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ABSTRACT

Introduction: Patients with diffuse glioma often experience neurocognitive impairment already prior
to surgery. Pertinent information on whether damage to a specific brain region due to tumor activity
results in neurocognitive impairment or not, is relevant in clinical decision-making, and at the same
time renders unique information on brain lesion location and functioning relationships. To examine the
impact of tumor location on preoperative neurocognitive functioning (NCF), we performed MRI based
lesion-symptom mapping.

Methods: Seventy-two patients (mean age 40 years) with a radiologically suspected glioma were
recruited preoperatively. For each of the six cognitive domains tested, we used tumor localization
maps and voxel-based lesion-symptom mapping analyses to identify cortical and subcortical regions
associated with NCF impairment.

Results: Compared to healthy controls, preoperative NCF was significantly impaired in all cognitive
domains. Most frequently affected were attention (30% of patients) and working memory (20% of
patients). Deficits in attention were significantly associated with regions in the left frontal and parietal
cortex, including the precentral and parietal-opercular cortex, and in left-sided subcortical fiber tracts,
including the arcuate fasciculus and corticospinal tract. Surprisingly, no regions could be related to
working memory capacity. For the other neurocognitive domains, impairments were mainly associated
with regions in the left hemisphere.

Conclusions: Prior to treatment, patients with diffuse glioma in the left hemisphere run the highest
risk to have NCF deficits. Identification of a left frontoparietal network involved in NCF not only may
optimize surgical procedures but may also be integrated in counseling and cognitive rehabilitation for

these patients.
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INTRODUCTION

While patients with gliomas often experience impairment in physical and emotional functioning,
specifically deficits in neurocognitive functioning (NCF) negatively affect daily life functioning and
health-related quality of life [1]. These deficits can be caused by the tumor and surrounding edema, by
epilepsy and anti-epileptic drugs, and by tumor treatment, including surgery, radiotherapy and
chemotherapy [1].

There is substantial evidence that the tumor itself is the major cause of neurocognitive deficits in
glioma patients. Prior to treatment, impairment in working memory [2], memory [3], executive
functioning [3, 4], and language capacity [4, 5] have been observed.

Regarding surgery, usually the first step in treatment of these patients, detailed knowledge on the
neuroanatomy-function associations is pivotal to attain an optimal balance between tumor control (e.g.
0S) by resection and functional outcome (e.g. NCF). Although available data on the involvement of
specific brain regions involved in language [5], and verbal or perceptual abilities [6] certainly are of
value, more detailed information regarding the involvement of specific cortical or subcortical brain
regions and tracts on NCF is needed. To identify those brain regions critically involved in NCF, voxel-
based lesion-symptom mapping [7] is a promising tool that is well-established in stroke [8] and
traumatic brain injury [9, 10]. However, in brain tumor patients voxel-based lesion-symptom mapping
has been applied in only a few postoperative [11, 12] and preoperative [13] studies, with a focus on
one specific neurocognitive function or specific brain regions. The use of so-called tumor localization
maps (TLMs) in order to voxel-wise link brain tumor location to NCF, can add pertinent information
to the associations known from non-tumor lesion studies, as gliomas have differences in preference
location, nature and infiltrative growth pattern compared to other, acute, lesions [13]. Voxel-by-voxel
lesion mapping has the advantage that a priori lesion location grouping is avoided [7, 14] and that
white matter structures can additionally be identified.

The aim of the present study is to better understand the impact of brain tumor locations on distinct
neurocognitive functions in glioma patients prior to surgery, by using voxel-based lesion-function

mapping.

METHODS

Patients

A retrospective observational cohort of consecutive de novo patients planned to undergo resective
surgery for suspected glioma in Amsterdam UMC, a tertiary referral center for neuro-oncological
surgery, was established. Adult patients (> 18 years) were included if they had a radiologically
suspected glioma, no prior surgery, no radiotherapy or chemotherapy, preoperative neurocognitive
assessment, and preoperative MRI including 3D FLAIR and 3D T1 gadolinium. Neuropsychological

assessment and MRI were part of routine clinical care. Exclusion criteria were history of neurological
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or severe psychiatric disorder potentially interfering with NCF, and insufficient command of the Dutch

language.

Standard protocol approvals and patient consent

Approval of the study protocol by the institutional review board of the Amsterdam UMC was not
required according to the Dutch law on Medical Research in Humans. All patients gave written
informed consent for using clinically derived data, including neuropsychological and MRI data, for

research purposes.

Neurocognitive assessment

NCF was assessed by a battery of standardized neuropsychological tests, covering the range of
neurocognitive functions known to be affected in glioma patients [6, 15]. We combined test outcomes
into six cognitive domain scores, based on previous studies and consensus in neuropsychological
practice: information processing speed, attention, working memory, verbal memory, visual memory
and executive functioning (Online Resource 1) [15, 16].

For each test, the patient’s performance was compared to published normative data of healthy controls,
corrected for age and educational level, or with performance of healthy controls from a database of the
Maastricht Aging study, The Netherlands [17]. These controls where individually matched to patients
according to age, gender, and educational level [18]. Individual patient test scores were converted into
standardized z-scores with use of mean and standard deviation (SD) of the healthy controls on that test
outcome. Domain summary measures were calculated for the patients, by dividing the total score of
the test scores contributing to the domain, by the number of test outcomes of that domain. A domain
score of >1.5 SD below the mean of controls was considered a clinically significant neurocognitive

impairment [19].

MRI scanning

All patients were scanned using a standardized neuro-oncology protocol. The protocol included a 3D
FLAIR turbo spin-echo pulse-sequence and a 3D heavily T1-weighted gradient-echo pulse-sequence
obtained after double-dose administration of intravenous gadolinium. Scans were available from
various 1.5 and 3.0T scanners (including GE Signa HDXT, Toshiba Titan, Siemens Avanto, and

Philips Ingenia). All MRI images were acquired with ~1 mm isotropic resolution.

Voxel-based lesion mapping

For tumor localization mapping, we used the methodology described elsewhere [20]. Tumor regions
were segmented in 3D on FLAIR images (smart brush tool of iPlan v3.0 software; BrainLAB AG,
Feldkirchen, Germany) in case of a suspected low-grade glioma (i.e. hyperintense signal abnormality)

and on T1 post contrast images in case of a high-grade glioma (i.e. contrast-enhancement
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abnormality). The segmented volumes were verified and adjusted in reconstruction planes by two
observers (EH and PW). The FLAIR scans were linearly registered to the T1 scans for further analysis
using the image fusion tool. Perilesional edema was excluded from the segmentations. Subsequently,
the segmented volumes were exported as binary masks registered to the T1 images. The resulting
patient-specific T1 volume was non-linearly registered to 2x2x2 mm Montreal Neurological Institute
brain template (MNI-152 space), i.e. standard brain space [21]. This registration was done in
sequential steps, with rigid, affine, B-spline regularization and symmetric diffeomorphic registration
with cross-correlation as similarity metric [22]. The registration was visually verified and repeated
when necessary. The results were preoperative TLMs of all patients grouped together, aligned to MNI
space for further analysis. The probability of tumor was calculated for each voxel that covered MNI

space, by dividing the number of patients with a glioma at that voxel by the total number of patients.

Statistical analyses

For a detailed description of the statistical analysis of the TLMs we refer to our previous publication
[20]. In short, to identify brain regions associated with cognitive impairment, for each neurocognitive
domain we compared TLMs of patients with and without neurocognitive impairment in the presence
of a glioma at a specific voxel using a voxel-wise randomization test. We restricted the analyses to
brain regions affected by tumor in at least three patients. As test statistic per voxel, the fraction of
patients with a tumor region among those with an impairment was divided by the fraction of patients
with a tumor region among those without, providing a ‘relative risk’. A higher test statistic
corresponded to a higher rate of tumor location regions among patients with an impairment than
among those without.

To evaluate the probability of the test statistics, we used a randomization test. The spatial dependency
of the data was addressed by estimating the empirical null-distribution of relative risks for each voxel
based on a permutation with relabeling of patients to one of the two cohorts. A subset of 4,000
randomizations was randomly drawn without replacement to provide a reasonable estimate, as has
been applied to analyze functional neuroimaging [23-25]. The adjusted one-sided p-value per voxel
was calculated by counting the number of equal or more extreme test statistics in the randomized null
distribution, and dividing by the number of randomizations. Multiple hypothesis testing was controlled
for type | error using the false discovery rate, expressed as g-value for each voxel. These g-values are
the proportion of voxels with false differential probability of a glioma among all voxels declared
differentially infiltrated, when the p-value of a voxel is called significant. To obtain the g-value for a
voxel, we divided the estimated number of false discoveries by the number of voxels declared
significant. The estimated number of false discoveries given a specific adjusted p-value threshold was
determined from the empirical null-distribution of 4,000 randomizations per voxel. The number of
voxels declared significant was determined from the distribution of observed p-values [23, 25]. This

resulted in p- and g-value maps of differentially infiltrated brain regions that were superimposed on
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MNI-152 space for visual inspection. Because of the exploratory nature of our study, we considered
g< 0.4 as informative, and g<0.2 as significant. The correlation between the number of tumor voxels
and the neurocognitive domain score (impaired versus not impaired) was analyzed using a non-
parametric Spearman test. For further interpretation of the brain locations, we aligned our results with
standard cortical [26] and white matter anatomy [27]. Statistical procedures were customized in R,
v3.3 [28].

Language functioning as reference measure

To ensure the validity of our map comparisons, as the use of TLMs is a relatively new approach in
glioma patients, we used language functioning as a reference measure. A map calculating the
association between preoperative tumor location and language impairment was added. Language
function was tested during preoperative neurological examination and was characterized mainly by

naming and (subjective) word finding problems.

RESULTS

Sociodemographic and clinical data

Seventy-two patients were included (table 1). Excluded were ten cases: three patients with incomplete
neuropsychological assessment, two patients with a history of previous surgery, one patient with both
previous surgery and radiotherapy, two patients with a cavernous malformation, one patient with an
epidermoid and one patient with a hypothalamus hamartoma. The majority (60%) of patients, with a
mean age of 40 years, was diagnosed with a glioma WHO grade 1. Forty-one tumors were located in
the left, and 31 in the right hemisphere. Epilepsy was the most frequently presenting symptom (62%),
in 10% of cases in combination with neurocognitive impairment. Tumors were predominantly located
in frontal, temporal and insular brain regions (Figure 1). In two patients with right sided tumor and left
handedness, additional fMRI revealed right hemispheric dominance for language functions. In two left
handed patients with tumor in the left hemisphere, fMRI showed right hemisphere dominance for
language. For all other patients, left hemisphere was language dominant. The mean interval between

preoperative MRI and neurocognitive assessment was 0.4 weeks (SD * 9.2 weeks).

Neurocognitive outcome
Attention and working memory capacity were the most frequently affected domains, in 30% and 20%
of patients respectively. Fewer patients experienced impaired visual memory (14%), verbal memory

(13%), information processing speed (11%), and executive functioning (8%) (Figure 2).

Brain regions associated with neurocognitive functions

Reference measure: language functioning
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Only regions in the left hemisphere were found to be significantly associated with language
functioning, including the frontal operculum, supra-marginal gyrus, arcuate fasciculus, superior- and
middle frontal gyrus, superior temporal gyrus, and insular cortex (Online Resource 2). As the
significant language regions and tracts in our sample are in accordance with earlier studies on naming
and word retrieval processing in the brain [29, 30], tumor location mapping can be considered a valid
method to link NCF to brain regions.

Neurocognitive functions

Attentional performance was significantly associated with regions of the left frontal and parietal cortex
(Figure 3a; Online Resource 3), including precentral and postcentral gyrus, central and parietal
operculum (Figure 4). Moreover, significant regions were observed in the insular cortex, Heschl’s
gyrus and the planum temporale, and in white matter tracts (arcuate fasciculus and corticospinal tract).
In the right hemisphere, only a focal area of voxels in the parahippocampal gyrus exceeded the critical
g-value.

For working memory, no significant clusters were identified (Figure 3b; Online Resource 4). P-values
indicate bilateral parietal and frontal regions, predominantly in left hemisphere, possibly involved in
working memory performance, but these were not identified in our g-value maps.

Visual memory, verbal memory, information processing speed and executive functioning were also
analyzed for associated brain regions, although these were involved in fewer patients. Overall, for
these four domains, regions in left white matter structures, including arcuate fasciculus, corticospinal
tract, and corpus callosum, and in left frontal and parietal cortex, including pre- and postcentral gyrus,
were found to be significantly associated with performance (Figure 4; Online Resource 5-8). In
addition, visual and verbal memory impairments were associated with regions in the left cingulum, left
posterior cingulate gyrus and precuneus. For verbal memory and information processing speed, the
hippocampus showed significant voxels. Many other regions were identified to be significantly
associated with executive functioning, most importantly the inferior fasciculus and superior parietal
lobe. Right-sided regions, including temporal pole, fusiform cortex and basal ganglia, were only

associated with verbal memory.

DISCUSSION

We aimed to better understand the association between tumor location and distinct neurocognitive
functions in glioma patients prior to surgery. Attention and working memory were the most affected
domains. Using voxel-based lesion mapping we observed brain structures associated with attention
impairments to be localized in the left frontal and parietal cortex and left-sided white matter tracts.
The neural basis for attentional functioning has been extensively studied. One of the most influential
models is the three attentional networks model (alerting, orienting and executive control) [31, 32],

which involves an extensive anatomical distribution including frontal and parietal regions with
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interconnecting pathways, the anterior cingulate cortex and dorsolateral prefrontal cortex, and the
thalamus with connections to the superior parietal lobe, temporo-parietal junction, the superior
temporal lobe, and the frontal eye fields [31, 33, 34]. Our results comply to some extent with this
anatomical attentional network, i.e. we found significant regions in prefrontal and parietal areas.
However, we could not replicate the involvement of the anterior cingulate cortex in executive control
[34, 35], nor did we observe regions associated with the orienting and alerting networks of attention
[31, 35]. This could be due to an underrepresentation of gliomas in these regions or by the use of other
attentional tasks than the ones used in Posner’s model [34] that thus might have provoked activation in
different brain regions. Contrasting with earlier studies, apart from the parahippocampal gyrus, we did
not identify regions associated with aspects of attention in the right hemisphere [31, 36], including the
inferior frontal gyrus and medial temporal cortex found in stroke patients [37] and the caudal anterior
cingulate in traumatic brain injury patients [54]. Nor did we observe bilateral activation in the
thalamus [35, 38] and basal ganglia [38]. Perhaps we did not find associated regions in the right
hemisphere because our testing protocol consisted of tasks requiring a verbal response, and did not
assess spatial attention.

Surprisingly, we also observed sections of the white matter tracts, especially the arcuate fasciculus and
the corticospinal tract, to be involved in attentional functioning. The corticospinal tract is mainly
involved in motor function, which was not required in the applied tasks. The arcuate fasciculus is
known for its role in language processing [30], but scarce data also suggest a role in attentional
processes and executive functioning, for example in patients with attention deficit hyperactivity
disorder, using diffusion spectrum imaging tractography [39]. As the involvement of the arcuate
fasciculus was also found for memory, speed and executive functioning, and most tasks were
presented verbally and/or required a verbal response, glioma infiltrating in the arcuate fasciculus could
have a subtle impact on neurocognitive performance.

No specific regions were identified to be associated with working memory, perhaps due to low
statistical power. In the literature, many different structures within the prefrontal-parietal network have
been associated with working memory performance in healthy and brain injured patients, partly
depending on the type of working memory task. For example, impairments in complex span tasks
were associated with lesions in the left inferior frontal gyrus [40]. Other relevant regions, found in
fMRI studies, include the bilateral posterior parietal cortex [41, 42] premotor areas and posterior
cingulate [41], insular cortex and middle temporal gyrus, the inferior longitudinal and fronto-occipital
fasciculi, uncinate, and corpus callosum [42].

Our study evidently has some limitations. First, including low-grade glioma might have complicated
the analysis, as these tumors do not show contrast enhancement on MRI and hence tumor boundaries
are more difficult to identify. Also the behavior and biology of low- and high-grade glioma might
affect the infiltration in brain tissue in a variable way [43], complicating lesion mapping and therefore,

according to some authors, makes this method not applicable in glioma patients [44]. However, the
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tumor maps were also based on FLAIR images, and in accordance with others [13, 45] we are
convinced that voxel-based lesion mapping is applicable in gliomas. Second, differences in the
concept of brain plasticity might hamper interpretation of our results. For example, the higher growth
rate associated with isocitrate dehydrogenase 1 wild type (IDH1-WT) tumors compared to IDH1-
mutant tumors, might result in less efficient brain networks and less time for brain plasticity to
compensate for functional loss [46]. Also, functional compensation might be better for cognitive
functions that are represented in more widespread brain networks, such as language [47], than for
more basic functions such as spatial attention [13], although results in literature are partially
contradictory [48]. As a result, we might have missed brain regions involved in specific
neurocognitive functions seen in acute lesions. However, this does not negate that the regions we
found to be associated with NCF are still of relevance. Third, due to unevenly distributed glioma over
cortical and subcortical areas, not all regions could be included in our analysis. Therefore, perhaps not
all brain structures relevant for the tested neurocognitive functions could be identified. Fourth, the
interval between cognitive assessment and MRI scanning varied. In patients with a relatively long
interval, the location, size and infiltration pattern of glioma tissue, as observed on MRI, could have
been different from the glioma at time of the neurocognitive assessment. However, especially high-
grade gliomas show rapid change and these patients were scanned within a relatively short interval.
Fifth, we did not calculate Jaccard/Dice overlap scores between the two observers (EH and PW). The
interrater agreement for tumor segmentation before surgery in general is known to be non-trivial [49].
Sixth, neuropsychological assessment was more routinely performed in WHO grade Il glioma patients,
who are typically young adults with an anticipated survival of many years. Cognitive performance is
important for social and professional functioning during these years. For patients with WHO grade 1V
glioma, who still have a relatively short survival, extensive neuropsychological assessment was less
well possible due to physical status or the necessity of planning the surgery at short notice. For this
reason, high-grade glioma patients are underrepresented in our study cohort.

Finally, because of the explorative nature of our study design, we did not examine the influence of
epilepsy, use of anti-epileptic drugs, emotional changes, depression, anxiety and fatigue on NCF,
while these factors are relevant in glioma patients and have an impact on cognition [50, 51, 52, 53].
Our study has several implications. First, our finding regarding the involvement of the corticospinal
tract in attention adds some information to the field of neuroscience. This observation should be
confirmed in larger series. Second, as preoperative neurocognitive impairment in glioma patients is
common, and mainly associated with disruption of the left frontoparietal network, assessment of
attention and working memory prior to surgery, and informing patients regarding these impairments,
should be incorporated in clinical care. Third, during awake surgical procedures resective surgery can
be optimized by intraoperative monitoring of attentional function. However, rigorous paradigms to test

these functions are yet to be developed. Finally, with information regarding preoperative

10
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neurocognitive impairment, cognitive rehabilitation can be applied in an early stage and tailored to the

individual patient.
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Table 1. Sociodemographic and clinical characteristics of the patient cohort

No. of patients (n=72)
Agel; mean + SD 39.8+12.3
Sex No. (%)

Male 45 (63%)
Educational level?; mean + SD 45+19
Glioma WHO grade

I 7 (10%)

Il 43 (60%)

11 12 (16%)

\Y 10 (14%)
Tumor location; left No. (%) 41 (57%)
Presenting symptom(s) No. (%)

Epilepsy 45 (62%)

Epilepsy and neurocognitive impairment 7 (10%)

Epilepsy and neurological impairment 5 (7%)

Neurocognitive deficits 4 (6%)

Neurological impairment 5 (7%)

Headache 1(1%)

None 5 (7%)

Use of AEDs No. (%) 48 (67%)
Use of corticosteroids No. (%) 6 (8%)
Interval between neuropsychological examination
and preoperative MRI4;
- mean = SD / median 04+£9.2/0
- range 0-35.6

! Years; 2 Code 1-8, ranging from lower general education to university education[18]; ® Larges diameter in mm on MRI T1 with contrast for
grade 111-1V, and on MRI FLAIR for grade I and II; * Weeks; AEDs: anti-epileptic drugs
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Tables and figures

Table 1. Sociodemographic and clinical characteristics of the patient cohort

! Years; 2 Code 1-8, ranging from lower general education to university education(18); ® Larges diameter in mm on MRI T1 with contrast for
grade 111-1V, and on MRI FLAIR for grade I and II; * Weeks

Fig. 1 Glioma locations within the brain
Transversal sections are shown superimposed on standard brain space (MNI). The legend refers to the number of

patients with glioma tissue at a voxel, with lighter yellow indicating a higher number of patients.

Fig. 2 Distribution of neurocognitive functioning scores per domain (n=72)
Each bar represents one patient, with darker colors indicating scores below 1.5 SD of healthy controls
(horizontal dotted line at -1.5 SD).

Fig. 3 Tumor localization map for the attention and working memory domains

Fig. 3a TLM of (A) patients with a tumor at that voxel without an attention deficit, and of (B) patients with a
tumor and an attention deficit. Lighter yellow indicates higher percentages. (C) Relative risk map of tumor
probability, i.e. the odds ratio at each voxel between tumor probabilities (A) and (B), with darker green
indicating more deficits in presence of a tumor. The observed relative differences were voxel-wise tested for
significance, resulting in an adjusted p-value map (D), taking spatial dependence into account. Lighter yellow
indicates lower p-values. The corrected g-value map to address multiple testing (E), displayed as the log odds
ratios for the voxels with g-values below 0.4 presented in red and g-values below 0.2 in yellow. Voxel clusters
with g<0.4 were considered significant.

Fig. 3b Tumor localization map for the working memory domain

For a detailed legend, see figure 3a.

Fig. 4 Heat map with the association between anatomical brain structures and neurocognitive domains

The neurocognitive domains are shown in columns, grouped per hemisphere and the midline. Anatomical
structures are displayed in rows, grouped per cortical region, subcortical white matter structure and subcortical
nucleus. Horizontal orientation shows the percentage of significant voxels (with g<0.4) per domain of the total
number of significant voxels per anatomical structure, with darker shades of green indicating a stronger

association.
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Electronic Supplementary Material

Online recourse 1: Table 1 Cognitive domains and tests

* higher score means better performance; # higher score means worse performance

Online resource 2: Video 1 Axial sections of tumor-infiltrated brain regions associated with language
dysfunction.

The results identify established language regions. Results are superimposed on MNI standard brain template: (1)
tumor map of 46 patients without language dysfunction, (2) tumor map of 13 patients with language dysfunction,
(3) relative risk map of tumor location with and without language dysfunction, (4) p-value map of randomization
tests, (5) g-value map of false discovery rate. The numbers indicate MNI z-values.

Online resource 3: Video 2 Axial sections of tumor regions associated with attention impairment.

Results are superimposed on MNI standard brain template: (1) lesion map of regions of 49 patients without
impairment, (2) lesion map of 22 patients with attention impairment, (3) relative risk map of regions with and
without attention impairment, (4) p-value map of randomization tests, (5) g-value map of false discovery rate.
The numbers indicate MNI z-values.

Online resource 4: Video 3 Axial sections of tumor regions associated with working memory impairment.
Results are superimposed on MNI standard brain template: (1) lesion map of regions of 57 patients without
impairment, (2) lesion map of 14 patients with working memory impairment, (3) relative risk map of regions
with and without working memory impairment, (4) p-value map of randomization tests, (5) g-value map of false
discovery rate. The numbers indicate MNI z-values.

Online resource 5: Video 4 Axial sections of tumor regions associated with visual memory impairment.
Results are superimposed on MNI standard brain template: (1) lesion map of regions of 60 patients without
impairment, (2) lesion map of 10 patients with visual memory impairment, (3) relative risk map of regions with
and without visual memory impairment, (4) p-value map of randomization tests, (5) g-value map of false
discovery rate. The numbers indicate MNI z-values.

Online resource 6: Video 5 Axial sections of tumor regions associated with verbal memory impairment.
Results are superimposed on MNI standard brain template: (1) lesion map of regions of 62 patients without
impairment, (2) lesion map of 9 patients with verbal memory impairment, (3) relative risk map of regions with
and without verbal memory impairment, (4) p-value map of randomization tests, (5) g-value map of false
discovery rate. The numbers indicate MNI z-values.

Online resource 7: Video 6 Axial sections of tumor regions associated with information processing speed
impairment.

Results are superimposed on MNI standard brain template: (1) lesion map of regions of 63 patients without
impairment, (2) lesion map of 8 patients with information processing speed impairment, (3) relative risk map of
regions with and without information processing speed impairment, (4) p-value map of randomization tests, (5)
g-value map of false discovery rate. The numbers indicate MNI z-values.

Online resource 8: Video 7 Axial sections of tumor regions associated with impairment in executive
functioning.

Results are superimposed on MNI standard brain template: (1) lesion map of regions of 65 patients without

impairment, (2) lesion map of 6 patients with executive functioning impairment, (3) relative risk map of regions

19



Habets et al. 20

with and impairment in executive functioning, (4) p-value map of randomization tests, (5) q-value map of false

discovery rate. The numbers indicate MNI z-values.
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