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a b s t r a c t

Disturbances of semantic and phonemic fluency are common after brain damage, as a

manifestation of language, executive, or memory dysfunction. Lesion-symptom mapping

(LSM) studies can provide fundamental insights in shared and distinct anatomical corre-

lates of these cognitive functions and help to understand which patients suffer from these

deficits. We performed a multivariate support vector regression-based lesion-symptom

mapping and structural disconnection study on semantic and phonemic fluency in 1231

patients with acute ischemic stroke. With the largest-ever LSM study on verbal fluency we

achieved almost complete brain lesion coverage. Lower performance on both fluency types

was related to left hemispheric frontotemporal and parietal cortical regions, and subcor-

tical regions centering on the left thalamus. Distinct correlates for phonemic fluency were

the anterior divisions of middle and inferior frontal gyri. Distinct correlates for semantic

fluency were the posterior regions of the middle and inferior temporal gyri, para-

hippocampal and fusiform gyri and triangular part of the inferior frontal gyrus. The

disconnectome-based analyses additionally revealed phonemic fluency was associated
oefficient; DSC, dice similarity coefficient; DWI, diffusion-weighted imaging; FDR, false
ersion recovery; fMRI, functional MRI; LSM, lesion-symptom mapping; MNI, montreal
nce imaging; SVR, support vector regression; VCI, vascular cognitive impairment.
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Language
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with a more extensive frontoparietal white matter network, whereas semantic fluency was

associated with disconnection of the fornix, mesiotemporal white matter, splenium of the

corpus callosum. These results provide the most detailed outline of the anatomical cor-

relates of phonemic and semantic fluency to date, stress the crucial role of subcortical

regions and reveal a novel dissociation in the left temporal lobe.

© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Verbal fluency is defined as the ability to generate unique

verbal responses according to a specified criterion, typically

including either a semantic category (i.e., semantic fluency) or

starting with a specific phoneme (i.e., phonemic fluency)

(Schmidt et al., 2017). Cognitive processes involved in both

types of fluency are executive processes such as energization

(i.e., the ability to generate non-overlearned responses), self-

monitoring, attention and working memory, and language

and memory (Baldo, SChwartz, Wilkins, & Dronkers, 2006;

Biesbroek et al., 2016). A crucial distinction lies in the differ-

ential involvement of the mental lexicon network, since se-

mantic fluency more strongly engages semantic memory,

whereas phonemic fluency engages phonological memory

(Baldo et al., 2006; Biesbroek et al., 2016). Furthermore, stra-

tegies applied for an effective memory search might be

different for both types of fluency, which could result in dif-

ferential involvement of executive processes (Biesbroek et al.,

2016).

Reflecting these shared and distinct cognitive components,

semantic and phonemic fluency have shared and distinct

anatomical correlates (Baldo et al., 2006; Biesbroek et al., 2016;

Birn et al., 2010; Costafreda et al., 2006; Henry & Crawford,

2004). However, even though the anatomy underlying pho-

nemic and semantic fluency has been extensively studied,

many aspects of their anatomical underpinnings remain

controversial. A widely accepted notion is that both phonemic

and semantic fluency are associated with a large left hemi-

spheric frontotemporal network, and that phonemic fluency

depends more strongly on left frontal regions, whereas se-

mantic fluency depends more strongly on left temporal re-

gions (Baldo et al., 2006; Biesbroek et al., 2016; Costafreda et al.,

2006; Henry & Crawford, 2004; Schmidt et al., 2019). However,

some of the findings of prior lesion and functional MRI (fMRI)

studies conflict regarding the exact regions within the frontal

and temporal lobes that are involved in either type of verbal

fluency, regarding the involvement of subcortical, parietal and

occipital regions, and regarding the potential contribution of

the right hemisphere (see Table 1 for a summary of findings

from previous lesion studies and Table 2 for a summary of the

corresponding methodological designs).

An important cause of inconsistent results across prior

lesion studies is their limited sample size. This is crucial in

lesion studies, because only regions that are damaged in a

sufficient number of patients can be included in the analyses.

Achieving sufficient “brain lesion coverage” remains difficult

even in studieswith hundreds of subjects (Weaver et al., 2019).
Consequently, each prior lesion study on verbal fluency has to

some degree focused on a subset brain regions, reflecting the

inclusion criteria and sample size of the study cohort, thus

ignoring potential contributions of undamaged brain regions.

Furthermore, in relatively small samples that do allow for the

inclusion of a specific region in the analysis, the statistical

power for detecting associations between lesions and verbal

fluency may still be limited. The largest lesion study in verbal

fluency to date included 191 patients and the remaining

studies all included <100 patients (see Supplementary Table

A.1 for an overview). Thus, a large lesion study that covers

nearly the entire brain and optimizes statistical power is

warranted to obtain comprehensive knowledge on the anat-

omy underlying verbal fluency. Furthermore, methods to map

not only the location of the lesion itself, but also the

anatomical network that is disrupted by the lesion, have

recently emerged and might provide complementary infor-

mation (Foulon et al., 2018; Fox, 2018). To the best of our

knowledge, an anatomical disconnection study has not yet

been performed for verbal fluency.

The aim of the current study is to determine the anatom-

ical correlates of semantic and phonemic fluency by per-

forming amulticenter lesion-symptommapping study in 1231

unselected ischemic stroke patients using multivariate sup-

port vector regression-based lesion-symptom mapping. A

complementary disconnection-based approach, in which not

the lesion itself but the anatomical network that is affected by

the lesion is mapped, is applied to identify the subcortical

networks involved in verbal fluency. The scale of this study

ensures that nearly the entire brain can be included in the

analyses instead of focusing on prespecified areas of interest.
2. Methods

2.1. Study population

Patients were selected from the Hallym vascular cognitive

impairment (VCI) and Bundang VCI cohorts (Lim et al., 2014;

Yu et al., 2013). A flowchart is provided in Fig. 1. All patients

were admitted to either Hallym University Sacred Heart Hos-

pital or Seoul National University Bundang Hospital (Republic

of Korea) with acute ischemic stroke between January 2007

and December 2018. 1591 patients were initially selected

based on the following inclusion criteria: (1) availability of

brain magnetic resonance imaging (MRI) showing the acute

symptomatic infarct(s) on diffusion weighted imaging (DWI)

and/or fluid-attenuated inversion recovery (FLAIR), (2) suc-

cessful infarct segmentation and registration (see section

http://creativecommons.org/licenses/by/4.0/
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Table 1 e Brain regions previously implicated in semantic and phonemic fluency in lesion studies.

Shared Semantic only Phonemic only

Consistent resultsa

Left insula Chouiter, Schmidt,

Biesbroek, Baldo, Li

Left Inferior temporal gyrus Schmidt, Biesbroek, Baldo

(post part)

Left middle temporal gyrus Li Chouiter (post part), Baldo

(post part), Schmidt

Chouiter (ant part)

Left caudate nucleus Chouiter, Schmidt Chouiter

Left pallidum Chouiter, Schmidt Chouiter

Left putamen Chouiter, Schmidt,

Biesbroek, Baldo, Li

Biesbroek, Chouiter

Left angular gyrus Chouiter, Baldo

Left supramarginal gyrus Chouiter, Baldo Chouiter, Baldo

Left superior longitudinal fasciculus Chouiter, Li Chouiter

Conflicting results

Left anterior limb internal capsule Chouiter, Li Chouiter, Almairac

Left posterior limb internal capsule Chouiter Chouiter, Almairac

Left middle frontal gyrus Schmidt, Li Schmidt, Biesbroek, Baldo

Left rolandic operculum Biesbroek Chouiter, Biesbroek, Baldo

Left precentral gyrus Schmidt, Biesbroek, Li Schmidt, Baldo

Left superior temporal gyrus Chouiter, Schmidt, Li Schmidt, Almairac, Baldo Chouiter (ant part)

Left inferior frontal gyrus Schmidt, Biesbroek, Li Almairac Schmidt, Baldo

Left external capsule Chouiter Almairac

Left postcentral gyrus Li Baldo

Limited evidence

Left thalamus Schmidt

Left corona radiate Chouiter

Left lateral orbital gyrus Schmidt

Left uncus Schmidt

Left hippocampus and

parahippocampal gyrus

Biesbroek

Left fusiform gyrus Biesbroek

Left lingual gyrus Biesbroek

Left IFO, uncinate fasciculus

and frontal aslant tract

Li

Right inferior frontal gyrus Biesbroek

Anatomical correlates found in the six prior lesion-symptommapping studies (Almairac, Herbet, Moritz-Gasser, de Champfleur,&Duffau, 2015;

Baldo et al., 2006; Biesbroek et al., 2016; Chouiter et al., 2016; Li et al., 2017; Schmidt et al., 2019) that directly compared semantic with phonemic

fluency and reported correlates at the level of specific gyri, subcortical nuclei or white matter connections. The methodological design of these

studies is described in Table 2. When a study is listed under shared, the corresponding region was associated with both fluency types. When a

study is listed under semantic or phonemic fluency, the corresponding regionwas either uniquely associated with this fluency type (in that case

the study is not also listed under shared) or it was preferentially associated with this fluency type (i.e., after correction for the other fluency type

or substantially more significant voxels than for the other fluency type).
a Defined as regions identified in at least 2 studies and non-conflicting results. Abbreviations: IFO: inferior fronto-occipital fasciculus, ant:

anterior, post: posterior.
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below), and (3) available post-stroke neuropsychological

assessment within one year after stroke. Of the 1591 patients,

49 patients were excluded because of insufficient scan quality,

and 65 patients were excluded because the acute infarct was

insufficiently delineable, most commonly because of a sub-

optimal interval between stroke onset and MRI acquisition

(see “image processing steps” below) or because the infarct

could not be reliably distinguished from old brain infarcts or

from extensive white matter hyperintensities). Next, 45 pa-

tients were excluded because of unsuccessful lesion regis-

tration. In a final step, 191 patients were excluded because of

missing cognitive data on either phonemic or semantic

fluency, or missing demographic data on age, sex and level of

education. This resulted in the final inclusion of 1231 patients

from the two cohorts; 588 from the Hallym VCI cohort and 643
from the Bundang VCI cohort. The institutional review board

approved the study protocol and waived patient consent

because of the retrospective nature of the study and minimal

risk to participants. No part of the study procedures or ana-

lyses was pre-registered prior to the research being conduct-

ed. We report how we determined our sample size, all data

exclusions, all inclusion/exclusion criteria (which were all

established prior to data analysis), all datamanipulations, and

all measures in the study.

2.2. Magnetic resonance imaging

A 3.0 T MRI scanner (Achieva, Philips Healthcare, Eindhoven,

the Netherlands) was used in both the Hallym and Bundang

hospital. The HallymVCI cohort MRI protocol consisted of DWI,

https://doi.org/10.1016/j.cortex.2021.06.019
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Fig. 1 e Flowchart of the inclusion of patients.

Table 2 e Methodological design of prior lesion-symptom mapping studies on verbal fluency.

Study Year N Lesion
type

Timing cognitive
assessment

Brain coverageb Statistical method

Baldo 2006 48 Strokea Mean 9 months

(SD 57.9) post-stroke

Left hemisphere, limited to

part of MCA territory

- Voxel-wise t-test, significance

level uncorrected p < .05

Almairac 2014 31 Low-grade

glioma

Pre-operatively and

3 months

post-operatively

Left hemisphere, limited to

frontal and temporal regions

and basal ganglia and

surrounding WM

- Voxel-wise t-test, significance

level FDR-corrected q < .05

- ROI analysis with spearman

correlation

Chouiter 2016 191 Strokea or

brain tumor

Mean 2.4 weeks

(SD 5.3) post-stroke or

post-diagnosis of

brain tumor

Supratentorial lesion, mostly

MCA vascular territory,

predominantly in left hemisphere

- Voxel-wise t-test, significance

level FDR-corrected q < .05

Biesbroek 2016 93 Ischemic

stroke

Mean 7.5 days

(SD 5.1) post-stroke

Right MCA territory, part of

left MCA territory, part of

both PCA territories, small

part of cerebellum

- Voxel-wise t-test, significance

level FDR-corrected q < .05

- ROI analysis with linear

regression

Li 2018 51 Strokea Mean 11.9 months

(SD 34.4) post-stroke

19 left/right hemispheric

white matter tracts

- ROI analysis with correlation,

statistical method not further

specified

Schmidt 2019 85 Ischemic

stroke

Mean 17 months

(SD 18.2) post-stroke

Left hemisphere, limited to

part of the MCA territory

- Voxel-wise ANOVA-type

extension of BrunnereMunzel

rank test, significance level

uncorrected p < .001

Methodological design of the the six prior lesion-symptom mapping studies (Almairac et al., 2015; Baldo et al., 2006; Biesbroek et al., 2016;

Chouiter et al., 2016; Li et al., 2017; Schmidt et al., 2019) that directly compared semantic with phonemic fluency and reported correlates at the

level of specific gyri, subcortical nuclei or white matter connections.
a Stroke subtype not further specified.
b Qualitative description of brain regions that were included in the studies, based on the study inclusion criteria and visual inspection (by J.M.B.)

of the reported lesion prevalence maps. FDR: false discovery rate. MCA: middle cerebral artery. PCA: posterior cerebral artery. ROI: region of

interest.
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axial T1-and T2-weighted spin echo, FLAIR, gradient-echo im-

aging, and coronal T2-weighted spin echo imaging. The

following acquisition parameters were set for FLAIR images:
repetition time, 11,000 msec; echo time, 125 msec; inversion

time, 2800msec; slice thickness, 5mm; intersection gap, 2mm;

matrix, 512 � 512; flip angle, 90�; reconstructed voxel size

https://doi.org/10.1016/j.cortex.2021.06.019
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.45 � .45 � 7 mm. The acquisition parameters for DWI images

were: repetition time, 3000 msec; echo time, 56 msec; diffusion

b-value, 1000 sec/mm2; slice thickness, 5 mm; intersection gap,

0mm;matrix, 256� 256; flip angle, 90�; reconstructed voxel size

.90� .90� 7mm. Patients at the Hallym hospital were scanned

in the firstweek of hospital admission. The Bundang VCI cohort

MRI protocol consisted of DWI, axial T1-and T2-weighted spin

echo, FLAIR, gradient-echo imaging, and coronal T1-weighted

spin echo imaging. FLAIR imaging was obtained using a fast-

spin echo sequence. The following imaging parameters were

set for FLAIR images: repetition time, 11,000 msec; echo time,

125 msec; inversion time, 2800 msec; slice thickness, 5 mm;

intersection gap, 1 mm; matrix, 512 � 512; flip angle, 90�;
reconstructed voxel size .45 � .45 � 6 mm. DWI imaging was

obtained using an echo-planar imaging (EPI) spin echo

sequence. The acquisition parameters for DWI images were set

as follows: repetition time, 5000 msec; echo time, 50 msec;

diffusion b-value, 1000 sec/mm2; slice thickness, 5 mm; inter-

section gap, 1 mm; matrix, 256 � 256; flip angle 90�; recon-
structed voxel size .86 � .86 � 6 mm. Patients at the Bundang

hospital were scanned at baseline (admission) and at one-week

follow-up; the follow-up scan was used for the current study.

2.3. Generation of infarct maps

Acute infarct segmentation and subsequent registration to the

montreal neurological institute (MNI)-152 brain template was

performed in accordance with a previously published protocol

that allows for harmonization of images from computed to-

mography (CT) and heterogeneous MRI scan protocols

(Biesbroek et al., 2019). First, acute infarcts were manually

segmented on DWI (n¼ 1201) or FLAIR (n¼ 30) sequenceswith

in-house developed software based on MeVisLab (MeVis

Medical Solutions AG, Bremen, Germany) (Ritter et al., 2011).

Infarct segmentations were performed by two trained in-

vestigators (A.K.K. and G.A.). Theywere subsequently checked

and adapted (if necessary) by an experienced rater (N.A.W.),

and further revised by another experienced rater (J.M.B.) in the

event of uncertainty regarding lesion location or classifica-

tion. Discrepancies between ratings were discussed in

consensus meetings throughout the segmentation process.

All four raters were blinded to the neuropsychological data

during the segmentation process. During segmentation, the

raters had access to all available MRI sequences and were

aware of the time interval between stroke onset and MRI. In

the acute stage (�2 weeks after stroke onset), DWIwas used as

a preferredmodality for segmentation because it is considered

the optimal sequence (i.e., is generally the most sensitive

sequence and provides high contrast between infarcted and

normal brain tissue) to visualize acute infarcts within this

time frame (Ricci, Burdette, Elster, & Reboussin, 1999). If DWI

was not available, or if a comparison of the FLAIR and DWI

revealed that the FLAIR provided amore accurate image of the

infarct, or if the MRI was performed in a more chronic stage,

infarcts were segmented on FLAIR sequences (n ¼ 26; 2.2%).

Apparent diffusion coefficient (ADC) and T1-weighted se-

quences were used as reference sequences to support identi-

fication and delineation of the infarcts. On DWI, the

hyperintense brain region with corresponding low signal on

ADCwas delineated as infarcted brain tissue. If the infarctwas
segmented on FLAIR in the subacute stage (>48 h after stroke,

but within the first few weeks), the hyperintense brain region

was delineated as infarcted brain tissue. If the infarct was

segmented on FLAIR in a more chronic stage when cavitation

has occurred, both the cavity and the surrounding hyperin-

tense signal (representing gliosis) were delineated as infarcted

brain tissue (Biesbroek et al., 2019). Intra-observer (two ratings

by N.A.W. with 1 year time interval) and interobserver (be-

tween A.K.K./G.A. and N.A.W.) agreement were determined

using the Dice Similarity Coefficient (Crum, Camara, & Hill,

2006; Dice, 1945), which expresses the degree of overlap be-

tween the segmented regions on a scale from 0 to 1, on a

random subset of 30 DWI scans. Both inter-observer (dice

similarity coefficient (DSC) .80; standard deviation (SD) .12)

and intra-observer (DSC .87; SD .07) agreement were excellent.

Presence of other vascular lesions, specifically old cortical

infarcts, large subcortical infarcts (>15 mm), hemorrhages

(>10 mm), and lacunes (<15 mm), was assessed by an expe-

rienced rater (N.A.W.) and classified according to the STRIVE

criteria (Wardlaw et al., 2013). Following lesion segmentation,

all scans and the corresponding lesion maps were trans-

formed to the T1 1-mm MNI-152 brain template (Fonov et al.,

2011) with the RegLSM tool (publicly available at www.

metavcimap.org; most recent version described in Weaver

et al. (2019)). In short, the registration procedure consisted of

linear registration followed by nonlinear registration, using

the elastix toolbox (Klein et al., 2010). To improve registration

accuracy, an intermediate registration step to an age-specific

T1 template was performed (Rorden, Bonilha, Fridriksson,

Bender, & Karnath, 2012). All registration steps were com-

bined into a single transformation, to prevent intermediate

interpolations and thereby improve registration accuracy.

Quality checks of all registration results were performed by

one rater (N.A.W.). Manual adaptations were made in case of

minor registration errors (43% of cases; n ¼ 523) using MeVi-

sLab software.

2.4. Generation of anatomical disconnectome maps

Disconnectome maps were calculated using the BCBtoolkit

(Foulon et al., 2018). This approach utilises connectome maps

derived from diffusion weighted imaging data from 10 healthy

controls (Rojkova et al., 2016) and uses the patient's lesion

maps as seed region for tractography to identify the white

matter fibers that are anatomically connected to the lesion

(Foulon et al., 2018). In a previous validation study, these 10

healthy controls proved to be enough to obtain disconnectome

maps thatmatch the overall population (more than 70% shared

variance) and that the reliability of these disconnection maps

did not decrease with increasing age of the patient (Foulon

et al., 2018). For each healthy control in the toolkit, tractog-

raphy was estimated as previously described elsewhere (De

Schotten et al., 2011; Thiebaut de Schotten et al., 2011). The

lesion map in MNI-152 space from each patient was registered

to the native space of the healthy controls using affine and

diffeomorphic deformations (Avants et al., 2011; Klein et al.,

2010) and subsequently used as seed for the tractography in

Trackvis (Wang & Benner, 2007). Tractographies from the le-

sions were transformed into visitation maps (De Schotten

et al., 2011), binarized and registered back to MNI-152 space

http://www.metavcimap.org
http://www.metavcimap.org
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using the inverse of precedent deformations. Finally, a per-

centage overlap map was generated for each patient by sum-

ming the normalized visitationmap of each healthy subject for

each voxel in MNI-152 space. Hence, in the resulting dis-

connectome map, the value in each voxel indicates the prob-

ability of disconnection from 0 to 100% for each voxel in the

brain. The disconnectome maps were subsequently dichoto-

mized using a threshold of �50%. Thus, the binary dis-

connectomemaps indicate for each voxel in the brain whether

an anatomical fiber connection with the lesioned brain region

is likely to exist in healthy individuals and, consequently, if the

voxel is disconnected by the lesion.

2.5. Neuropsychological assessment

The procedure for neuropsychological assessment in the

Hallym and Bundang VCI cohort has been previously

described (Lim et al., 2014). Verbal fluency tests were admin-

istered as part of the K-VCIHS-NP (Korean Vascular Cognitive

Impairment Harmonization Standards: Neuropsychology

Protocol) (Hachinski et al., 2006; Yu et al., 2013). Semantic

fluency was tested by asking patients to name from memory

as many animals as possible in 1 min. Phonemic fluency was

tested by asking patients to name as many words as possible

starting with a specific phoneme in 1 min (three trials, each

with a different phoneme: giut, iung, siut, corresponding to

international phonemic alphabet (IPA) phonemes g, s, s

respectively). These verbal fluency tests have been previously

validated and were applied in the Korean language (Kang,

Chin, Na, Lee, & Park, 2000). Trained clinical neuropsycholo-

gists, who were blinded to the clinical and neuroradiological

profiles of each patient, administered the tests. Performance

on the phonemic (sum of three trials) and semantic (animal)

fluency was corrected for age and education and transformed

into percentiles using previously established normative data

based on a healthy population-based sample (Kang, Jang, &

Na, 2012).

2.6. Statistical analysis

The association between infarct location and verbal fluency

was determined at the level of individual voxels in MNI-152

space (resolution 1 � 1 � 1 mm) using a previously

described support vector regression-based lesion-symptom

mapping (SVR-LSM) (Weaver et al., 2019; Zhao et al., 2018).

SVR-LSM takes the intervoxel correlations caused by non-

random distributions of infarcts (i.e., infarct patterns follow

the vascular tree) into account, thereby resulting in higher

spatial accuracy of identified neuroanatomical correlates

(Mah, Husain, Rees, &Nachev, 2014; Zhang, Kimberg, Coslett,

Schwartz, & Wang, 2014; Zhao et al., 2018). We corrected for

total infarct volume by weighting the lesioned voxels in in-

verse proportion to the square root of total infarct volume. A

linear SVR model with feature selection was used, in accor-

dance with previous studies (Weaver et al., 2019; Zhao et al.,

2018). Only voxels damaged in at least 5 patients were

included in the analysis. First, the individually norm-

corrected phonemic and semantic fluency scores were also

corrected for sex, using linear regression, and additionally

for the presence of old ischemic or hemorrhagic stroke
lesions and lacunes. In the feature selection step, noise

voxels in which the presence of a lesion is not univariately

associated with phonemic or semantic fluency (t-test, un-

corrected p-value >.05) were excluded. We previously

demonstrated that this feature selection step improves the

prediction accuracy of lesion-symptom mapping in ischemic

stroke (Zhao et al., 2018). Subsequently, parameter training of

the linear SVR model was realized to determine the optimal

regularization parameter (C) and epsilon to maximize the

prediction performance of the verbal fluency scores. The

prediction performance was calculated for each combination

of C and epsilon values by determining the mean Pearson

correlation coefficient between the real and predicted

fluency scores with 5-fold cross-validations, as previously

described (Weaver et al., 2019; Zhao et al., 2018). The result-

ing optimal C (regularization parameter) was .03125 and the

optimal epsilon was .1, corresponding with a prediction ac-

curacy of .60 (p ¼ 1*10�123) for semantic fluency and a pre-

diction accuracy of .61 (p ¼ 7*10�124) for phonemic fluency.

Statistical inference was performed by shuffling the obser-

vations of norm-corrected z-scores to create pseudo weight

coefficients, and the significance level of each voxel was

calculated by counting the number of pseudo weights larger

than the real weight in 5000 permutations. The voxels with

permutation-based p < .01 were treated as significant voxels

in the multivariate analysis. The location of significant vox-

els was visually inspected and quantified in relation to

cortical and subcortical anatomical structures based on the

HarvardeOxford (Desikan et al., 2006) and ICBM-DTI-81 (Mori

et al., 2008) atlas. We performed a post-hoc voxelwise power

calculation for detecting lesionedeficit relations in the t-test

analysis that was used in the feature analysis step. In line

with previous work in the field of lesion-symptom mapping,

the maximum lesionedeficit relationship observed in the

sample (operationalized as the 99th percentile of observed

effect sizes in the voxels that were included in the analyses),

was used as effect size in the power calculation. Thus, in the

resulting power analysis, the effect size and significance

level were fixed, and the number of patients with and

without a lesion varied per voxel (Kimberg, Coslett, &

Schwartz, 2007; Rudrauf, Mehta, & Grabowski, 2008). Two

additional LSM analyses were performed. First, a univariate

voxel-wise t-test was performed and corrected for multiple

comparisons using permutations (Rorden, Karnath, &

Bonilha, 2007), and separately reported for reference and

comparison with the main SVR-LSM results. Second, the

SVR-LSM analyses were repeated after additionally regres-

sion out the variance in fluency performance related to age

and elapsed time between stroke and neuropsychological

assessment (categorized as <3 months vs > 3 months) to

determine whether differences in timing of neuropsycho-

logical assessment and resulting potential for cognitive re-

covery impacted the main results.

The association between anatomical disconnections (as

identified in the disconnectomemaps) and verbal fluency was

also analyzed at the level of individual voxels using the same

statistical approach as described above. The only difference

was that, instead of correcting for total infarct volume, we

corrected for total volume of disconnections, by weighting the

disconnected voxels in inverse proportion to the square root

https://doi.org/10.1016/j.cortex.2021.06.019
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of total disconnection volume. The resulting optimal C was

.03125 for semantic fluency, and .015625 for phonemic

fluency, the optimal epsilon was .05 for both fluency types,

corresponding with a prediction accuracy of .41 (p ¼ 1*10�51)

for semantic fluency and a prediction accuracy of .34

(p ¼ 2*10�34) for phonemic fluency.

2.7. Data and materials availability

The source data could not be made publicly available due to

legal constraints. No explicit informed consent for public

archiving of the pseudonymized source data has been ob-

tained, in which case local regulations preclude public

archiving of the data. Pseudonymized data that support the

findings of this study are available from the corresponding

author upon request, subsequent approval from the local

Institutional Review Board, and completion of a legal data

sharing agreement. Legal copyright restrictions prevent public

archiving of the various neuropsychological tests described in

Section 2.5, which can be obtained from the copyright holders

in the cited references. The RegLSM software for image pro-

cessing is publicly available at https://metavcimap.org/

features/software-tools/. LSM analyses were performed in

JupyterLab 2.2.9 using Python 3.8.6. The feature selection step

was performed using SciPy 1.5.3 (Virtanen et al., 2020) and

statsmodels .12.1 (Seabold & Perktold, 2010). The SVR was

performed with scikit-learn version .24.0 (Virtanen et al.,

2020). All source code components are publicly available

from the respective package websites and all custom analyses

scripts that were used in the current study are publicly

archived at https://github.com/Meta-VCI-Map/LSM.
3. Results

Themean age of the 1231 included patients was 66.6 years (SD

11.6), 62.3%weremale and themedian years of education was

12. Brain MRI and cognitive evaluation was performed on

average 3.6 days (SD 3.4) and 107 (SD 69) days after stroke

respectively. A complete list of the characteristics of the

included patients is provided in Table 3.

3.1. Lesion-symptom mapping: infarct location

The SVR-LSM results are shown in Fig. 2, the location of the

significant voxels in relation to anatomical structures is pro-

vided in Table 4 and Supplementary Table A.2, and the location

of the voxel with the maximum statistic for each cluster is re-

ported in Supplementary Table A.3. The lesion prevalence map

is shown in Fig. 2. Lesion distributionwas similar in the left and

right cerebral hemispheres, and 71.4% of the entire brain

(including cerebrum, cerebellum and brain stem) could be

included in the analyses. Median statistical power in tested

voxels was .97 for phonemic (range .71e1.0) and .95 for se-

mantic fluency (range .66e1.0). Parts of the medial frontal and

parietal cortex (vascularized by the anterior cerebral artery), the

most caudal parts of the temporal lobes, the mesencephalon

and parts of the cerebellum were not included due to insuffi-

cient lesion prevalence in these regions. Shared significant

voxels for both phonemic and semantic were located almost
exclusively in the left hemisphere, including mainly left fron-

totemporal cortical regions and to a lesser extent parietal and

occipital cortical regions, the left thalamus, basal ganglia and

surrounding white matter. Regions in which lesions were

associated with phonemic fluency, but not (or to a much lesser

extent) with semantic fluency, were the anterior divisions of

themiddle and inferior temporal gyri. Regions in which lesions

were associated with semantic fluency, but not phonemic

fluency, were the temporo-occipital part of the middle and

inferior temporal gyri, the entire fusiform cortex, the posterior

part of the parahippocampal gyrus, the triangular part of the

inferior frontal gyrus, the frontal orbital cortex, and the sple-

nium of the corpus callosum.

The results of the univariate LSM analysis were largely in

line with the SVR-LSM analysis (Supplementary Fig. 1), with

the exception that fewer significant voxels in inferior tempo-

ral regions were found for both fluency types and that the

involvement of left medial temporal and fusiform regions in

semantic fluencywas not detected. After additional correction

of the SVR-LSM analysis for timing of cognitive assessment,

the results were essentially unchanged compared to the main

results (Supplementary Fig. 2).

3.2. Lesion-symptom mapping: anatomical
disconnections

The lesion prevalence map and the results of the

disconnectome-based analysis are shown in Fig. 3. Median

statistical power in tested voxels was 1.0 for phonemic (range

.53e1.0) and 1.0 for semantic fluency (range .51e1.0). In line

with the lesion-symptom mapping analyses, nearly all sig-

nificant voxels (i.e., voxels in which a disconnection is asso-

ciated with lower fluency performance) were located in the

left hemisphere. Overlapping correlates for both phonemic

and semantic fluency were found predominantly in connec-

tions from the left thalamus to the prefrontal cortex, and to a

lesser degree in dispersed left hemispheric frontoparietal and

temporal white matter regions. A more extensive left fronto-

parietal, perisylvian white matter network was found specif-

ically for phonemic fluency, while several clusters of left

temporal voxels and clusters in thalamic nuclei that project to

the temporal lobe were found specifically for semantic

fluency, as well as bilateral orbitofrontal white matter con-

nections. Disconnection of the left fornix was exclusively

associated with semantic fluency. Regarding interhemi-

spheric connections, anterior disconnections (genu of the

corpus callosum) were associated with both fluency types,

while posterior interhemispheric disconnections (splenium of

the corpus callosum with connections to right hemispheric

parietal, occipital and temporal whitematter) were associated

with semantic fluency.
4. Discussion

The results of the lesion-symptom mapping and

disconnectome-based analyses provide converging evidence

for a large, partially shared and distinct left hemispheric

cortical-subcortical network involved in phonemic and se-

mantic fluency. Distinct anatomical correlates of semantic

https://metavcimap.org/features/software-tools/
https://metavcimap.org/features/software-tools/
https://github.com/Meta-VCI-Map/LSM
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Table 3 e Characteristics of 1231 included patients.

Demographics

Age, mean (SD; range) 66.6 (11.6; 21e94)

Male, n (%) 767 (62.3)

Education in years, median (IQR) 12 (6)

Vascular risk factors

Hypertension, n (%)a 833 (67.7)

Hyperlipidemia, n (%)a 393 (32.1)

Current smoker, n (%)a 318 (25.8)

Diabetes Mellitus, n (%)a 383 (31.2)

Body mass index (BMI), mean (SD)b 24.1 (3.1)

Atrial fibrillation, n (%)c 161 (14.0)

Hand preferenced

Left, n (%) 12 (1)

Right, n (%) 1179 (97)

Ambidexter, n (%) 21 (2)

Stroke severity

NIHSS, median (IQR)b 3 (4)

Brain MRI

Days between stroke and MRI acquisition, mean (SD; range)e 3.6 (3.4; 0e46)

Acute infarct segmented on DWI, n (%)f 1201 (98)

Presence of chronic stroke lesion, n (%)g 176 (14.3)

Presence of chronic lacune, n (%) 236 (19.2)

Verbal fluency

Days between stroke and neuropsychological assessment, mean (SD; range)e 107 (69; 1e365)

Semantic fluency (number of animals), mean (SD; range) 12.1 (5.0; 0e30)

Semantic fluency (norm-corrected percentile), mean (SD; range) 28.0 (26.0; 0e99.7)

Phonemic fluency (number of words, phoneme giut), mean (SD; range) 6.0 (4.1; 0e22)

Phonemic fluency (number of words, phoneme iung), mean (SD; range) 5.9 (3.9; 0e20)

Phonemic fluency (number of words, phoneme siut), mean (SD; range) 6.3 (4.1; 0e20)

Phonemic fluency (norm-corrected percentile), mean (SD; range) 29.6 (26.7; 0e99.8)

a Data missing in <10 cases.
b Data missing in 33 cases.
c Data missing in 85 cases.
d Data missing in 19 cases.
e Data missing in 3 cases. The data was complete for all remaining variables.
f The remaining 30 cases were segmented on FLAIR images.
g Including cortical infarcts, large subcortical infarcts, and/or hemorrhage.

c o r t e x 1 4 3 ( 2 0 2 1 ) 1 4 8e1 6 3 155
fluency are the left posterior middle and inferior temporal

gyri, the fusiform and parahippocampal gyri, then left fornix,

the triangular part of the inferior frontal gyrus, and splenium

of the corpus callosum. Distinct anatomical correlates of

phonemic fluency are the anterior part of the middle and

inferior temporal gyri and amore extensive frontoparietal and

perisylvian white matter network. These results, based on an

unprecedented sample size and the use of complementary

high-resolution lesion analyses, provide a detailed outline of

the anatomy of phonemic and semantic fluency. Furthermore,

the detailed anatomical map of phonemic and semantic

fluency could be useful in interpreting deficits in either pho-

nemic or semantic fluency in individual patients in terms of

the suspected location of brain injury.

4.1. Left temporal correlates

Our findings expand the literature and help to clarify several

controversies. First of all, though our findings fit the thor-

oughly substantiated notion that phonemic fluency depends

more on left frontoparietal regions and semantic fluency

more on left temporal regions (Schmidt et al., 2019) (in line

with the motor-phonological and lexical-semantic streams
of the dual route model of speech processing (Fridriksson

et al., 2016)), they also demonstrate that this differential

involvement of temporal brain regions is more fine-grained

than previously suggested. Our results demonstrate that

the left superior temporal gyrus and temporal pole are

involved in both verbal fluency types and reveal a dissocia-

tion within the left temporal lobe, with posterior and medial

temporal regions being involved in semantic fluency, and

anterolateral temporal regions in phonemic fluency. To our

knowledge, this left temporal anterioreposterior dissocia-

tion for phonemic and semantic fluency has not been

explicitly reported before, though several studies listed in

Table 1 did actually observe that infarcts in posterior inferior

and middle temporal gyri were uniquely associated with

semantic fluency (Baldo et al., 2006; Chouiter et al., 2016), and

one study found that the anterior part of themiddle temporal

gyrus was uniquely associated with phonemic fluency

(Chouiter et al., 2016). There are several possible explana-

tions for this dissociation. First of all, there is prior evidence

for a top-down control for selecting appropriate responses

based on a semantic constraint, which has been termed

‘semantic control’ (Ralph, Jefferies, Patterson, & Rogers,

2016). This is a critical process in semantic, but not in

https://doi.org/10.1016/j.cortex.2021.06.019
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Fig. 2 e Results of the support vector regression-based voxel-wise lesion-symptommapping analysis (SVR-LSM). The upper

panel shows the lesion overlay map depicting the number of patients with a lesion for a specific voxel in MNI space, and the

statistical power for detecting lesionedeficit relations per voxel in the feature selection step (t-test, uncorrected p-value

<.05). The lesion overlay map is thresholded at n ¼ 5 to show only the voxels that were included in the analysis. The lower

panel shows the significant voxels from the multivariate SVR-LSM analysis. Significant voxels are either exclusively

associated with phonemic (blue) or semantic (red) fluency, or with both (purple). The results are norm-corrected for age and

sex, and additionally corrected for education, infarct volume, chronic stroke lesions, lacunes using linear regression. The

left hemisphere is depicted on the left and the z-coordinates in MNI space of the transversal slices are shown.
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phonemic fluency (which depends more on bottom-up

retrieval (Katzev, Tüscher, Hennig, Weiller, & Kaller, 2013))

and has been attributed to posterior temporal regions and

the triangular part of the inferior frontal gyrus (Ralph et al.,

2016). Both these regions were uniquely associated with se-

mantic fluency in the current study. Second, the involvement

of the left dorsal (temporo-occipital) and medial (para-

hippocampal and fusiform) cortex in semantic fluency likely
reflects semantic representations. There is a large body of

literature implicating these brain regions in lexical semantic

memory (Binder & Desai, 2011; Faulkner & Wilshire, 2020;

Forseth et al., 2018; Patterson, Nestor, & Rogers, 2007). In

particular semantic memory for living things (including an-

imals) is strongly associated with visual semantic processing

(Cree&McRae, 2003), which is localized in posterior temporal

and occipital brain regions (Ralph et al., 2016). It is important

https://doi.org/10.1016/j.cortex.2021.06.019
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Table 4 e Location of significant voxels in the SVR lesion-symptom mapping analysis.

Brain region Significant voxels Tested voxels Significant/tested voxels

Phonemic semantic Phonemic Semantic

Left temporal cortical regions

Temporal pole 3832 1358 10,477 .37 .13

Sup temporal gyrus, ant div 1148 672 2234 .51 .30

Superior temporal gyrus, post div 253 805 3227 .08 .25

Middle temporal gyrus, ant div 1497 74 3495 .43a .02a

Middle temporal gyrus, post div 2878 1444 10,517 .27 .14

Middle temporal gyrus, temporo-occ part 224 1781 6568 .03b .27b

Inferior temporal gyrus, ant div 141 0 543 .26a .00a

Inferior temporal gyrus, post div 355 1765 3861 .09 .46

Inferior temporal gyrus, temporo-occ part 148 1531 2782 .05b .55b

Temporal fusiform cortex, ant div 0 22 72 .00b .31b

Temporal fusiform cortex, post div 0 1243 5029 .00b .25b

Temporal occipital fusiform cortex 1 447 4832 .00b .09b

Planum polare 557 469 2873 .19 .16

Planum temporale (Wernicke) 582 630 4494 .13 .14

Heschl's gyrus 161 134 2507 .06 .05

Parahippocampal gyrus, post div 0 58 2162 .00b .03b

Left frontal cortical regions

Inferior frontal gyrus, pars triangularis 7 451 5196 .00b .09b

Inferior frontal gyrus, pars opercularis 372 743 6170 .06 .12

Precentral gyrus 1931 546 24,198 .08 .02

Middle frontal gyrus 684 713 20,742 .03 .03

Superior frontal gyrus 63 32 4542 .01 .01

Frontal orbital cortex 16 168 9783 .00b .02b

Left parietal cortical regions

Angular gyrus 627 808 7838 .08 .10

Superior parietal lobule 445 270 8385 .05 .03

Supramarginal gyrus, ant div 475 481 7524 .06 .06

Supramarginal gyrus, post div 265 564 8716 .03 .06

Postcentral gyrus 301 148 19,070 .01 .02

Left occipital cortical regions

Lateral occipital cortex, inf div 379 874 12,238 .03 .07

Lateral occipital cortex, sup div 720 783 30,321 .02 .03

Occipital fusiform gyrus 13 109 7172 .00b .02b

Left insular and opercular cortex

Insular cortex 1113 1049 10,648 .10 .10

Central opercular cortex 1247 1151 7808 .16 .15

Parietal operculum cortex 422 165 4449 .09 .04

Frontal operculum cortex 217 719 2817 .08 .26

Left white matter regions

Anterior limb internal capsule 650 811 2815 .23 .29

Posterior limb internal capsule 221 382 3752 .06 .10

Retrolenticular internal capsule 122 32 2268 .05 .01

Anterior corona radiata 273 303 5518 .05 .05

Posterior corona radiata 279 157 2862 .10 .05

Superior corona radiata 125 103 7437 .01 .02

Posterior thalamic radiation 281 416 3165 .09 .13

Sagittal stratum 297 463 2230 .13 .21

Inferior fronto-occipital fasciculus 140 190 1921 .07 .10

Superior longitudinal fasciculus 907 373 6604 .14 .06

External capsule 134 187 3650 .04 .05

Cerebral peduncle 75 41 969 .08 .04

Fornix and stria terminalis 64 22 940 .07 .02

Corpus callosum

Splenium 14 80 5478 .00b .01b

Left subcortical grey matter

Amygdala 66 78 1074 .06 .07

(continued on next page)
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Table 4 e (continued )

Brain region Significant voxels Tested voxels Significant/tested voxels

Phonemic semantic Phonemic Semantic

Caudate 382 297 4145 .09 .07

Hippocampus 347 372 4445 .08 .08

Pallidum 111 234 2248 .05 .10

Putamen 486 1179 6778 .07 .17

Thalamus 364 871 6227 .06 .14

This table shows the results of the voxel-wise SVR-LSM analysis by quantifying the number of significant voxels per region of interest. The total

number of significant voxels and the total number of tested voxels per brain region are provided and additionally expressed as a proportion

(significant voxels divided by tested voxels).
a Brain region specifically associated with phonemic fluency.
b Brain region specifically associated with semantic fluency. Note that only regions with a proportion of at least 1% significant voxels and at

least a total of 50 significant voxels for either phonemic or semantic fluency are shown here; a full list of all significant voxels is provided as

Supplementary Table 2. Abbreviations: sup: superior, inf: inferior, ant: anterior, post: posterior, occ: occipital, div: division.
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to acknowledge that, though phonemic fluency is not pri-

marily driven by a semantic constraint, it does require inte-

gration with lexical semantic memory to ensure that a

specific string of phonemes represents an existing

word (Dilkina, McClelland, & Plaut, 2010; Majerus, 2019).

Therefore, both phonemic and semantic fluency engage se-

mantic memory to some extent, though the precise nature of

the involved semantic processes are different. As such, it is

possible that the anterioreposterior dissociation in the

temporal lobe might reflect differential involvement of se-

mantic representations. Since the anterior temporal lobe is

more involved in abstract and general semantic processing,

this could indicate that phonemic fluency engages more

general semantic representations, though there is no prior

literature to support this notion as far as we are aware. A

third possible explanation is that the dissociation in the left

temporal lobe might reflect a lemma (semanticesyntactic

properties)/lexeme (morphophonological properties)

distinction (Crepaldi et al., 2011; Levelt, Roelofs, & Meyer,

1999; Roelofs, Meyer, & Levelt, 1998), which would fit previ-

ous observations that anterior temporal stimulation selec-

tively disrupt phonological processing while leaving access

to semantic information intact, while inferior and posterior

temporal stimulation can selectively disrupt semantic pro-

cessing (Hamberger et al., 2016). Fourth, involvement of

anterior temporal cortex in phonemic fluency might reflect

higher load on executive processes as indicated by the fact

that in the current study, patients were able to name

approximately twice as many items per minute in semantic

compared to phonemic fluency (Rusn�akov�a, Daniel, Chl�adek,

Jur�ak, & Rektor, 2011; Schmidt et al., 2019).

The involvement of the left fornix in semantic fluency is a

novel finding and might reflect episodic memory processes

that might be appropriate in semantic fluency where episodic

memory can provide a context for semantic retrieval (a so

called scene reconstruction process (Hassabis & Maguire,

2007) e.g., remembering a situation in the zoo or on safari)

that might not be relevant for phonemic fluency (Hodgetts

et al., 2017).

4.2. Left frontal and perisylvian correlates

The notion that phonemic fluency draws more on perisylvian

and frontal brain regions than semantic fluency was most
apparent from the disconnectome-based analyses, showing a

specific involvement of the posterior part of the external

capsule and a larger extent of perisylvian and frontoparietal

white matter in phonemic fluency. This can be explained by a

stronger dependency of phonemic fluency on the so-called

phonological loop that involves the superior temporal gyrus,

supramarginal gyrus and inferior frontal regions compared to

semantic fluency (Dilkina et al., 2010).We found the triangular

part of the inferior frontal gyrus to be uniquely involved in

semantic fluency. This critical role of the triangular part of the

inferior frontal gyrus in semantic but not phonemic fluency

has been previously reported in fMRI studies (Costafreda et al.,

2006; Katzev et al., 2013), but the current study is the first to

provide evidence in patients with brain lesions.

4.3. Right hemispheric correlates

Regarding right hemispheric contributions to verbal fluency,

we identified very few relevant right hemispheric voxels in the

LSM analyses on infarct location, even though both hemi-

spheres were equally represented in the study sample. The

region with the most significant voxels in the right hemi-

sphere was the precentral gyrus (135 voxels for phonemic and

167 for semantic amounting to less than 1% of tested voxels),

while the remaining regions had even far less significant

voxels, possibly only reflecting noise. This might suggest that

the contribution of the right hemisphere amounts to no more

than speech-related motor activity. On the other hand, we did

find significant clusters in the forceps major (mostly for se-

mantic fluency), which suggests a role of interhemispheric

connections. Furthermore, the disconnectome-based ana-

lyses showed that disconnection of the forceps minor (which

connects the frontal lobes) was associated with fluency

(mostly phonemic), and disconnection of the forceps major

(which connects posterior cortical regions), and several clus-

ters in the right parietal and occipital white matter were

uniquely associated with semantic fluency. In light of these

findings a contribution of the right hemisphere to cognitive

functions underlying verbal fluency cannot be excluded and

would be in line with one previous lesion-symptom mapping

study in which it was speculated that the right hemispheric

contribution could reflect a mental imagery strategy

(Biesbroek et al., 2016), though it is clear that any right hemi-

spheric involvement in verbal fluency is very limited.
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Fig. 3 e Results of the support vector regression-based voxel-wise disconnectome analysis. The upper panel shows the

lesion overlaymap depicting the number of patients with an anatomical disconnection for a specific voxel in MNI space, and

the statistical power for detecting lesionedeficit relations per voxel in the feature selection step (t-test, uncorrected p-value

<.05). The lesion overlay map is thresholded at n ¼ 5 to show only the voxels that were included in the analysis. The lower

panel shows the significant voxels from the SVR analysis. Significant voxels are either exclusively associated with

phonemic (blue) of semantic (red) fluency or with both (purple). The results are norm-corrected for age and sex, and

additionally corrected for education, disconnection volume, chronic stroke lesions, lacunes using linear regression. The left

hemisphere is depicted on the left and the z-coordinates in MNI space of the transversal slices are shown.
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4.4. Study strengths, methodological considerations,
and limitations

The main strengths of the current study are the large sample

size e allowing for the inclusion of 71.4% of the entire brain

(including left and right cerebrum, cerebellum and brain stem)

in the lesion-symptom mapping analyses e as well as the

multicenter nature of the study and the homogeneous MRI
acquisition protocol. Furthermore, we used a recently devel-

oped multivariate lesion-symptom mapping method that

takes intervoxel correlations into account. This approach has

been shown to provide superior sensitivity and specificity

compared to traditional mass-univariate lesion-symptom

mapping methods (Zhang et al., 2014; Zhao et al., 2018). As

reference, we provided the results of mass-univariate LSM

(using a t-test and permutation-based correction for multiple

https://doi.org/10.1016/j.cortex.2021.06.019
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comparisons) in Supplementary Fig. 1 in order to facilitate

comparisons with prior and future univariate LSM studies on

verbal fluency. The most notable difference was that the sig-

nificant voxels in de left fusiform andmedial temporal regions

for semantic fluency were not detected in the univariate

analysis. Finally, the complementary disconnectome-based

analyses allowed us to not only study the impact of the

lesion on cognition, but also to map the lesion to the

anatomical connectome and to study the impact of remote

disconnections on cognition, an approach that had not pre-

viously been applied in verbal fluency (Fox, 2018).

It should be acknowledged that all lesion-symptom

methods are prone to a certain degree of error in pinpoint-

ing critical anatomical regions (Ivanova, Herron, Dronkers, &

Baldo, 2021). An important source of anatomical bias is the

intervoxel correlations resulting from non-random infarct

patterns that follow the vascular tree (Mah et al., 2014). We

used a multivariate SVR method that takes the intervoxel

correlations into account to improve accuracy (Zhang et al.,

2014; Zhao et al., 2018). Other important factors that

improve the precision of LSM are correction for infarct volume

(which we did with direct lesion volume control (Zhao et al.,

2018)), sample size (i.e., increasing sample size improves

precision (Ivanova et al., 2021)), and exclusion of voxels that

are affected in few patients, and it was recently shown that

smoothing of lesion masks may improve accuracy (Ivanova

et al., 2021). Another issue is that the optimum threshold for

how many patients should have a lesion in a particular voxel

for it to be included in the analyses is unclear. We only

included voxels affected in at least five patients. A recent

study in which LSM simulations in 100 patients were per-

formed showed that using aminimum lesion frequency of five

patients compared to a minimum lesion frequency of one

patient per voxel significantly improved the spatial accuracy

of LSM (Sperber & Karnath, 2017). The optimum threshold

may be different when including 1231 patients as was the case

in the current study, but as far as we are aware, this has never

been tested. Selecting a cut-off involves a trade-off between

including as many brain regions as possible on the one hand,

and optimizing statistical power in the included voxels on the

other hand. Since we may expect more very large-scaled LSM

studies in the future (Weaver et al., 2019; Weaver et al., 2021),

the optimum threshold for the minimum number of patients

with a lesion in each voxel in LSM studies should ideally be

reassessed in simulation studies involving thousands of

patients.

Several limitations should also be noted. First, due to the

standardized nature of the cognitive evaluation, no more

specific tests for probing cognitive subprocesses underlying

phonemic and semantic fluency were available. Therefore,

interpretations regarding the cognitive processes that take

place in specific overlapping and distinct anatomical corre-

lates for phonemic and semantic fluency are based on the

literature instead of empirical data from the current study. In

particular, the observed anterioreposterior left temporal

dissociation in phonemic and semantic fluency warrants

further research with more fine-grained neuropsychological

tests to clarify the underlying cognitive processes. A second

limitation is that, while identification of the anatomical cor-

relates of phonemic and sematic fluency was based on
rigorous statistical tests, the comparison of the anatomical

correlates of the two fluency types to highlight shared and

unique correlates is of a qualitative nature. This commonly

used approach is sometimes complemented by an additional

analysis in which the other fluency type is added as nuisance

variable, but this approach can introduce statistical artefacts

(Sperber, Nolingberg, & Karnath, 2020), in particular when

analyzing complex cognitive constructs such as verbal

fluency. Ideally, both fluency types would be statistically

modeled together in an analysis that is multivariate not only

at the level of voxel lesion status (as is the case in the SVR-LSM

method that we used), but at the level of cognitive outcome as

well, but these method are not yet available. Third, the time

between stroke and neuropsychological examination ranged

from one to 365 days (mean 107 days). Over time, brain plas-

ticity and cognitive recovery can occur, and the degree of re-

covery may be different depending on which brain region is

damaged (Karnath, Rennig, Johannsen, & Rorden, 2011). As

such, neuropsychological assessment should ideally be per-

formed in the acute stage when aiming to identify the

anatomical correlates of a given cognitive function (de Haan&

Karnath, 2018). We chose to include all patients with cognitive

evaluation up to one year, which means that we cannot rule

out false negative findings due to brain plasticity and cognitive

recovery. However, the analysis with additional correction for

timing of cognitive assessment (Supplementary Fig. 2) sug-

gests that the differences in timing of cognitive assessment

across subjects did not significantly affect themain results. Of

note, both fluency types were always assessed on the same

day for a single patient. Regarding the timing of brain scan

acquisition, this was performed in the acute stage as has been

advocated to avoid anatomical distortions due to cavitation in

the chronic stage (de Haan & Karnath, 2018). Fourth, despite

extensive manual checks and corrections during image pro-

cessing, possible distortion due to edema in the acute stage

and limited spatial resolution of the brain scans should be

acknowledged.
5. Conclusion

In summary, we determined the anatomical correlates of

phonemic and semantic fluency by applying lesion- and

disconnectome-symptom mapping in 1231 patients with

ischemic stroke. The observed shared anatomical correlates

in a large left hemispheric cortical-subcortical network

reflect shared cognitive processes involved in both fluency

types. In contrast, a dissociation within the left temporal

lobe was found, as medial and posterior lateral cortex is

involved uniquely in semantic fluency and anterior lateral

cortex in phonemic fluency. Furthermore, the triangular part

of the left inferior frontal gyrus is uniquely involved in se-

mantic fluency whereas phonemic fluency draws on more

extensive perisylvian and frontoparietal white matter re-

gions. The identified distinct anatomical correlates most

likely reflect differential involvement of lexical semantic and

phonological memory and possibly differential involvement

of executive processes. Our results provide the most

comprehensive map of the anatomical correlates of phone-

mic and semantic fluency based on patients with brain

https://doi.org/10.1016/j.cortex.2021.06.019
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lesions to date and shed new light on the anatomical struc-

tures and cognitive functions implicated in phonemic and

semantic fluency.
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