooner in the
trajectory, possibly before surgery, whereas patients
with resection for a right-sided glioma develop depres-
sive symptoms at a later stage. To explore this, we did
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Figure 1. Depressive symptoms scores. (A) Depressive symptoms before and after surgery and the flow of changes in depressive symptoms. (B)

Depression scores before and after surgery. (C) Histogram of depression scores after surgery minus depression scores before surgery.

Table 2. Predictors of Postoperative Depression Scores in Multivariable Regression

Coef 95% ClI Std err Standardized coef z P> |z|
Intercept 3.64 —-0.60 to 7.88 2.16 —-7.63e-17 1.68 .093
Preoperative depression scores * 0.75 0.51 10 0.99 0.12 0.57 6.21 <.001
KPS (70-80) 2.53 -2.74t0 7.80 2.69 0.09 0.94 .347
Cavity volume (ml) -0.04 -0.10to 0.02 0.03 -0.1 -1.22 221
Hemisphere (Right) 3.32 -0.05 to 7.11 1.93 0.16 1.72 .086
Cl, Confidence Interval.
"P<.05.
Table 3 Predictors of Depression Score Change in Multivariable Regression

Coef 95% CI Std err Standardized coef z P> |z|
Intercept 2.06 -1.24 t0 5.36 1.68 -2.43e-17 1.23 .220
Cavity volume (ml) -0.03 -0.10t0 0.03 0.03 -0.10 -0.96 .336
Hemisphere (Right) " 3.86 0.19to 7.563 1.87 0.22 -2.35 .039
IDH Wildtype * -6.76 -12.41t0 -1.19 2.88 -0.26 -2.35 .019
IDH Unknown -1.52 -5.70 to 2.66 2.13 -0.08 -0.72 476

Cl, Confidence Interval.
“P < .05.

(Mann-Whitney U =2052, P=.959), indicating that pre-
operative depressive symptoms did not differ between
tumor sides.

a post hoc analysis to compare preoperative depressive
symptoms between patients with right- and left-sided
gliomas. The results showed no significant difference
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Figure 2. Resection location maps. (A) Distribution map of resection locations for all patients (B) Resection location distributions for patients
without and with risk of depression after surgery. (C) T-statistic map of the relation between cavity location and postoperative depression score.
Blue colors indicate voxels where a cavity is more likely to be related to low postoperative depression scores and red colors indicate voxels
where a cavity is more likely to be related to high depression scores. Color intensity shows relationship strength. The lowest FWE Pis .046 (signif-
icant). (D) Resection location distributions for patients with a decrease and increase in depression score change. For three patients, the depres-
sion scores did not change and were omitted from visualization. (E) T-statistic of the relation between cavity location and change in depression
scores. Blue colors indicate voxels where a cavity is more likely to be related to a decrease in depression score and red colors indicate voxels
where a cavity is more likely to be related to an increase in depression score. Color intensity shows relationship strength. The lowest FWE Pis
.037 (significant). The plotted numbers below represent z-axis slices in standard space.

surgery, compared to scores of patients with resections in

. . other regions.
Discussion The percentage of patients with depressive symptoms

In this study, 34% of patients had depressive symptoms a after surgery corroborated the literature, reporting a de-
year after surgery, compared to 25% before surgery, and pression incidence of 39% across studies.® Although a re-
19% of patients switched from no risk of depression be-  Cent systematic review suggests depressive symptoms are
fore surgery to risk of depression after surgery. IDH muta- ~ more prevalent before than after surgery,®® another review
tion status related to a decrease in depressive symptoms ~ Shows varied f|nd|ngs' with some patients experiencing
following surgery and right-sided resections related to @ decrease in dgpresswe symptoms afte.r surgery, _Wh'le
an increase in depressive symptoms following surgery. others report an increase.® Our findings align with this var-
Patients with resection cavities in the left anterior tem-  1ability betw.een patients, as we observed a W'fje range
poral lobe had lower depression scores postoperatively ~ ©f changes in depressive symptoms, but no significant
and a larger decrease in depressive symptoms following overall change in depressive symptoms at the group level.
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Right-sided resections were related to an increase in de-
pressive symptoms but not to the prevalence of postoper-
ative depressive symptoms. The literature on hemispheric
involvement of lesions and their relation to depression pre-
sents contradicting findings. A systematic review of brain
tumor patients shows no association between tumor side
and depressive symptoms in 6 out of 8 studies, with the
timing of assessments mostly postoperatively or mixed
(both pre and postoperatively).® The 2 studies that identi-
fied a link between depressive symptoms and the left hem-
isphere were both in preoperative patients,3® supporting
our speculation that depressive symptoms manifest first
in patients with left-sided lesions, followed by those with
right-sided lesions. However, we could not confirm an as-
sociation between tumor side and preoperative depres-
sive symptoms suggesting that the depressive symptoms
could originate from the resection itself, or from other
postoperative factors, such as functional impairment, still
allowing for a temporal disparity in the onset of depres-
sive symptoms postoperatively. This aligns with a theory
in post-stroke depression, where it has been hypothe-
sized that left-sided lesions are associated with depres-
sive symptoms in the acute phase and right-sided lesions
with depressive symptoms several months after stroke.%’
This may explain the increase in depressive symptoms in
patients with right-sided lesions. Depressive symptoms
resulting from different functional impairments may also
explain a temporal disparity. For example, patients with
left-sided tumors may experience communication deficits
from the onset whereas patients with right-sided gliomas
may encounter cognitive difficulties such as processing
problems at a later stage.38

Alternatively, surgery on the right side could exacer
bate depressive symptoms due to the resection itself, as
we found that right-sided resections were associated with
increased depressive symptoms. Functions such as lan-
guage and motor function are generally monitored during
surgery when the tumor is located in an area at higher risk
for dysfunction, often in the left hemisphere. Mood reg-
ulation is typically not monitored as it is unknown which

regions are involved. Consequently, these symptoms may
be more prone to worsening if the responsible area, poten-
tially on the right side, is resected. Indeed, as we showed
before, some right-sided regions are preoperatively asso-
ciated with severe depressive symptomes, ie, the fornix, the
corticospinal tract, and the inferior fronto-occipital fascic-
ulus.® Moreover, patients with a right-sided glioma often
have problems with processing skills when performing
everyday life tasks,® and diminished activity in right-
sided regions has been related to a cognitive subtype of
depression.?940 Possibly, the lack of observed differences
in preoperative depression scores between tumor sides is
attributed to selection bias. In our study where right-sided
glioma lesions related to severe depressive symptoms be-
fore surgery,® 29% had a grade 4 tumor. In contrast, only
12% of our cohort had a grade 4 tumor, likely due to the
one-year interval after surgery, during which patients may
have been lost to follow-up due to tumor progression.
Lower-grade gliomas, which were overrepresented in our
study and are characterized by their slower growth, could
allow for neuroplasticity that preserves certain functions,
whereas faster-growing tumors or the acute effects of sur-
gery could disrupt these processes. This difference could
explain why we did not find a preoperative difference in
depression scores but we observed that right-sided resec-
tion locations were still associated with an increase in de-
pressive symptoms after surgery.

Of note, a resection cavity in the left anterior temporal
lobe was related to lower postoperative depression scores
and a larger decrease in depression scores following sur-
gery. This region does not overlap with known structures
involved in crucial functions like language, motor skills,
or mood regulation. This may indicate a region involved
in depressive symptoms and resection of this region
could potentially alleviate symptoms. Additionally, this
region could also be a previously unknown area involved
in either resilience or pathological absence of depressive
symptoms.These findings highlight the need for further re-
search to clarify the role of the left anterior temporal lobe
in depressive symptoms.
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Moreover, our study did not identify a significant asso-
ciation between resection locations and higher postop-
erative depression scores. Interestingly, the variation in
depression change scores was high, with some people
experiencing a large increase in symptoms. Although we
did not find a group effect, surgery or the period thereafter
might have a large impact on individual patients. Existing
literature does suggest lesion-depression correlations in
both brain tumor patients and patients with other lesion
types.84142This discrepancy with our study might be due to
our relatively small sample size of 83 patients, which pos-
sibly introduced variability in resection locations too broad
for precise analysis. Moreover, the power of our methods
could be too low to uncover correlations. Furthermore,
depressive symptoms may not arise from dysfunction in
isolated brain regions, but rather from disturbances within
broader circuits involved in depression, as previously sug-
gested in a study including various lesion etiologies.*®
Future research should explore how specific regions within
a resection cavity might converge to a common depres-
sion brain circuit.

Strengths and Limitations

This study is the first to investigate the relationship be-
tween resection locations and depressive symptoms.
Moreover, by performing a multivariable analysis, we
aimed to comprehensively analyze potential influences
on depressive symptoms. We employed modern imaging
and disconnectome analysis techniques. However, this
study also has some limitations. The moderate sample
size and the varied distribution of resection cavities may
have constrained our ability to detect robust associations
of specific brain regions involved in depressive symptoms.
Due to the sample size, we were unable to stratify the anal-
ysis according to tumor type. We did include IDH mutation
status as a confounder in our analysis to account for its
effects, however, this data was missing for some patients
because archival tissue of older samples was unavailable.
Additionally, rigorous testing standards, including conserv-
ative adjustments for multiple comparisons, were used,
which might limit the detection of clinically significant an-
atomical correlates that could emerge under less stringent
criteria or a larger cohort. Furthermore, selection bias may
have occurred due to the inclusion of patients suitable for
1-year follow-up assessment, as reflected by the lower rep-
resentation of patients with glioblastoma in our cohort.
Moreover, cavity segmentations are subject to inter and
intra-rater variability, and registrations of lesioned brains
to standard space are inherently difficult.****These factors
may introduce spatial inconsistencies and misrepresent
the resection cavity in standard space. However, we tried
to limit these errors by manual verification of segmenta-
tions and registrations.

Conclusion

Over a third of patients with glioma experienced depres-
sive symptoms one year after surgery, whereas a quarter
of patients had depressive symptoms before surgery.

Resections in the right hemisphere related to an increase
in depressive symptoms compared to baseline before sur-
gery, but not to the prevalence of depressive symptoms
at one year, possibly reflecting a temporal disparity in the
onset of depressive symptoms between hemispheric in-
volvement. A resection location involving the left anterior
temporal lobe related to a lower depression score one year
postoperative. This study is a step towards understanding
changes in mood regulation that may occur following
surgery.

Supplementary material

Supplementary material is available online at Neuro-
Oncology Advances (https://academic.oup.com/noa).
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Lay Summary

Gliomas are common brain tumors. Surgeons try to remove
as much of the tumor as possible while preserving important
brain functions. After surgery, some patients experience mood
changes or depression, while others do not. The authors of this
study wanted to see if the location of tumor removal in the brain
could affect whether or not patients develop depressive symp-
toms after surgery. To do this they studied 83 patients with brain
tumors who completed mood questionnaires before surgery one
year afterwards. They found that, for most patients, depressive
symptoms did not change much after surgery. However, re-
moving tumors from certain areas of the brain, such as the right
hemisphere, was linked to more depressive symptoms, while re-
moving tumors from the left anterior temporal region was asso-
ciated with fewer symptoms.

Funding

V.B., LD., MK., J.M.N, and P.C.d.W.H are funded by the Anita
Veldman Foundation, grant number CCA2018-2-17. M.N.G.v.G.,
AF, RS.E, and PC.d.W.H are funded by a grant for public-
private partnerships (Amsterdam UMC PPP-grant) spon-
sored by the Dutch government through the Rijksdienst voor
Ondernemend Nederland and Topsector Life Sciences and
Health, “Picturing predictions for patients with brain tumors”.
M.T.d.S is funded by HORIZON- INFRA-2022 SERV (Grant No.
101147319) “EBRAINS 2.0: A Research Infrastructure to Advance
Neuroscience and Brain Health”, by the European Union's
Horizon 2020 research and innovation programme under the
European Research Council (ERC) Consolidator grant agreement
No. 818521 (DISCONNECTOME), the University of Bordeaux's
IdEx “Investments for the Future” program RRI “IMPACT,” and
the IHU ‘Precision & Global Vascular Brain Health Institute


https://academic.oup.com/noa

1.

Belgers et al.: Glioma resection location and depressive symptoms

— VBHI’ funded by the France 2030 initiative. F.B. is funded by
the National Institute for Health Research (NIHR) biomedical re-
search centre at UCLH.

Conflict of interest statement

The authors declare no conflicts of interest.

Authorship statement

All authors commented on previous drafts and approved the final
manuscript. Conceptualization: V.B., M.N.G.v.G., M.T.d.S., R.S.E.,
and P.C.d.W.H. Data collection: L.D. and M.K. Segmentation: A.F.,
M.C., and P.C.d.W.H. Analyses: V.B., M.N.G.v.G., and M.T.d.S. First
draft: V.B and M.N.G.v.G.. Review and editing: M.T.d.S., M.C.,
L.D., AF, EB., MK., J.M.N., R.S.E., and P.C.d.W.H. Supervision:
FB.,J.M.N.,R.S.E., and P.C.d.W.H.

Data availability

The primary patient dataset including clinical variables and MRI
scans are not publicly available due to privacy regulations.

Affiliations
Amsterdam UMC location Vrije Universiteit Amsterdam,
Neurology, Amsterdam, The Netherlands (V.B., J.M.N.);

Cancer Center Amsterdam, Brain Tumor Center, Amsterdam,
The Netherlands (V.B., M.N.G.v.G., L.D., AF, MK, J.M.N.,
R.S.E., P.C.d.W.H.); Amsterdam UMC location Vrije Universiteit
Amsterdam, Neurosurgery, Amsterdam, The Netherlands
(M.N.G.v.G., M.C., R.S.E.,P.C.d.W.H.); Brain Connectivity and
Behaviour Labratory, Sorbonne University, Paris, France
(M.T.d.S.); Groupe d'Imagerie Neurofonctionelle, Institut de
Maladies Neurodégénératives-UMR 5293, CNRS, CEA University
of Bordeaux, Bordeaux, France (M.T.d.S.); Amsterdam UMC loca-
tion Vrije Universiteit Amsterdam, Anatomy and Neurosciences,
Amsterdam, The Netherlands (L.D.); Amsterdam UMC location
Vrije Universiteit Amsterdam, Radiology and Nuclear Medicine,
Amsterdam, The Netherlands (A.F, FB.); Amsterdam UMC,
Amsterdam Neuroscience, Amsterdam, The Netherlands (F.B.);
Queen Square Institute of Neurology and Centre for Medical
Image Computing, University College London, London, UK (FB.);
Amsterdam UMC location Vrije Universiteit Amsterdam, Medical
Psychology, Amsterdam, The Netherlands (M.K.)

References

Boele FW, Klein M, Reijneveld JC, Verdonck-de Leeuw IM, Heimans JJ.
Symptom management and quality of life in glioma patients. CNS Oncol.
2014;3(1):37-47.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Weller M, van den Bent M, Preusser M, et al. EANO guidelines on the
diagnosis and treatment of diffuse gliomas of adulthood. Nat Rev Clin
Oncol. 2021;18(3):170-186.

Duffau H, Mandonnet E. The “onco-functional balance” in surgery
for diffuse low-grade glioma: Integrating the extent of resection with
quality of life. Acta Neurochir (Wien). 2013;155(6):951-957.

Shi C, Lamba N, Zheng LJ, et al. Depression and survival of glioma pa-
tients: A systematic review and meta-analysis. Clin Neurol Neurosurg.
2018;172(April):8—19.

Rooney AG, Carson A, Grant R. Depression in cerebral glioma patients:
A systematic review of observational studies. J Natl/ Cancer Inst.
2011;103(1):61-76.

Pelletier G, Verhoef MJ, Khatri N, Hagen N. Quality of life in brain tumor
patients: The relative contributions of depression, fatigue, emotional
distress, and existential issues. J Neurooncol. 2002;57(1):41-49.
Sacher M, Meixensberger J, Krupp W. Interaction of quality of life,
mood and depression of patients and their informal caregivers after sur-
gical treatment of high-grade glioma: A prospective study. J Neurooncol.
2018;140(2):367-375.

Genderen MNGV, Belgers V, Niers JM, et al. Tumor location is associ-
ated with mood dysfunction in patients with diffuse glioma. Nat Mental
Health. 2024;2(July):853-864.

Mansouri A, Boutet A, Elias G, et al. Lesion network mapping analysis
identifies potential cause of postoperative depression in a case of cingu-
late low-grade glioma. World Neurosurg. 2020;133:278-282.

Trapp NT, Bruss JE, Manzel K, et al. Large-scale lesion symptom map-
ping of depression identifies brain regions for risk and resilience. Brain.
2023;146(4):1672—1685.

Thiebaut De Schotten M, Tomaiuolo F, Aiello M, et al. Damage to white
matter pathways in subacute and chronic spatial neglect: A group study
and 2 single-case studies with complete virtual “in vivo” tractography
dissection. Cereb Cortex. 2014;24(3):691-706.

Talozzi L, Forkel SJ, Pacella V, et al. Latent disconnectome predic-
tion of long-term cognitive-behavioural symptoms in stroke. Brain.
2023;146(5):1963-1978.

Rottgering JG, Varkevisser TMCK, Gorter M, et al. Symptom networks
in glioma patients: Understanding the multidimensionality of symptoms
and quality of life. J Cancer Surviv. 2024;18(3):1032—1041.

Hann D, Winter K, Jacobsen P. Measurement of depressive symptoms
in cancer patients: Evaluation of the center for epidemiological studies
depression scale (CES-D). J Psychosom Res. 1999;46(5):437—443.
Radloff LS. The CES-D scale: A self-report depression scale for research
in the general population. App! Psychol Meas. 1977;1(3):385-401.
Bouma J, Ranchor AV, Sanderman R, van Sonderen E. Het meten van
symptomen van depressie met de CES-D: Een handleiding. Groningen:
Noordelijk Centrum voor Gezondheidsvraagstukken, Rijksuniversiteit
Groningen; 1995.

Verhage F. Intelligentie En Leeftijd Onderzoek Bij Nederlanders van
Twaalf Tot Zevenenzeventig Jaar [Intelligence and Age: Research
Study in Dutch Individuals Aged Twelve to Seventy-Seven]. Assen: Van
Gorcum/Prakke & Prakke; 1964.

Schag CC, Heinrich RL, Ganz PA. Karnofsky performance status revisited:
Reliability, validity, and guidelines. J Clin Oncol. 1984;2(3):187-193.
Louis DN, Perry A, Reifenberger G, et al. The 2016 World Health
Organization classification of tumors of the central nervous system: A
summary. Acta Neuropathol. 2016;131(6):803—820.

Helland RH, Ferles A, Pedersen A, et al. Segmentation of glioblastomas
in early post-operative multi-modal MRI with deep neural networks. Sci
Rep. 2023;13(1):18897.

Kikinis R, Pieper SD, Vosburgh KG. 3D slicer: A platform for subject-specific
image analysis, visualization, and clinical support. In: Intraoperative
Imaging and Image-Guided Therapy. New York: Springer; 2013: 277-289.




Belgers et al.: Glioma resection location and depressive symptoms

22.

23.

24,

25.

26.

21.

28.

29.

30.

31.

32.

33.

34.

Fedorov A, Beichel R, Kalpathy-Cramer J, et al. 3D slicer as an image
computing platform for the quantitative imaging network. Magn Reson
Imaging. 2012;30(9):1323-1341.

Avants BB, Epstein CL, Grossman M, Gee JC. Symmetric diffeomorphic
image registration with cross-correlation: Evaluating automated labeling of
elderly and neurodegenerative brain. Med Image Anal. 2008;12(1):26-41.
Isensee F, Schell M, Pflueger I, et al. Automated brain extraction of
multisequence MRI using artificial neural networks. Hum Brain Mapp.
2019;40(17):4952-4964.

Foulon C, Cerliani L, Kinkingnéhun S, et al. Advanced lesion symptom mapping
analyses and implementation as BCBtoolkit. GigaScience. 2018;7(3):1-17.
Thiebaut de Schotten M, Foulon C, Nachev P. Brain disconnections
link structural connectivity with function and behaviour. Nat Commun.
2020;11(1):5094.

Vu AT, Auerbach E, Lenglet C, et al. High resolution whole brain diffu-
sion imaging at 7T for the human connectome project. Neuroimage.
2015;122:318-331.

Wang R, Benner T. Diffusion toolkit: A software package for diffusion
imaging data processing and tractography. Proc Intl Soc Mag Reson
Med. 2007;15:3720.

Bates E, Wilson SM, Saygin AP, et al. Voxel-based lesion-symptom map-
ping. Nat Neurosci. 2003;6(5):448—450.

Jenkinson M, Beckmann CF, Behrens TEJ, Woolrich MW, Smith SM. FSL.
Neuroimage. 2012,62(2):782—790.

Smith SM, Jenkinson M, Woolrich MW, et al. Advances in func-
tional and structural MR image analysis and implementation as FSL.
Neuroimage. 2004;23(suppl):S208-S219.

Winkler AM, Ridgway GR, Webster MA, Smith SM, Nichols TE.
Permutation inference for the general linear model. Neuroimage.
2014;92:381-397.

Woolrich MW, Jbabdi S, Patenaude B, et al. Bayesian analysis of neuro-
imaging data in FSL. Neuroimage. 2009;45(suppl):S173-S186.

Pustina D, Avants B, Faseyitan OK, Medaglia JD, Coslett HB. Improved
accuracy of lesion to symptom mapping with multivariate sparse canon-
ical correlations. Neuropsychologia. 2018;115(July):154—166.

36.

37.

38.

39.

40.

41,

42.

43.

44,

45,

Young JS, Al-Adli N, Sibih YE, et al. Recognizing the psychological
impact of a glioma diagnosis on mental and behavioral health: A sys-
tematic review of what neurosurgeons need to know. J Neurosurg.
2023;139(1):11-19.

Hahn CA, Dunn RH, Logue PE, et al. Prospective study of neuropsychologic
testing and quality-of-life assessment of adults with primary malignant
brain tumors. Int J Radiat Oncol Biol Phys. 2003;55(4):992—999.

Gibson BC, Vakhtin A, Clark VP. Abbott CC, Quinn DK. Revisiting hemi-
spheric asymmetry in mood regulation: Implications for rTMS for major
depressive disorder. Brain Sci. 2022;12(1):112.

Hansen A, Pedersen CB, Minet LR, et al. Hemispheric tumor lo-
cation and the impact on health-related quality of life, symptom-
atology, and functional performance outcomes in patients with
glioma: An exploratory cross-sectional study. Disabil Rehabil.
2021;43(10):1443-1449.

Hack LM, Tozzi L, Zenteno S, et al. A cognitive biotype of depression and
symptoms, behavior measures, neural circuits, and differential treat-
ment outcomes: A prespecified secondary analysis of a randomized clin-
ical trial. JAMA Netw Open. 2023;6(6):62318411.

Cash RFH, Miiller VI, Fitzgerald PB, Eickhoff SB, Zalesky A. Altered brain
activity in unipolar depression unveiled using connectomics. Nat Mental
Health. 2023;1(3):174-185.

Li'Y, Jin Y, Wu D, Zhang L. A depression network caused by brain tu-
mours. Brain Struct Funct. 2022;227(8):2787-2795.

Pan C, Li G, Sun W, et al. Neural substrates of poststroke depres-
sion: Current opinions and methodology trends. Front Neurosci.
2022;16:812410.

Padmanabhan JL, Cooke D, Joutsa J, et al. A human depression circuit
derived from focal brain lesions. Bio/ Psychiatry. 2019;86(10):749-758.
Visser M, Petr J, Miiller DMJ, et al. Accurate MR image registration
to anatomical reference space for diffuse glioma. Front Neurosci.
2020;14(June):585.

Visser M, Miller DMJ, van Duijn RIM, et al. Inter-rater agreement
in glioma segmentations on longitudinal MRI. Neuroimage Clin.
2019;22(February):101727.



	Impact of resection location on depressive symptoms following glioma surgery  
	Methods
	Patients
	Depressive Symptoms as Outcome
	Patient, Tumor, and Treatment Characteristics
	Resection Locations
	Disconnectome
	Statistical Analysis
	Resection Cavity Symptom Mapping

	Results
	Patient Population
	Depressive Symptoms After Surgery
	IDH Mutation Status and Resection Side Are Associated With Change in Depressive Symptoms Following Surgery
	Resection Locations are Significantly Associated With Depressive Symptoms After Surgery
	Disconnectome Locations Are Not Significantly Associated With Depressive Symptoms After Surgery
	Preoperative CES-D Scores Do Not Differ Between Left- and Right-Sided Gliomas

	Discussion
	Strengths and Limitations

	Conclusion
	Supplementary material
	References


