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ARTICLE INFO ABSTRACT

Keywords: Introduction: Neuropsychological studies infer brain-behavior relationships from focal lesions like stroke and
Stroke tumors. However, these pathologies impair brain function through different mechanisms even when they occur
Neuro-onczlo]gy at the same brain’s location. The aim of this study was to compare the profile of cognitive impairment in patients
1(\312;?5?;’: ology with brain tumors vs. stroke and examine the correlation with lesion location in each pathology.

Methods: Patients with first time stroke (n = 77) or newly diagnosed brain tumors (n = 76) were assessed with a
neuropsychological battery. Their lesions were mapped with MRI scans. Test scores were analyzed using prin-
cipal component analysis (PCA) to measure their correlation, and logistic regression to examine differences
between pathologies. Next, with ridge regression we examined whether lesion features (location, volume) were
associated with behavioral performance.

Results: The PCA showed a similar cognitive impairment profile in tumors and strokes with three principal
components (PCs) accounting for about half of the individual variance. PC1 loaded on language, verbal memory,
and executive/working memory; PC2 loaded on general performance, visuo-spatial attention and memory, and
executive functions; and, PC3 loaded on calculation, reading and visuo-spatial attention. The average lesion
distribution was different, and lesion location was correlated with cognitive deficits only in stroke. Logistic
regression found language and calculation more affected in stroke, and verbal memory and verbal fluency more
affected in tumors.

Conclusions: A similar low dimensional set of behavioral impairments was found both in stroke and brain tumors,
even though each pathology caused some specific deficits in different domains. The lesion distribution was
different for stroke and tumors and correlated with behavioral impairment only in stroke.

Neural networks

1. Introduction combined in group analyses to examine the anatomical basis of behav-
ioral deficits. However, it is unknown if tumors and strokes affect the

Research in neuropsychology has traditionally focused on the same cognitive functions, even when the lesion is at the same location.
behavioral effects of focal brain injuries, especially stroke and brain The pathophysiology of tumors and strokes is different. Strokes cause an
tumors. Typically, the lesions caused by these different pathologies are acute (minutes, hours) disruption of local neuronal activity through a
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loss of blood flow. Tumors in contrast grow slowly (weeks, months) and
displace neural structures affecting function through different mecha-
nisms (e.g., oedema, mechanical pressure, neuroinflammation). The
relative slow growth may induce in theory an adaptation, and through
the recruitment of neural plasticity mechanisms a different pattern of
deficits (Klein et al., 2012).

There have been only a handful of studies that have directly
compared the behavioral deficits induced by these two kinds of focal
lesions. Anderson et al. (1990) found that tumors caused less severe and
less specific deficits for the site of damage. Cipolotti et al. (2015)
examined executive tasks in frontal lesions, and found no significant
difference in performance among strokes, high grade gliomas, low grade
gliomas and meningiomas. A recent study by van Grinsven et al. (2023)
used a lesion-symptom mapping approach to examine the influence of
the etiology (stroke, tumor) in the localization of verbal memory and
verbal fluency. They found substantial differences in lesion volume and
topography between the groups. Despite clear differences in lesion
topography, the cognitive profile was quite similar at the group-level.
However, different neuroanatomical correlates were found in the two
pathologies.

Here we re-examine the issue of cognitive impairment in stroke vs.
brain tumors by testing the hypothesis that these two kinds of focal le-
sions will produce a low dimensional pattern of correlated behavioral
deficits analogously to what we recently reported in stroke (Corbetta
et al., 2015; Bisogno et al., 2021). While traditionally teaching in
neurology and neuropsychology emphasize the occurrence of many
different cognitive syndromes, each with its own specific localization,
more recent studies clearly show that cognitive deficits post-stroke are
strongly correlated within and between functional domains across many
patients. Accordingly, a small number of behavioral factors or compo-
nents capture large fractions of inter-individual variability in cognitive
performance. This low dimensionality has been shown with the National
Institute of Health Stroke Scale (NIHSS; Lyden et al., 2004; Zandieh
et al., 2012) a scale that measures cognition cursorily, but also with
more in-depth experimental (Corbetta et al., 2015) or more clinical
neurobehavioral assessments (Massa et al., 2015; Bisogno et al., 2021.
Notably, these components accurately describe recovery of function and
chronic impairment (Ramsey et al., 2017) representing robust behav-
ioral phenotypes for large scale studies. The low dimensional organi-
zation of behavioral impairment corresponds to a low dimensional
pattern of structural and functional connectivity abnormalities at the
whole brain level (Corbetta et al., 2018; Thiebaut de Schotten et al.,
2020; Salvalaggio et al., 2020).

Based on the above studies, we compared neuropsychological per-
formance across multiple domains (language, memory, attention, ex-
ecutive function) in a prospective series of stroke and brain tumors
asking the following questions. First, will the pattern of behavioral
impairment be similar in stroke and tumors? To study the correlation
among neuropsychological tests, we used principal component analysis
(PCA) to find possible patterns of inter-test and inter-subject correlation.
Second, is lesion location strongly predictive of behavioral deficits in
tumor at the individual level, as previously found in stroke? (Corbetta
et al., 2015; Salvalaggio et al., 2020; Karnath et al., 2004). To address
the issue, we apply ridge regression to compare the degree of correlation
between behavioral deficits and lesion location in stroke and brain
tumors.

The discovery of similar vs. different patterns of cognitive impair-
ment in stroke and tumors is theoretically and clinically relevant.
Theoretically, it is important to ask whether stroke and tumors can be
interchangeably used as examples of focal lesions, and whether the low
dimensionality of behavioral impairment found in stroke generalizes to
another pathology. Clinically, with improvements in acute stroke care
and surgical treatment of brain tumors, cognitive deficits are increas-
ingly recognized causes of long-term disability in stroke (Kruithof et al.,
2016; Wassenius et al., 2020; Silva et al., 2021) and tumors (Hansen
et al., 2021). A definition of behavioral phenotypes would be helpful to
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plan pharmacological and rehabilitation interventions.
2. Material and methods
2.1. Subjects

We enrolled patients with brain tumors (n = 76) and patients with
first symptomatic ischemic or haemorrhagic stroke (n = 133) admitted
to the Neurology and Neurosurgery Unit of Padua University Hospital
from December 2017 to February 2019. For all patients the exclusion
criteria were as follows: 1. Age under 18; 2. Prior history of neurological
or psychiatric disorders; 3. Previous central nervous system surgeries; 4.
Presence of other medical conditions that precluded active participation
in research and/or might alter the interpretation of the behavioral/im-
aging studies. In the case of brain tumors, additional exclusion criteria
were metastases and recurrences. In the case of stroke, additional
exclusion criteria were more than two clinically silent lacunes, <15 mm
in size on CT scan, and multifocal strokes. To make the two cohorts
comparable from a neuropsychological perspective, we included only
patients who were able to complete all tests of the neuropsychological
assessment. All tumor patients were able to successfully complete the
neuropsychological battery. A significant number of stroke patients
failed to complete the battery for the following reasons: 19 patients for
severe aphasia; 8 for hemiplegia of dominant upper limb that prevented
the administration of paper-and-pencil tests; 11 for both severe aphasia
and hemiplegia; 4 for insufficient knowledge of Italian language; 5 for
refusing to complete the whole battery; 9 for early transfer to another
rehabilitation hospital. The final numbers of patients in the two cohorts
were as follows: tumors n = 76 and stroke n = 77. Therefore, our stroke
cohort represents a sample of patients with milder deficits.

This is a retrospective and non-interventional study. This study
received approval from the Ethics Committee of the Azienda Ospedale
Universita Padova (Protocol Number 70n/A0O/20). We obtained a
waiver for written informed consent since all data were collected
retrospectively and anonymously.

2.2. Neuropsychological assessment

The neuropsychological assessment tested different cognitive do-
mains. Specifically, we employed (1) the Oxford Cognitive Screen (OCS;
Demeyere et al., 2015): a brief screening tool composed of tests of lan-
guage, visual attention, spatial neglect, praxis abilities, visual and verbal
memory, calculation, number reading and executive functions; (2)
subtests of the Esame Neuropsicologico Breve 2 (Mondini et al., 2011):
the Trail Making Test (TMT), forms A and B (selective attention and
switching ability), Phonemic fluency, Prose memory immediate and
delay recall, and Memory interference test; (3) Boston Naming Test
(BNT, visual naming); (4) forward and backward Digit span; and, (5)
forward and backward Corsi block-tapping test (short-term and working
memory).

Subjects in the stroke cohort were tested within two weeks from their
event; subjects in the tumor cohort were also tested within two weeks of
their hospitalization for a first clinical manifestation (e.g., confusion,
focal deficit, or seizures) and prior to surgery.

2.3. Imaging

For each patient, an MRI or CT scan was collected. The ITK-snap
imaging software system (version 3.6.0; Yushkevich et al., 2006) was
used to manually segment lesions. All lesions were segmented by two of
the authors (SF segmented tumor lesions, AB segmented stroke lesions)
and were checked by a board-certified neuro-radiologist (author MGA).
For stroke, either the CT (n. 14) or the Fluid Attenuated Inversion Re-
covery (FLAIR) sequence (n. 63) were used and segmented lesions were
mapped on the 2 mm version of the Montreal Neurological Institute 152
6th generation atlas (Grabner et al., 2006) using the Clinical Toolbox of
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the SPM software system (Rorden et al., 2012). For tumor lesions, 3D
T1lw, FLAIR, and T2w sequences were used to manually segment the
tumor lesion core and the oedema region separately. Segmented lesions
were mapped on the same atlas using the Advanced Normalization
Toolbox (ANTs; Avants et al., 2011). The FMRIB Software Library (FSL;
Jenkinson et al., 2012) was used to create a frequency map of individual
lesions on the MNI152 atlas, thus producing an overlay map of all lesions
for stroke, tumor core, and tumor core plus oedema.

2.4. Behavioral analysis

Firstly, we applied a dimensionality reduction using principal
component analysis (PCA) to the behavioral scores (Turken and
Dronkers, 2011). PCA is a technique that identifies hidden variables or
factors that capture the correlation of behavioral scores across subjects.
Since behavioral scores were expected to be correlated, an oblique
rotation was used to maximize the segregation in different components
as in previous work. A priori we set out to look at the first three com-
ponents, based on prior stroke studies in which three components cap-
ture the majority of variance (Corbetta et al., 2015; Bisogno et al., 2021).

Secondly, a logistic regression model was run to test the discrimi-
nating power of neuropsychological tests in differentiating the two
cognitive profiles. The model aim is to distinguish observations into two
categories (Stock and Watson, 2015). In the model, these variables were
controlled: age, gender, education, side of lesion (right vs. left).

2.5. Anatomical-clinical correlation

The second step involved modelling of the behavioral scores in
relation to the anatomical lesions. To be consistent with our previous
studies (Corbetta et al., 2015; Salvalaggio et al., 2020; Bisogno et al.,
2021; Pini et al., 2021) we performed a ridge regression (RR) analysis
(Hoerl and Kennard, 1970). This method is applied when the number of
predictors is high as compared to the number of subjects. The aim of the
lesion-behavior analysis was to use lesion information in terms of voxel-
wise damage (location, volume) to explain behavioral deficits described
in terms of behavioral PCs previously calculated. The predictor used was
a binary matrix of lesioned voxels (for each subject and for each voxel,
the entry of the matrix is set to 1 if the voxel is lesioned and 0 otherwise).
The RR results furnished a map of weights linking lesion locations with
behavioral deficits at the level of individual subjects. For example, a
positive weight assigned to a voxel indicates that a lesion in such a voxel
is likely related to the deficit appearance. It also provides an estimate of
how that model accounts for the behavioral variability across subjects,
in terms of variance explained (R?). Consistently with our previous pa-
pers (Corbetta et al., 2015; Salvalaggio et al., 2020, Favaretto et al.,
2022) we did not use a nested validation loop. The main rationale for
using a nested cross-validation loop would be to ensure generalization of
results to a different data set, and it would be necessary to predict
behavioral PCs from lesions in new subjects. However, our main goal
here is to establish whether lesions can explain behavioral PCs within
the current data set (without aiming to generalize results to other data
sets). We first applied a spatial PCA, and we used as regressors only the
first N, PCs, which explained at least 95% of the original variance.

Thus, for each of the behavioral PCs, we estimated the model weights
vector f as:

p=(X"X+a1)"'X"y

where X € R¥*M is the predictors matrix (N; is the number of subjects
and N, is the number of selected spatial PCs), after z-scoring with respect
to the whole matrix; X7 € RN*Ns js the transpose of X, y € R™ is the
vector of the outcome variable to be predicted (i.e. the selected behav-
ioral PC score, after z-scoring), I € RN*M is the identity matrix of
dimension N,, and 1 € R is the regularization parameter, optimized as
follows.
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For each of the three RR models, the regularization parameter 1 was
optimized by identifying a value within [107°,10%], with 200 loga-
rithmic steps. For each of these 200 values of 1, each RR model was
trained and tested using a leave-one-out cross validation loop (LOOCV).
In each loop, the optimal 4 (4q) value was the one that minimized the
prediction error over the training set.

Model accuracy was assessed through the coefficient of determina-
tion R?:

RZZI_Z?L]

where y; represents the i-th element of vector y, and y; is its prediction.

The statistical significance of each model was estimated through a
permutation test, with 10,000 iterations. For each iteration, the
behavioral scores were randomly permuted across subjects, and the
LOOCV with A optimization was used to fit the RR model to the ran-
domized score. The p-value for the observed R? was defined as the
probability of the R? of the randomized dataset to be larger than the
observed R? (models with p-value < 0.05 were considered statistically
significant).

To obtain the optimal set of RR model weights g, the average weights
across the N, loops at A,y was considered. The distribution of weights
obtained with the permutation test was used as null distribution to select
the statistically significant weights. Only the g; that fall at the left or
right ends (2.5%) of the tails of the null distribution were considered
significant. These selected weights were back projected to the brain to
display a map of the most predictive lesioned voxels. Finally, Gaussian
smoothing (variance = 1) and scaling within [ — 1, +1] was applied on
the maps. Weights lower than 0.05 in absolute values were not shown.

RR models were employed to map lesion-behavioral deficits in both
cohorts (brain tumor and stroke) separately. We repeated the RR esti-
mation for the tumor patients’ cohort, considering the tumor core
portion or the combination of both tumor core and oedema. The RR
weights obtained for the tumor core as behavioral predictor were
compared to the RR weights estimated when considering the core plus
the oedema region. This analysis examined whether the oedema region
is behaviorally relevant.

Statistics and Machine Learning Toolbox (https://it.mathworks.
com/products/statistics.html) as implemented for Matlab R2018b was
used for all statistical analysis.

3. Results
3.1. Demographic characteristics of the sample

The stroke sample (n = 77) included n = 8 haemorrhagic and n = 69
ischemic. The main risk factors identified in the medical history were
hypertension (n = 53), smoke (n = 22), diabetes (n = 14), atrial fibril-
lation (n = 7). The mean NIHSS score was 2.08 (SD = 2.04; range = 0-9).
Most stroke patients were mild in severity (80% of patients had NIHSS
score < 4). 75% of patients showed at least one motor symptom (arm
weakness, leg weakness, facial palsy, or dysarthria). The tumor cohort
consisted of n = 16 meningiomas and n = 60 gliomas, of which 7 low
grade and 53 high grade.

The stroke sample was slightly older than the oncological sample (t
(150) = —2.44; p = 0.016), whereas the two groups were similar in
terms of mean education (t(147) = —1.81; p = 0.07). Gender differences
were similar with an overall majority of males affected (x%(1) = 2.41; p
= 0.12). Handedness did not differ among the two cohorts (Xz(l) =2.38;
p = 0.21) (Table 1).

3.2. Principal components of behavioral impairment

To directly compare the behavioral impairment in stroke and tumors,
the PCA was run on the whole sample (n = 153) yielding three main
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Table 1
Demographic characteristics for neuro-oncological and stroke cohorts.
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Brain tumors Stroke Statistical differences
N=76 N=77
Mean age (SD) 59.6 (13.4) 65.4 (13.9) T = —2.44; p = 0.016
Mean education (SD) 10.4 (3.7) 11.6 (4.4) T=-1.81;p=0.07
Gender ¥? =2.41;p =0.12
Male 41 51
Female 35 26
Handedness ¥* =2.38; p = 0.21
Right 73 68
Left 3 9
WHO 2016 Classification -
Meningioma 16
1I Oligodendroglioma 2
II Astrocytoma 5
111 Gliosarcoma 6
IV Astrocytoma IDH-WT 10
1V Glioblastoma IDH-WT 32
1V Glioblastoma IDH-M 5

Group differences were tested with a T-Test or a Pearson-Fisher %2 test; significant difference was found in mean age only.

factors that explained 41.5% of the variance (Fig. 1). We considered
three PCs with oblique rotation as we assumed some correlation among
tests. Positive loadings indicate lower performance, while negative
loadings indicate higher performance. PC1 accounted for 25% of the
variance, PC2 for 9% of the variance and PC3 for 7.5% of the variance.

PC1 loaded on language, verbal memory, and executive/working
memory (OCS-denomination, OCS-sentence reading, OCS-number
writing, OCS-verbal memory, OCS-episodic memory, OCS-visual field
right, Memory intereference 10 s, Memory interference 30 s, Prose
memory immediate, Prose memory delayed, Phonemic fluency, Digit
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Fig. 1. Screening plot of explained variance in the total sample. The principal component analysis run on neuropsychological data revealed 29 components in the
performance of the total population (n = 153). In the sample, the first three components explained the 41.5% of the total variance. The red line represents the sum of
the percentages of the variance explained by the components. Below the loading of each test for the first three PCs are represented.
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Fig. 2. Correlation matrix of behavioral subtests. The correlation between neuropsychological scores are represented for the total sample (brain tumor and stroke
sample). The color bar represents Pearson r-values, the red color indicates strong positive correlation and the blue color indicates a weak or null correlation. Each

square corresponds to the variables identified through the PCA (PC1, PC2, PC3).

span forward and backward, Boston Naming Test, TMT form B); PC2
loaded on visuo-spatial attention, working memory, and executive
functions (OCS-visual field left, OCS-hearts overall accuracy, OCS-
egocentric and allocentric neglect, OCS-executive function, TMT form
A and B, Corsi Test forward and backward, Digit span backward); PC3
loaded on calculation, reading and visuospatial attention (OCS-orien-
tation, OCS-number writing, OCS-sentence reading, OCS-calculation,
OCS-egocentric neglect left, OCS-executive function). A mixed mea-
sure ANOVA confirmed that the PC loadings were not significantly
different in the tumor and stroke cohorts (F(2,296) = 1.47; p = 0.23).

The strength of pairwise correlation between tests can be visualized
through a correlation matrix (Fig. 2). A correlation is evident between
language, verbal memory, executive/working memory (PC1l) with r
values ranging between r = 0.81 to r = 0.17; visuo-spatial attention
correlated with executive functions (PC2) with r values ranging between
r=0.68 tor = —0.09; a third cluster included verbal functions (reading,
writing, semantic knowledge), calculation, and visuo-spatial attention
(PC3) with r values ranging between r = 0.53 to r = —0.16. In conclusion
across domains and subjects, three factors accounted for a significant
fraction of the variance, both in tumor and stroke.

To confirm these findings, we also ran the PCA separately in the two
samples (Supplementary Fig. 1): in the two groups the first three com-
ponents explained a similar percentage of the total variance (Stroke
sample: 44.6%; Tumor sample: 48%). Moreover, the tests with the major
loadings in each component were similar in the two groups: PC1 loaded
on language, verbal memory, and executive/working memory
(explained variance stroke sample: 28%; tumor sample: 27%) PC2
loaded on visuospatial attention and working memory, and executive
functions (explained variance stroke sample: 9.2%; tumor sample: 12%);

PC3 was the most different between the two groups, however it
explained a low percentage of the total variance (explained variance
stroke sample: 7.4%; tumor sample: 9%). We also repeated the analysis
by considering only gliomas in the oncological cohort obtaining similar
results (see Supplementary Fig. 2).

Finally, to test that the components found in stroke, as in previous
studies (Corbetta et al., 2015; Bisogno et al., 2021), explain variance in
the tumor data set, we first normalized both tumor data on stroke data
and we applied the loadings coming from the PCA on stroke data. In this
way, all patients could be projected into the same components space.
Fig. 3 shows the distribution of scores along the three PC axes in stroke
and tumor patients. It is apparent that the two populations cannot be
separated, indicating that the cognitive profiles of stroke and tumor
patients can be summarized in the same principal components space.
Finally, we reconstructed the original tumor data from the first three
PCs, by multiplying the matrix of individual scores on the first three PCs
(NpatientsX3) with the rotated matrix of the loadings of the same PCs
obtained from the stroke sample (Niestsx3). Then, we correlated the data
reconstructed in this way with the original data and obtained an R? =
30.3%. Hence, the three PCs on the stroke dataset explain 30% of the
variance in the tumor dataset.

3.3. Logistic regression

While the previous analyses show that a significant portion of indi-
vidual cognitive performance variability can be summarized by a com-
mon cognitive structure, we were also interested in differences between
groups. Table 2 shows scores for each test in the two groups (number of
patients below normal cut-off, median and IQR). Supplementary Table 1
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Fig. 3. Distribution of scores along the three PC axes in stroke and tumor patients. The individual scores of the first three components are represented in a three-
dimensional space, for each subject of the two groups. Blue dots represent brain tumor patients, red dots represent stroke patients. On the right side, the same
representation in two-dimensional space. The distribution of the two samples is similar.

shows the median and IQR scores for each neuropsychological test for
the different subgroups of the tumor sample (high grade glioma, low
grade glioma, meningioma).

Differences in the cognitive profile were investigated by means of a
logistic regression with age, education, gender, lesion side (right vs.
left), and tests scores as predictors. Five tests significantly discriminated
a tumor from a stroke patient. Higher scores (more normal) in OCS-
denomination (z = —2.79; p = 0.005) and OCS-calculation (z =
—3.17; p = 0.001) were positively associated with tumors; in contrast,
high scores (more normal) in OCS-episodic memory (z = 2.75; p =
0.005), Memory interference 10 s (z = 2.28; p = 0.022), and Phonemic
fluency (z = 2.21; p = 0.027) were positively associated with strokes
(Fig. 4). We controlled all models for multicollinearity by means of the
Variance Inflation Factors (VIF) which should be < 10 to suggest no
potentially harmful collinearity. The AUC was 0.889. In other words,
strokes showed more impairment in language denomination and
calculation whereas tumors showed more impairment in episodic
memory, verbal recall, and verbal executive function (fluency).

3.4. Lesion anatomy

Lesions were segmented and normalized to the MNI152 atlas (Fig. 5).
Stroke lesions were localized more commonly subcortically especially in
the basal ganglia and central white matter in agreement with previous
maps (Corbetta et al., 2015; Thiebaut de Schotten et al., 2020; Bisogno
et al.,, 2021). Tumor lesions occurred prevalently in the frontal and
temporal white-grey matter junction, with a more heterogeneous dis-
tribution (Supplementary Table 2 shows the top regions of damage in
the two cohorts). In general, the overlap of individual lesions was low

with <20% of patients with a lesion in the same location. The percent-
age of overlap increased in the tumor sample when considering the re-
gion of oedema.

3.5. Ridge regression models of lesion-to-behavior

We used ridge regression to model the behavioral scores based on
lesion information (location, volume). The analysis aims to use the
lesion information to estimate behavioral scores at the individual level
that are then compared with the empirically measured scores. This
analysis was conducted on patients who had both neuroimaging and
neuropsychological data (tumor: n = 66; stroke: n = 67). Fig. 6 shows on
the Y-axis the predicted score based on the lesion, while on the X-axis the
actual score. It is apparent that when considering the tumor core, the
lesion location did not explain any of the PC scores (R? < 10%). When
considering the region of the tumor core plus oedema, the relationship
was significant for PC1 (R2 = 0.16, p = 0.01). In the stroke population,
the association was significant for PC1 R? = 0.13,p = 0.04), PC2 (R? =
0.30, p < 0.001) scores, and not significant for PC3 (R2 =0.39,p =0.06).
The analysis run by considering only gliomas was also not significant
(Supplementary Fig. 3).

Fig. 7 shows the maps with the lesion locations significantly associ-
ated with the behavioral scores. PC1-RR stroke map involves left peri-
sylvian cortex consistent with language impairments, and bilateral
fronto-parietal and basal ganglia consistent with memory and executive
deficits (both spatial and verbal). PC2-RR stroke map highlights poste-
rior right hemisphere regions (occipito-parietal) consistent with left
visuo-spatial and overall performance deficits. Bilateral basal ganglia
and frontal lesions are consistent with executive deficits. PC3-RR map
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Table 2
Descriptive incidences of cognitive performance for each test in the two groups.

Neurolmage: Clinical 40 (2023) 103518

Brain tumors

Stroke

N. of patients below normal cut-off

Median (IQR) N. of patients below normal cut-off Median (IQR)

Oxford Cognitive Screen (OCS)

Denomination 12
Semantics 0

Orientation 0

Visual Field-Right 2

Visual Field-Left 5

Sentence Reading 15
Number Writing 4

Calculation 11
Hearts Overall Accuracy 27
Egocentric Neglect-Right 9

Egocentric Neglect-Left

Allocentric Neglect-Right 1

Allocentric Neglect-Left 1

Verbal Memory 24
Episodic Memory 16
Executive Function-Simple 8

Executive Function-Mixed 14
Memory Interference-10 sec 13
Memory Interference-30 sec 14
Prose Memory-Immediate 16
Prose Memory-Delayed 22
Trail Making Test-A 3

Trail Making Test-B 21
Phonemic Fluency 23
Corsi Test forward 4

Corsi Test backward 13
Digit Span forward 15
Digit Span Backward 13
Boston Naming Test 26

4 (3.75-4) 28 3 (3-4)
3(3-3) 1 3(3-3)
4 (4-4) 2 4 (4-4)
4 (4-4) 2 4 (4-4)
2 (2-2) 3 2 (2-2)
15 (15-15) 18 15 (15-15)
3(3-3) 6 3(3-3)
4 (4-4) 20 4(3-4)
46 (43.75-49) 28 47 (43-49)
0 (0-1) 9 0 (0-1)
0 (0-1) 8 0 (0-1)
0 (0-0) 4 0 (0-0)
0 (0-0) 2 0 (0-0)
3(24) 22 3 (3-4)
4449 11 4449
12 (12-12) 13 12 (11-12)
13 (11-13) 23 13 (10-13)
6 (4-8) 13 7 (5-9)
5(3-7) 13 6 (4-8)
10 (7-14) 15 12 (8-14)
13 (9-17) 14 14 (9-17)
38 (18-51.25) 10 44 (30-70)
126 (91.75-204) 22 140 (86-255)
10.3 (7.93-13.7) 17 11 (7.67-15)
5 (4-6) 3 5 (4-6)
4 (4-5) 3 4 (4-6)
5 (4-6) 5 5 (5-6)
4(3-5) 10 4(3-5)
13 (12-14) 33 13 (10-14)

Descriptive incidences of cognitive performance for each test in the two groups (number of patients below normal cut-off, median).Five tests significantly discrimi-
nated a tumor from a stroke patient. High scores (more normal) in OCS-denomination and OCS-calculation were positively associated with tumors (bold font in the
table); high scores (more normal) in OCS-episodic memory, Memory interference 10 s, and Phonemic fluency were positively associated with strokes (italic font in the

table).

shows bilateral cortical and subcortical lesions. Interestingly, none of
the tumor RR maps were significant except for a marginal PC1 that splits
left and right hemisphere lesions with positive loadings associated with
more severe deficits in the left peri-sylvian cortex.

3.6. Cognitive performance of patients with similar lesion location (cluster
analysis)

To compare the neuropsychological performance of stroke and
tumor patients with similar lesion locations, we conducted an explor-
atory analysis using a spectral clustering algorithm to divide patients in
four anatomical clusters (see Supplementary Analysis and Results for a
detailed description of the method). The analysis was limited by the low
numerosity of each cluster (cluster 1: tumor (T) = 7, stroke (S) = 10;
cluster 2: T =21, S = 28; cluster 3: T = 18, S = 20; cluster 4: T=10,S =
9). Therefore, most details are presented in the Supplementary results
(see also Supplementary Fig. 4, and Supplementary Table 3).

We note only that differences in cognitive performance found in the
logistic regression analysis were localized to specific anatomical clus-
ters. Lesions in cluster 1 localized to left prefrontal regions, and stroke
patients, as shown in the logistic regression (Fig. 4), performed worse on
the naming subtest of the OCS than tumor patients (F = 9.343, p < 0.01).
Also in agreement with the logistic regression, tumor patients performed
worse on memory tests than stroke patients in cluster 2 (left temporal)
and cluster 3 (right frontal).

4. Discussion

Focal neurological disorders (stroke, tumors) have been the prime

model for studying the localization and organization of sensory, motor,
and cognitive functions in the brain. While sensory and motor deficits
are accurately detected with a neurological examination, even in a
structured scale like the NIHSS, the evaluation of cognitive deficits re-
quires more in-depth neuropsychological testing. Cognitive deficits in
focal brain disorders are clinically relevant as they represent the main
cause of disability (Olesen et al., 2012). For instance, both brain tumor
and stroke patients experience loss of memory and concentration that
compromise their return to work (Treger et al., 2007; Randazzo and
Peters, 2016; Ghanbari Ghoshchi et al., 2020).

This study compared the cognitive performance of patients with mild
stroke vs. brain tumor lesions, specifically whether the low dimensional
structure of cognitive deficits found in stroke also occurs in brain tu-
mors. Secondly, stroke and brain tumors both occur preferentially in the
white matter. Since lesion location is strongly associated with behav-
ioral deficits in stroke (Corbetta et al., 2015; Salvalaggio et al., 2020;
Karnath et al., 2004), we asked whether the same occurred for brain
tumor lesions.

4.1. Methodological considerations

We focused on cognitive symptoms, and considered only data from
patients who were able to complete the whole neuropsychological
assessment. While every enrolled tumor patients completed the assess-
ment, only about 60% of enrolled stroke patients were able to do so (n =
77 out of n = 133). As a result, our stroke sample was milder (mean
NIHSS score on admission = 6.3 + 4.1; score at the time of testing = 2.08
+ 2.05) as compared to other recently reported samples (Corbetta et al.,
2015: mean NIHSS score on admission = 7.5; Bisogno et al., 2021: mean
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Fig. 4. Results of logistic regression. The X-axis reported the coefficient of the
logistic model (dots) with the confidence interval (lines) of each test (listed on
the Y-axis). Scores greater than 0 indicate a higher score in the test in the stroke
population, scores < 0 indicate a higher score in the test in the tumor popu-
lation. Performance in five tests significantly discriminated a patient with a
tumor or stroke: high scores in OCS-denomination and OCS-calculation were
more probable in patients with tumor (red dots), while high scores in OCS-
episodic memory, Memory interference 10 s and Phonemic fluency were
more probable in patients with stroke (green dots).

NIHSS score on admission = 7.1 + 5.6; at the time of testing = 3.2 +
2.9). Accordingly, the percentage of patients with motor deficits was
lower (75% vs 90% in Bisogno et al., 2021). However, the stroke and
tumor sample were similar in terms of mean education and gender,
whereas the stroke population was slightly older. The tumor sample
included both meningiomas (n = 16) and gliomas (n = 60), but the re-
sults did not change when only gliomas were analyzed.

The lesion topography (Fig. 5) was quite different: the core tumor
lesions affected the grey-white matter junction, with a predominant
frontal and temporal distribution (Mandal et al., 2020). When the
oedema region was also considered the damage extended deeply and
broadly in the white matter sparing only occipital and superior parietal
cortex. Strokes damaged predominantly basal ganglia and central white
matter, with only 10-15% involving cortex, as previously reported in
larger cohorts (Corbetta et al., 2015; Thiebaut de Schotten et al., 2020;
Bisogno et al., 2021; Kang et al., 2003; Wessels et al., 2006). The degree
of overlap across lesions was low (<20%). Our maps resemble those
reported recently by van Grinsven et al. (2023), who also showed a low
lesion overlap per area (12.8 % for tumor, and 4.8 % per stroke) with
only about 1/3 of the areas involved in both pathologies in more than
5% of patients.

4.2. A common low dimensional structure of cognitive impairment in
brain tumors and stroke

The first notable result is that a low dimensional set of correlated
cognitive deficits explained about half of the variability across subjects,
both when all patients were considered jointly (Figs. 1-2) or split by
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pathology (Supplementary Fig. 1). The variance explained by the first
three components in the joint PCA (42%) was comparable to Bisogno
etal.’s (2021) in which three components explained 50% of the variance
in a larger and more severe stroke sample (n = 158). The first component
loaded on language, verbal memory, and executive/working memory;
the second component loaded on visuo-spatial attention (OCS-hearts
overall accuracy, OCS-egocentric and allocentric neglect), working
memory and executive functions (e.g., TMT A and B, Corsi Test, Digit
span backwards); the third component loaded on deficits of reading,
calculation, and visuo-spatial that were partly captured in components 1
and 2. The selection of three components was a priori based on previous
work in stroke (Corbetta et al., 2015; Bisogno et al., 2021), and com-
ponents 1 and 2 were similar to those reported after including motor
deficits (Corbetta et al., 2015; Bisogno et al., 2021). We also directly
tested how much variance of the cognitive scores in tumor patients could
be predicted by the component structure derived from the stroke cohort.
About 30% of the variability in tumor patients’ performance can be
described by using the loadings derived from stroke; also the two pop-
ulations are indistinguishable when plotted in the three component
space (Fig. 3).

Recently, Sperber et al. (2023) have criticized the low dimension-
ality of behavioral deficits in stroke as an artifact of lesion anatomy.
However, as recently discussed (Pini et al., 2023), anatomy alone does
not explain the low dimensionality of cognitive deficits after focal
injury. In fact, even after considering the variables indicated by Sperber
et al. we showed that behavior is summarized by the lowest number of
components as compared to anatomical models alone. Moreover, the
current work shows a similar correlation for lesions of different etiol-
ogies that are localized on average to different anatomical sites. Finally,
we found correlation among behavioral scores in tumors in which lesion
location did not explain behavioral variance (Fig. 5). Overall, we
conclude that the low dimensionality of behavioral deficits cannot be
explained by anatomy alone.

Even though mild stroke and tumors yielded a similar pattern of
correlated cognitive deficits, we also found some evidence of differen-
tiation in their cognitive profile. Mild stroke patients were more affected
in functions that require more localized processing such as language and
calculation as shown in the logistic regression model (OCS-denomina-
tion; OCS-calculation, Fig. 4). The stronger impairment of stroke pa-
tients in OCS-denomination localized in left prefrontal regions (cluster
1, Suppl. Fig. 4). In contrast, tumor patients were more affected in
memory performance (OCS-episodic memory, Memory interference,
Phonemic fluency, Fig. 4) that localized in left temporal (cluster 2) and
right frontal (cluster 3) (Suppl. Fig. 4).

A similar pattern has been recently reported in van Grinsven et al.
(2023). Using lesion-symptom mapping they investigated performance
for verbal memory and language in two cohorts of stroke and brain
tumor patients. They found comparable group-level impairment, simi-
larly to our PCA results, and a different lesion topography, as we did.
When looking for anatomical locations related to behavioral perfor-
mance, they reported a correlation between memory performance and
areas surrounding the left hippocampus in brain tumors, but not in
stroke sample. Moreover, several left hemisphere cortical regions (left
insula, rolandic operculum, Heschl’s gyrus) were linked to verbal
fluency impairment, but only when the lesion was a tumor. Therefore,
although van Grinsven et al. (2023) emphasize differences across pa-
thologies, the actual data are quite similar across studies with evidence
of both similarity and mild differences. Despite the general low lesion-
symptom correlation in brain tumors (see paragraph below for a dis-
cussion), we found some vulnerability to memory impairment in left
temporal tumors as compared to strokes. The left temporal region is one
of the most common sites in gliomas possibly because the hippocampus
is one of the sites where neural stem cells are generated (Mandal et al.,
2020). The left hippocampus was also found as an “eloquent” hotspot for
verbal memory and critically linked to memory deficits in brain tumor
patients (Campanella et al., 2018). Finally, when considering only the
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Fig. 5. Lesion frequency maps. The lesion frequency maps are represented for brain tumor population (tumor core and oedema on the top, tumor core only in the
middle) and for stroke population (below). The red color indicates higher overlap between lesions. Tumor lesions occurred prevalently in frontal and temporal cortex,
specifically at the white—grey matter junction. Stroke lesions were more common subcortically, especially in the basal ganglia and central white matter. The
overlapping is generally low, indeed, <20% of patients had a lesion in the same location for both groups.

left hemisphere, patients suffering from tumors in the anterior temporal
lobe were most frequently and severely impaired in verbal memory as
compared to lesions in other areas (Behrens et al., 2021).

The description of cognitive phenotypes that capture large amount of
variance, and that are specific for a certain pathology, could be clinically
relevant because it allows to shift the focus of clinicians from the rare
and interesting cases to the great majority of patients. This is especially
true in the case of brain tumors, where symptoms are subtler. These
phenotypes are robust and shall be used for large scale studies of
treatment, genetics, or outcome. The importance of shifting from a
modular to a network-wide view of cognitive impairment in brain tu-
mors has been also advocated by Duffau and colleagues (Duffau, 2018;
Herbet and Duffau, 2020; Duffau, 2021).

4.3. Low behavioral specificity of lesion location in tumors

The second important question concerned the correlation between
the behavioral scores and the anatomical lesions. The lesion topography
was different with tumors affecting predominantly the frontal and
temporal white-gray matter junction while stroke damaging prevalently
the basal ganglia and deep white matter (Fig. 5). This different topog-
raphy is also consistent with van Grinsven et al. (2023).

The ridge regression detected a relationship between anatomical
lesions and behavioral deficits at the individual subject level only in
stroke. PC1 deficits loading on language and memory localized in left >
right peri-sylvian, bilateral basal ganglia and frontal cortex. PC2 deficits

loading on general performance and visuo-spatial localized to right
occipito-parietal cortex. Notably, no significant correlation was ob-
tained in brain tumors using the core lesion locations. A significant
correlation for PC1 was obtained only when considering core-oedema
lesions and localized to the left peri-sylvian cortex like in stroke.

The low behavioral specificity of lesion location in tumors shall be
considered preliminary given the relatively low number of patients
tested. Anderson et al. (1990) had previously noted that extensive tu-
mors involving areas of different lobes do not lead to cognitive damage
in contrast with strokes with same extension. Van Grinsven et al. (2023)
found that lesion volumes were larger in the tumor group and correlated
with cognitive performance. However, at the group level, this difference
in volume did not result in more severe cognitive impairment in the
tumor as compared to the stroke population.

Different research groups have pointed out that even large tumors in
eloquent areas, or recurrences of brain tumors operated on, do not cause
the expected cognitive deficits, and that this can be related to two
mechanisms: plasticity and remapping of function that occurs as tumors
grow; and those cognitive functions do not map onto specific regions but
network of regions (Duffau, 2017; Nenning et al., 2020; Duffau, 2021).
Studies on brain tumor prognosis have found contrasting values of lesion
location and volume in terms of survival (Awad et al., 2017; Curtin et al.,
2021). We have recently completed a study looking at variables ac-
counting for post-surgical cognitive performance and found little value
of pre-operative lesion location and volume. In contrast, we found pre-
surgical neuropsychological scores to be highly predictive of post-
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Fig. 6. Ridge regression analysis. Scatter plots of predicted scores for each component are represented. Each dot represents a subject, and the color of each dot
represents the side of the lesion (red = lesion in the left hemisphere; blue = lesion in the right hemisphere). The diameter of each colored circle is proportional to the
lesion’s volume. The model provides an accurate prediction of behavioral scores for PC1 and PC2 in stroke population (third line). The model is not significant in the
neuro-oncological population when considering the tumor core only, without oedema. When considering the region of the tumor core plus oedema, the association

was significant for PC1 (upper and middle lines).

surgical performance. These findings support the notion that cognitive
functions are distributed and remapped in brain tumors, and that psy-
chological evaluations more than anatomical lesions are a good read-out
of current brain function (Zangrossi et al., 2022).

In contrast to the low predictive value of lesion core location, we did
find some correlation for PC1 (language, memory) when the region of
oedema was added to the lesion core location. The map highlighted the
left peri-sylvian region that was one of the regions predictive in stroke. A
link between oedema and cognitive function has been described in
relation to radiotherapy treatment (Wang et al., 2021). Recently, we
showed abnormal functional connectivity in cortical regions remote
from the tumor core, but presumably connected to it by anatomical fi-
bers that travel through the surrounding oedema region (Silvestri et al.,
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2022). In conclusion, the anatomical analysis provides preliminary ev-
idence that tumor location is less correlated overall with cognitive
impairment than stroke location.

5. Conclusions and limitations

This study shows that mild acute strokes and brain tumors cause a
similar pattern of cognitive impairment across cognitive domains and
subjects. We also show specific deficits that are stronger in one or the
other pathology.

A common behavioral deficit correlation in mild stroke and tumors,
notwithstanding their different lesion topography, provides evidence
that lesion location alone is not enough to explain behavioral
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Fig. 7. Ridge regression maps. Ridge regression maps of PCs for significant correlation are represented. In the stroke population, significant correlation is found in
PC1, PC2 and PC3 (lines above); in the tumor population, only PC1 reported a significant correlation when considering the core with the oedema (below). Warm
colors represent positive correlation between anatomical voxels and high PC values (i.e. high level of impairment in the corresponding domains). Cold colors

represent negative correlation between anatomical voxels and high PC values.

impairment. In stroke, we, and others (Thiebaut de Schotten et al., 2020)
have argued that lesions in many locations cause a much lower
dimensional pattern of structural disconnection and functional connec-
tivity alteration (Siegel et al., 2016; Salvalaggio et al., 2020). Impor-
tantly, these network abnormalities are more associated with cognitive
impairment than lesion location, which is instead strongly linked with
sensory and motor functions (Siegel et al., 2016; Salvalaggio et al.,
2020). We postulate that similar mechanisms are at work in tumors, as
also supported by the surgical and neuropsychological observations of
Duffau (2018).

The study is limited by the sample size that prevents any conclusion
about differences in cognitive performance for lesions at the same
location with different etiology. Another limitation is that we focused on
milder strokes to make them more comparable to the performance of
brain tumors. Therefore, our results cannot be generalized to the entire
stroke population. Moreover, in our sample, stroke lesions incompletely
covered the typical distribution as shown in prior studies (Corbetta
et al., 2015; Thiebaut de Schotten et al., 2020; Bisogno et al., 2021). This
limits conclusions about brain-behavior correlation in regions that were
not damaged. However, the low-dimensional cognitive pattern
described with the PCA is like previous work based on a larger sample
and a wider distribution of lesions (Corbetta et al., 2015; Bisogno et al.,
2021). Moreover, we did not perform a nested cross-validation to opti-
mize the hyperparameter in the ridge regression, thus current ridge
regression findings might be sample-specific and their generalization
should be tested by a replication on an independent cohort.

Finally, our analysis was based just on lesion location and volume.
Future studies may consider other structural or functional variables that
may relate to performance and may differ between etiology: white
matter integrity, functional networks, cortical atrophy. A natural
extension of this study would be to examine behavioral predictions
separately for tumor core and oedema region to assess the role of
oedema in causing cognitive deficits, by comparing behavioral predic-
tion using disconnection methods (Boes et al., 2015; Thiebaut de
Schotten and Foulon, 2018; Thiebaut de Schotten et al., 2020; Pini et al.,
2021). In clinical practice steroid treatment is empirically given to treat
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oedema, and patients’ neurological deficits do improve.
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