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Abstract

Despite network studies of the human brain have brought consistent evidence of brain regions
with diverse functional roles, the neuropsychological approach has mainly focused on the
functional specialization of individual brain regions. Relatively few neuropsychological studies
try to understand whether the severity of cognitive impairment across multiple cognitive
abilities can be related to focal brain injuries. Here we approached this issue by applying a
latent variable modeling of the severity of cognitive impairment in brain tumor patients,
followed by multivariate lesion-symptom methods identifying brain regions critically involved
in multiple cognitive abilities. We observed that lesions in confined left lateral prefrontal areas
including the inferior frontal junction produced the most severe cognitive deficits, above and
beyond tumor histology. Our findings support the recently suggested integrated albeit modular
view of brain functional organization, according to which specific brain regions are highly
involved across different sub-networks and subserve a vast range of cognitive abilities.
Defining such brain regions is relevant not only theoretically but also clinically, since it may

facilitate tailored tumor resections and improve cognitive surgical outcomes.
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1. Introduction

The valuable information derived from neuropsychological studies resides in uncovering the
critical role of damaged brain regions for the tested ability. One of the main assumptions is that
the ability being tested relates to a defined cognitive process, which is supported by a specific
brain region. However, rarely there is a clear one-to-one relationship between damage and
deficit, which is even more evident from a clinical aspect. More often focal lesions give rise to
multiple deficits, and sometimes even extensive lesions can result in transient or mild
symptoms. Recently, with the advance of large-scale network studies in patients with focal
brain injuries it has been observed that lesions in hub locations, which mediate the interactions
among other regions (Warren et al., 2014; Zhu et al., 2016), or subcortical white matter regions,
in which many fiber tracts converge (Corbetta et al., 2015), produce deficits across several
cognitive domains, with respect to cortical/subcortical minor nodes with a more peripheral
network position. In line with these recent findings, we explored whether the severity of post-
surgical cognitive impairment in brain tumor patients can be related to lesions in specific or
broad brain regions. To obtain a cognitive functioning measure not related to selective
processing impairments (e.g., language, visuo-spatial attention), but capturing the severity of
symptoms across multiple cognitive abilities, we applied a latent variable analysis to a number
of measures obtained from standardized neuropsychological tests. The selection of
neuropsychological tests was based mainly on their low complexity and reliance on different

low-level processes. This is a fundamental requirement for the extraction of a latent variable
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capturing only common variance across multiple measures and thus mostly unaffected by low-
level impairments (Friedman & Miyake, 2017). The impact of brain damage on this broad
cognitive functioning measure was examined by means of lesion-symptom mapping analysis.
We employed a recently developed multivariate approach based on machine learning
algorithms (Zhang, Kimberg, Coslett, Schwartz, & Wang, 2014) which allows to assess the
interaction between lesions across multiple brain regions, therefore being better suited to detect
critical regions supporting multiple cognitive abilities with respect to univariate approaches
which assess the lesion-symptom association at each voxel separately (Yourganov, Fridriksson,
Rorden, Gleichgerrcht, & Bonilha, 2016; Zhang et al., 2014). Furthermore, we were interested
in determining if damage to specific cortical/subcortical hub regions (van den Heuvel & Sporns,
2011, 2013) or to broad functionally general regions (Fedorenko, Duncan, & Kanwisher, 2013)
lead to more severe post-surgical cognitive impairments. To this end we examined the
correspondence between the location of critical areas obtained from the lesion-behavior
correlation, and the location of hub brain regions highly connected to each other (i.e., “rich
club” organization, van den Heuvel & Sporns, 2011), and brain regions implementing broad
general functions.

The clinical population of interest were patients with brain tumors (gliomas, either high or
low grade, meningiomas, or metastasis). As compared to stroke, which has a predominantly
subcortical distribution at the population level (Corbetta et al., 2015), brain tumors more
frequently involve also cortical regions. Furthermore, brain tumors allow for a longitudinal
assessment, before and after surgery, which controls for inter-individual baseline differences in
cognitive abilities or reserve (e.g., Vallesi et al., 2007). Based on previous studies (Campanella,

Fabbro, Tus, Shallice, & Skrap, 2015; Desmurget, Bonnetblanc, & Duffau, 2006; Talacchi,
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Santini, Savazzi, & Gerosa, 2011), we predicted that patients with low-grade tumors will
present with more prominent post-surgical cognitive decline as compared to other tumor types.
This cognitive outcome is mainly explained by the slow-growing infiltrative nature of low-
grade tumors, that allows functional activity within the tumor mass (Schiffbauer, Ferrari,
Rowley, Berger, & Roberts, 2001). Regarding other tumor types, in high-grade tumors we
expected to observe decreased cognitive functioning both before and after surgery (Campanella
et al., 2015; Habets et al., 2014; but see Talacchi et al., 2011), while for meningiomas and
metastatic tumors there is contrasting evidence in the literature regarding the impact of tumor
and surgery on cognitive functioning (Campanella et al., 2015; Gerstenecker et al., 2014;
Hendrix et al., 2017; Tucha et al., 2003; van Nieuwenhuizen et al., 2007), and including them

allowed us to assess this impact and compare them to other tumor types.

2. Materials and methods

2.1. Participants

Patients with age ranging from 18 to 85 years and undergoing a brain tumor operation at the
local university hospital were recruited on a voluntary basis to participate in the study.
Recurring brain lesions and previous neurological and psychiatric disorders were considered as
a priori exclusion criteria. Seventy-nine patients were tested on a neuropsychological battery
both before and after surgery. Twenty-five patients were excluded a posteriori mainly due to
acute post-surgical difficulties (e.g., motor and language impairments) or to logistical issues.
According to the histopathological exam of the lesion, from the remaining 54 patients (19

female; mean age = 53.3, SD = 15.2), there were 24 patients with high-grade glioma (HGG), 9
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with low-grade glioma (LGG), 14 with meningioma (MEN) and 7 with metastases (META).
According to the location of the tumor center of mass and the area with the highest number of
damaged voxels, 15 patients had left prefrontal lesions, 14 had right prefrontal lesions and 25
had non-prefrontal lesions (15 left and 10 right laterilized). A lesion overlap map obtained from
structural MRI (n = 50) or CT (n = 4) scans is shown in Figure 1.

In order to control for learning effects and to examine the pre-operative effects of the tumor,
49 well-matched healthy control participants were tested with the same procedure twice, on
average after 8.1 days (SD = 3.2) from the first session. Difference in days between the two
sessions was comparable across tumor type patient groups and controls (p = .1). Gender, age
and education were comparable in tumor type and control groupings (all ps > .05). All but three
participants were right-handed (two from the patient group and one from the control group), as
assessed by the Edinburgh Handedness Inventory (Oldfield, 1971). Demographic and

aetiological data are reported in Supplementary Table S1.

Figure 1. Lesion overlap map. The color bar indicates the number of patients whose lesions overlap on
one voxel. The values above the slices indicate the z coordinates in the Montreal Neurological Institute
space. In this figure, left is left.



Cognitive impairment and left frontal lesions 7

2.2. Neuropsychological assessment

All patients were tested on average 4 days before (SD =7.1) and 5.6 days after (SD = 2.2) the
operation (respectively, pre- and post-operative sessions) and, besides the neuropsychological
tests, they completed other computerized tasks reported elsewhere (Arbula et al., 2017). The
neuropsychological assessment included the Mini Mental State Exam (MMSE; Measso et al.,
1993) and the Italian version of the National Adult Reading Test — TIB (Sartori, Colombo,
Vallar, Rusconi, & Pinarello, 1997), which provided measures of general cognitive functioning
and intellectual ability. We also assessed verbal and spatial short-term memory (Digit Span -
Mondini, Mapelli, Vestri, Arcara, & Bisiacchi, 2011; Corsi - Spinnler & Tognoni, 1987), visuo-
spatial abilities (Trail making test - A) and phonemic fluency (letters: C, P, S; Mondini et al.,
2011). The latter four neuropsychological tests were selected because of their low complexity
and their reliance on distinct lower-level processes. Data from each patient and the references
for each test are reported in Supplementary Table S1. Additionally, a brief denomination and
comprehension test (Rodolfi, Gasparini, & Ghidoni, 2011) was included in the assessment in
order to exclude patients with language deficits that could invalidate results from other tests.
All participants gave their written informed consent before the testing sessions. The study was
approved by the local bioethical committee and was conducted according to the guidelines of

the Declaration of Helsinki.

2.3. Data preparation and statistical analysis

Neuropsychological data from both patient and control groups were corrected for age, sex
and/or education based on the normative sample data provided in the above referenced test

manuals. Due to technical issues, some of the participants did not perform all tests and the
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following imputation procedure was performed to fill the missing data (3.64%). First we
performed a multiple regression analysis on all tests but separately for each session, and
excluded outlier data that had absolute standardized residuals higher than 2.5. Then we filled
missing data with values predicted from a secondary multiple regression analysis, which did
not consider outliers'. All patients’ and controls’ test scores were z-transformed with respect to
the mean and standard deviation of the entire sample, to have the same relative scale before
proceeding to the statistical analysis.

A principal component analysis (PCA) was performed on the data to obtain fewer measures
(i.e., factors) that explain as much common variance between the tests’ scores as possible,
across all participants. In order to assess the impact of surgery, a PCA was first carried out on
neuropsychological scores from the first (pre-operative) session. The loadings from this factor
solution were then used to compute the factor scores from the second (post-operative) session?.
These pre- and post-operative factor scores where thus compared between different groups of
patients based on tumor type and controls by means of mixed-design ANOVAs with Surgery

(pre- vs. post-surgery) as a within-subject factor.

! Additional analyses revealed that the imputation procedure we used did not bias our subsequent PCA analysis.
We indeed performed a PCA on the pre-operative data using the alternating least squares algorithm as
implemented in Matlab, a procedure that is able to effectively handle missing data. The resulting factor scores
were highly correlated to the ones obtained in our principal analysis (z = 103; » > .99, p > .99; both ps < 10"1%).
We also performed additional PCA analyses with both pair-wise and case-wise deletion of missing data. Again,
the resulting factor scores were virtually identical to those obtained in our principal analysis (in both cases, n =
89; r>.99, p>.99; ps < 10715),

2 A secondary PCA was conducted only on post-operative measures and control analyses were performed on the
resulting scores. All reported results remained unchanged.
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2.4. Multivariate lesion-symptom mapping analysis

Structural gadolinium-enhanced T1-weighted and FLAIR MR images were all acquired as
part of the preoperative protocol for 44 out of 54 patients, and were used concurrently to
identify the areas affected by the tumor mass. For the remaining patients, 6 had only one of
these two types of MRI scans available, and 4 had only CT images available. Tumor lesions
were manually drawn on pre-operative structural MRI or CT axial slices with MRIcroN
(Rorden & Brett, 2000). Both images and lesions were normalized to an age-appropriate
template brain using the Clinical Toolbox (Rorden, Bonilha, Fridriksson, Bender, & Karnath,
2012) for SPM12 (Statistical Parametric Mapping; http://www.fil.ion.ucl.ac.uk/spm) with
enantiomorphic normalization (Nachev, Coulthard, Jager, Kennard, & Husain, 2008). This
lesion reconstruction procedure was conducted on pre-operative scans, since in the post-
operative scans the lesion boundaries are often displaced by the neighboring tissue.

In order to pinpoint more circumscribed lesion locations that might be causing more severe
cognitive impairments, a multivariate lesion-symptom mapping (MLSM) analysis was
performed with the post-operative factor scores as the dependent variable. Pre-operative factor
scores were not included because of the histopathology-related dissimilarities in cognitive
deficits observed in the pre-operative session, while in the post-operative session there were no
differences in the performance between different tumor types (see Results). The relationship
between lesions and post-surgical impairments was modeled using the support vector
regression lesion-symptom mapping toolbox (SVR-LSM; Zhang et al., 2014) with linear
kernel. The kernel C parameter was evaluated across the range from C = 10 to C = 10° by
measuring both the prediction accuracy of the behavioral scores and the reproducibility of the

SVR-LSM. Following Zhang et al. (2014), the model prediction accuracy was determined by
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calculating the mean Pearson’s correlation coefficient between predicted and actual scores
obtained from 40 iterations of a 5-fold cross-validation procedure. Specifically, for each C, the
model was trained on lesion data and behavioral scores from 4/5 of all patients and was used
to estimate the behavioral score from the left-out 1/5 of patients. To evaluate the reproducibility
of the SVR-LSM, the analysis was performed on 10 different subsets of 43 randomly selected
patients. The reproducibility index for each C was calculated as the mean Pearson’s correlation
coefficient between any two pairs of SVR-LSM B-maps from different subsets, across 40
iterations. The C parameter was selected to have both prediction accuracy and reproducibility
as high as possible (see Supplementary materials for parameter evaluation results). Once
optimally trained, the resulting B-map, representing the predictive weight of each voxel, was
compared to a probabilistic f-map obtained by permuting 2000 times the behavioral scores,
with a false-discovery rate (FDR) of p < 0.005 and cluster size > 50 thresholds. Lesion volume
effects were controlled for with the direct total lesion volume control (dTLVC) option, as
implemented in the SVR-LSM toolbox. A supplementary analysis with lesion size regression
instead of dTLVC was also performed, as suggested by a recent comparison of these two
methods showing the latter to be more lenient (DeMarco & Turkeltaub, 2018). In order to
minimize possible outlier effects, only voxels damaged in three or more patients were included
in the analysis (Fig. 1). To assess a possible left-lateralization bias driven by the verbal nature
of the three measures that we employed in the main PCA (i.e., Digit span, Phonemic fluency
and TIB) we performed an additional MLSM analysis on the factor scores obtained from a
different PCA carried out on the scores from the three tasks not relying exclusively on verbal
abilities (i.e., TMT-A, Corsi and MMSE). For this purpose, the MMSE scores were recalculated

by removing the items assessing language skills (i.e., naming, repetition, 3-stage command,
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reading and writing) and proportionally recalculating the scores without these items. We also
performed additional MLSM control analyses on each single test measure from the post-
operative session.

To examine the hypothesized correspondence between the location of critical areas and the
location of functionally general and cortical hub regions, the resulting critical areas were
overlaid onto two different atlases, one showing brain regions engaged across a wide range of
cognitive tasks (obtained from http://imaging.mrc-cbu.cam.ac.uk/imaging/MDsystem) and the
other showing brain regions with dense connections exhibiting the rich club organization
(obtained from the Human Connectome Project (HCP) data;
http://www.humanconnectome.org/). See Supplementary Material for a more detailed

description.

3. Results

3.1. Factor scores

The PCA on pre-operative scores yielded two factors with an eigenvalue > 1 (2.41 and 1.09).
The optimal number of factors to be extracted was determined by carrying out a permutation-
based parallel analysis (Horn, 1965) and the Velicer’s minimum average partial correlation test
(Velicer, Eaton, & Fava, 2000). Both procedures indicated that only one factor had to be
retained, which accounted for 40.1% of variance in participants’ performance. The factor
loadings for each test are given in Table 1. The retention of one factor was motivated also by
its methodological and theoretical significance, since our main aim was not to study specific
processes or functions, but instead to have a single measure that captures the severity of

cognitive impairment before and after brain surgery. An additional multivariate control analysis
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was performed to further substantiate our choice of using a single principal component to
investigate the impact of surgery on the severity of cognitive impairment across different tumor
types (see Supplementary Material for more details).

The analysis of pre- and post-operative factor scores between different tumor types revealed
a main effect of tumor type [F(4, 98) = 20.78, p <.001, #% = .46] and critically, an interaction
between tumor type and surgery [F(4, 98) = 3.61, p = .009, »*, = .13] (Fig. 2). Post-hoc test
showed that in the pre-operative session all patients, apart the LGG group, performed
significantly worse than controls (all ps < .01) and that there was a significant difference in
performance between LGG and HGG patients (p <.01). However, in the post-operative session,
the four groups of patients did not differ between each other (all ps > .05) and they were all
significantly different from the controls (all ps < .01). Moreover, only LGG patients had a
significant decrease in cognitive performance after surgery (p < .001), while in all the other
groups the post-operative performance did not change with respect to pre-operative one (all ps
> .27). Finally, the impact of surgery (i.e., the pre — post-operative change in performance) in
the LGG patients was significantly different when compared to all the other patient and control
groups (all ps <.012; Fig. 2).

Table 1. Factor loadings for each test

Test Factor loadings
Digit span 0.6821
TMT-A 0.5748
Phonemic fluency 0.7301
Corsi 0.5503

MMSE 0.5807
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TIB 0.6627

Variance explained 40.13%

TMT-A = Trail Making Test A; MMSE = Mini Mental State Exame;
TIB = Test d’Intelligenza Breve — Italian version of the National Adult

Reading Test.
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Figure 2. Factor scores on pre- and post-surgical sessions across different tumor types.

3.2. Multivariate Lesion-Symptom Mapping (MLSM)

The 5-fold cross-validation procedure yielded a significant correlation between the post-

operative factor scores and those predicted by the linear SVR model (r* = .24, p <.001). The

MLSM analysis showed a significant association between the post-surgical cognitive

impairment and lesions localized to the left inferior frontal junction (peak permutation-based p

< .001; MNI coordinates: -45, 9, 27) and the left posterior middle frontal gyrus (peak

permutation-based p = .0025; MNI coordinates: -43, 18, 38) (Fig. 3). The former region also
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partially overlapped with one of the brain regions belonging to the rich club (Supplementary
Material Fig. S3; van den Heuvel & Sporns, 2011) and to the Multiple Demand System
(Supplementary Material Fig. S4; Fedorenko et al., 2013), namely the opercular part of the
inferior frontal gyrus. The supplemental analysis with lesion size regressed out of post-
operative factor confirmed the above reported results (see Supplementary Material Fig. S5).
The control analysis on factor scores obtained from “non-verbal” task measures confirmed the
above reported findings: lesions localized to the left inferior frontal junction (peak permutation-
based p < .001; MNI coordinates: -45, 4, 19) were also predictive of the “non-verbal” factor
scores (r?=.1, p = .02; Fig. S6). In the control analyses on single test measures, only the post-
operative MMSE scores were significantly predicted by the SVR model (r*= .14, p = .005; Fig.
S7). The significant cluster was localized in the left inferior frontal junction and underlying
white matter (peak permutation-based p = .0025; MNI coordinates: -37, 8, 30). Finally, out of
9 LGG patients included in the study, only one had a lesion that included the two regions

associated with more severe cognitive impairment.

<0.005 <0.0025 <0.0005

Figure 3. Areas significantly associated with more severe post-surgical cognitive impairment. Color
bar indicates permutation-based p-values. The values above the slices indicate the z coordinates in the
Montreal Neurological Institute space. In this figure, left is left.
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4., Discussion

In the present study, we investigated whether the severity of post-surgical cognitive
impairment in brain tumor patients can be related to damage in specific brain regions, in order
to determine which confined or broad brain regions might be critically involved in multiple
cognitive abilities. Results from the multivariate lesion-symptom mapping analysis showed that
the severity of cognitive impairment, as measured by the latent variable obtained from distinct
cognitive test scores, was associated with lesions involving the left inferior frontal junction
(IFJ) and the underlying white matter, and the left posterior middle frontal gyrus (pMFG). In
line with this finding, lower scores on the MMSE, assessing general cognitive functioning,
were also associated with damage to the left IFJ.

The finding that damage in defined cortical areas can lead to more severe cognitive
impairment across multiple behavioral domains supports the existence of functionally general
brain regions associated with a variety of cognitive abilities. However, a region to be
characterized as such should also be associated in the literature with many different cognitive
functions, which is the case for both the left IFJ and MFG. Specifically, the left IFJ has been
observed in previous fMRI studies and meta-analyses as consistently involved across different
cognitive control tasks (Derrfuss, Brass, Neumann, & von Cramon, 2005; Derrfuss, Brass, &
von Cramon, 2004; Fedorenko et al., 2013; Kim, Cilles, Johnson, & Gold, 2012; Kim, Johnson,
Cilles, & Gold, 2011), but also in other abilities like short-term memory encoding (Sneve,
Magnussen, Alnas, Endestad, & D’Esposito, 2013) and selective visual attention (Baldauf &
Desimone, 2014), and its functional role has been proposed to include the integration of
information across motor control, language and working memory domains (Brass, Derrfuss,

Forstmann, & von Cramon, 2005). Despite the fact that we did not aim to assess cognitive
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control, which requires more targeted tasks, it is possible that our findings might be in part
related to cognitive control impairment, given its involvement in a wide range of processes
responsible for task execution. Consistent with this hypothesis and also with our findings, a
decline across various neuropsychological executive function measures in early dementia was
reported as related to glucose hypometabolism in left IFJ (Schroeter et al., 2012), confirming
the importance of this brain region for cognitive control processes in general. Similarly, at least
one region within the posterior part of the left MFG was identified by two different methods
(i.e., lesion mapping and fMRI) as sensitive to different domains of tasks involving high levels
of processing (Volle et al., 2008), suggesting its global role in cognitive control. A larger tumor
overlap in the left MFG has also recently been associated with worse performance in complex
attention and cognitive flexibility domains (De Baene et al., 2019). Although this finding was
observed in meningioma patients in the pre-operative phase, in a concurrent study the authors
found that their performance remained stable up to 12 months after surgery (Rijnen et al., 2019).

From a network-level perspective, we observed that lesions associated with broad cognitive
impairment might be centered on highly connected hub regions (i.e., rich club, see
Supplementary Material Fig. S3) implicated in integration across multiple, specialized sub-
networks (van den Heuvel & Sporns, 2013), and also within the multiple demand (MD) network
(Supplementary Material Fig. S4, Duncan & Owen, 2000), engaged in a wide range of cognitive
abilities (Fedorenko et al., 2013). This assumption is supported by brain lesion literature
evaluating the consequences of focal damage across functional brain networks (Gratton et al.,
2012; Yuan et al., 2017; see Aerts et al., 2016 for a review). Damage to regions important for
communication between networks has been shown to cause the largest disruptions in network

organization. In a recent study that evaluated the neuropsychological consequences of altered



Cognitive impairment and left frontal lesions 17

functional connectivity (Warren et al., 2014), the authors found that focal lesions in regions
mediating interactions among sub-networks cause more widespread cognitive impairments
with respect to comparable lesions in less participating regions. Critically, one of the six
identified target regions was located in the posterior part of the left MFG. With a somewhat
different approach in identifying the network organization following stroke, Zhu and colleagues
(2016) found dysfunctional connections mainly in the left prefrontal areas. Interestingly, the
altered nodal centrality (i.e., number of nodes showing correlation with a given node) of the
left MFG was associated with a decline in general cognitive functioning, as indexed by a low
MMSE score, a measure that was also included in our factorial analysis, which however in our
case was found to be related to the integrity of the neighboring but not identical left IFJ.
Clinically, defining brain regions highly involved across different sub-networks, and thus
supporting a broad range of cognitive abilities, may facilitate tailored tumor resections and
improve cognitive surgical outcomes in regions that are usually treated as “silent” following a
classical neurosurgical point of view. Recently, findings from intraoperative electrical
stimulation mapping in patients undergoing awake tumor surgery contributed to an increase of
anatomo-functional associations, especially at subcortical levels (see Duffau, 2017 for a recent
review). In the neurosurgical approach, this led to a hodotopical model of the brain anatomo-
functional organization, according to which cognitive functions are supported by extensive
networks comprising both cortical functional epicenters (‘topo’ or sites) and white matter
connections between these sites (‘hodo’ or pathways) (De Benedictis & Duffau, 2011). Thus,
the hodotopical model could also account for our results in which surgical lesions in defined
frontal regions were found to be associated with cognitive impairments across different

neuropsychological measures. Nevertheless, according to these authors, even extensive frontal
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lobe resections are not supposed to cause permanent cognitive deficits (Duffau, 2012), probably
because of compensatory mechanisms, which especially occur in slowly growing tumors.
Indeed, our results show that the strongest cognitive impairment is caused by surgery in defined
left prefrontal areas that were however least involved in LGG patients. This highlights the
importance of considering tumor histology, that is, distinguishing between slowly growing and
fast growing tumors, when studying cognitive processes in tumor patients, but also the
importance of individual pre-surgical planning in preserving cognitive functioning, which
should take into account both tumor type and tumor location.

Finally, the left-lateralized prefrontal involvement in general cognitive functioning that we
observed might partially be due to the fact that three out of six measures we adopted relied on
verbal abilities, even though patients with notable language impairments were excluded a
priori. In particular, impairments on the phonemic fluency task, which had the highest factor
loading in our study, were previously related to damage within pre-central regions (Baldo,
Schwartz, Wilkins, & Dronkers, 2006) but also other left frontal regions not found in our study
(e.g., inferior frontal gyrus in Robinson et al., 2012). We performed additional lesion-symptom
mapping control analyses on factor scores from “non-verbal” measures and on single test
measures in order to check for these possible biases. The former analysis evidenced the same
regions as being involved in more severe cognitive impairment, confirming the main MLSM
results. On the other hand, no specific area emerged as being related to phonemic fluency, nor
any other measured impairment except the general cognitive impairment as measured by the
MMSE. Furthermore, the areas that were found to be associated with a broad cognitive deficit
are not always found as strictly related to language impairments. As mentioned before, the

MFG has been characterized as a multimodal region underlying both verbal and spatial
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cognitive control processes (Volle et al., 2008), while the IFJ was associated with both verbal
and non-verbal executive function deficits (Schroeter et al., 2012). Moreover, the asymmetrical
involvement of left prefrontal areas within different cognitive functions is rather consistent
across studies that investigated the neural correlates of general intelligence and executive
functioning in stroke patients, while controlling for lower-level processes (Barbey et al., 2012;
Gléascher et al., 2010).

Yet, the underpinnings of prefrontal asymmetries and why they emerge is still not fully
understood. However, differences between inter- and intra-hemispheric interactions observed
between the two hemispheres might shed some light on their processing specializations. In
particular it has been observed that, while left-lateralized regions have stronger interactions
within the same hemisphere, right-lateralized regions interact equally strongly with regions
from both hemispheres (Gotts et al., 2013), and therefore might suffer from left-lateralized
lesions as well. However, asymmetries in inter- and intra-hemispheric interactions have only
recently started to be explored in brain-damaged patients and to be related to behavioral
impairments (Siegel et al., 2016) and more research is required in this field.

Although we controlled for various possible biases, there are some limitations that need to be
acknowledged. First, the assessment battery was limited by time-constraints and did not cover
all cognitive functions thoroughly. Some of these functions (e.g., long-term memory, working
memory, language) were only marginally tested within the MMSE screening test. Although
this issue limits the generalizability of our findings to all cognitive domains, our main aim was
not to measure the severity of impairment in all cognitive domains, but instead to capture
cognitive impairment across multiple domains, which we believe was achieved by extracting

only one latent variable from tasks tapping very different processes. However, broadening the
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neuropsychological assessment should certainly be considered in future developments of this
research line. Secondly, a number of patients that were not able to complete the post-surgical
session due to post-surgical acute impairments were excluded. Due to this reason, the overall
impact of neurosurgery on cognition in the acute phase was certainly underestimated. Besides,
the sample size might not have been sufficient for adequate MLSM modeling (see Sperber,
Wiesen, & Karnath, 2018). However, the reproducibility scores of our beta maps (Fig. S1),
which assess the generalizability of the model, were comparable to the scores obtained by
Sperber and colleagues for most of the simulated region models at a sample size of 100. Future
studies should consider assessing brain tumor patients also in a less acute stage, both to avoid
high dropout rates and to examine whether damage to similar regions causes more severe
cognitive impairment even when allowing enough time for functional reorganization to occur.
Even though functional localization studies have been regularly conducted on brain tumor
patients, the results should be interpreted cautiously because of the possible effect that
spreading tumor cells outside the lesion maps could have on cognitive functioning. To that end,
replications across different brain-damaged populations are needed to make valid inferences on
structure-function relationship.

In summary, our finding of rather confined left prefrontal areas critically involved in
cognitive deficits across different neuropsychological measures is in line with the suggested
modular and integrated view of brain functional organization, according to which restricted
brain regions are highly involved across different sub-networks and subserve a vast range of
cognitive abilities (Bertolero, Yeo, & D’Esposito, 2015). Future studies should investigate
whether functional network alterations after tumor resection in cohesively connected brain

regions can be related to more widespread cognitive impairments, with the final aim of
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improving cognitive surgical outcomes by sparing these regions as much as possible during

operation.
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Fig. S1. Parameter C evaluation results for prediction accuracy and reproducibility.

Multivariate control analyses. We performed an additional multivariate control analysis to
further substantiate our choice of using a single principal component to investigate the impact
of surgery on the severity of cognitive impairment across different tumor types. Specifically,
we computed the difference between the standardized post- and pre-operative scores for each
of the six neuropsychological tests as detailed in the “Data preparation and statistical analysis”
section and submitted these surgery-dependent differential scores to a multivariate ANOVA
(MANOVA) with tumor type as between-subject factors. Note that this analysis tested for
multivariate differences in the effect of surgery across groups, akin to the interaction between
tumor type and surgery in the ANOVA reported in the manuscript®. The results of this
MANOVA were further examined by performing follow-up canonical analyses, linear
discriminant analyses, and ANOV As.

The MANOVA yielded a significant results [Roy’s largest root = 311, F(6, 96) =497, p <
001, n;, = 24; Wilks” A = .651, F(24, 326) = 1.78, p = 015, i;, = .12] and revealed that no
more than a single canonical root had to be extracted to explain inter-group multivariate
differences [y*(15) = 15.37, p = 425]. We thus extracted the first canonical root, derived the

- In fact, the main effects of tumor type or location yielded by these MANOVAs are equivalent to the respective
interactions with the surgery factor yielded by MANOV As performed on both pre- and post-operative scores with
surgery as a within-subject factor.
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relative canonical scores, and submitted the latter to a linear discriminant analysis. The result
indicated that using a single latent variable allowed to discriminate across control and patients
groups based on tumor type [Wilks’ partial A =.763; F(4,98) =7.61, p < .0001].

Crucially, further discriminant analyses excluding control participants were also significant
[Wilks’ partial A = .779, F(3, 50) = 4.73, p = .006], indicating that the inclusion of control
participants did not bias the reported results. Specifically, follow-up ANOVAs performed on
the same canonical scores revealed that LGG patients exhibited a stronger surgery-dependent
difference in the multivariate pattern of cognitive performance as compared to other tumor type
groups, both when including or not the control participants (respectively, F(4,98) =7.61,p <
0001, >, = 24; and F(3, 50) = 4.73, p = .006, 1, = .22; post-hoc comparisons: all ps < .003
and .030, respectively).

Rich Club detection

Structural connectivity data obtained from the Human Connectome Project
(http://www.humanconnectome.org/) were kindly provided by Martijn P. van den Heuvel. The

data were originally parcellated into 219 cortical areas using the Lausanne 2008 atlas (Hagmann
et al., 2008). The group connectivity matrix was created following the steps described in van
den Heuvel and Sporns (2011) by taking into account connections that were present in at least
50% of the group of subjects. The rich club coefficients were calculated and normalized with
graph theory methods using the Brain Connectivity Toolbox (Rubinov and Sporns, 2010), as
described in van den Heuvel and Sporns (2011). The normalized rich club coefficients are
shown in Fig. S1. The rich club coefficient with node degree k > 11 was selected as statistically
significant (p<0.05 Bonferroni corrected; =57% of regions) with permutation testing compared
to the coefficients of 10,000 random networks. The node degree with highest normalized rich
club coefficient (k = 18) was selected for visualization purposes (=8% of regions) in Fig. S2.
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Fig. S2. Rich club curve relative to random model. The significant rich club level (k = 11; p < 0.05

Bonferroni corrected) and the one with the highest normalized rich club coefficient (k > 18) are indicated
by a black circle.
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Fig. S3. Overlap of regions associated with general cognitive impairment and highly connected
hub regions. A) Rich club regions with node degree k = 18. B) Comparison of the resulting MLSM
critical areas (in yellow) and one of the cortical hub regions (in red, the opercular part of the inferior
frontal gyrus). The overlap corresponds to 23% of the critical area. In figure left is left.

Fig. S4. Comparison of the MLSM critical areas (in blue) and the multiple demand regions (in red;
Fedorenko et al., 2013). The overlap in the opercular part of the inferior frontal gyrus corresponds to
32% of the critical area. In figure left is left.
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Table S1. Correlations between lesion size and each test scores, including the factor scores

Lesion vol.
Test .
correlation
Digit span 0.029
TMT-A -0.311
Phonemic fluency -0.126
Corsi -0.098
MMSE 0.114
TIB -0.098
Factor scores -0.135
>
P 4 {

AR

Fig. SS. Overlap of the mapping with dTLVC and the mapping with lesion size regressed out of factor
scores. The yellow areas correspond to the overlapping regions, while in red are the significant regions
from the SVR-LSM analysis with lesion size regression, not overlapping with the results from the main
SVR-LSM. In figure left is left.
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Fig. S6. Areas significantly associated with lower “non-verbal” factor scores. Color bar indicates
permutation-based p-values. The values above the slices indicate the z coordinates in the Montreal
Neurological Institute space. In figure left is left.
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Fig.S7. Areas significantly associated with lower MMSE scores. Color bar indicates permutation-based
p-values. The values above the slices indicate the z coordinates in the Montreal Neurological Institute
space. In figure left is left.
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