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Abstract

Poor performance on verbal fluency tasks is associated with an increased risk of post-stroke cognitive impairment. Grey
matter regions supporting verbal fluency have been identified via lesion—symptom mapping, but the links between verbal
fluency and white matter structure remain less well described. We examined white matter correlates of semantic (Category
Fluency Animals) and phonemic or lexical fluency (COWAT FAS) after stroke, accounting for stroke severity measured
with the National Institutes of health Stroke Scale (NIHSS), age, sex, and level of education. White matter fibre density and
cross-section measures were automatically extracted from 72 tracts, using MRtrix and TractSeg software in 72 ischaemic
stroke survivors assessed 3 months after their event. We conducted regression analyses separately for phonemic and semantic
fluency for each tract. Worse semantic fluency was associated with lower fibre density in several tracts, including the arcuate
fasciculus, superior longitudinal fasciculus, inferior occipito-frontal fasciculus, inferior longitudinal fasciculus, optic radia-
tion, striato-occipital, thalamo-occipital tracts, and inferior cerebellar peduncle. Our stroke sample was heterogenous with
largely non-overlapping and predominantly right-lateralised lesions (lesion distribution: left N=27, right N=43, bilateral
N=2), dissimilar to previous studies of verbal fluency. Yet, the tracts we identified as correlates of semantic fluency were all
left-lateralised. No associations between phonemic fluency performance and fibre density metrics in any of the white matter
tracts we extracted survived correction for multiple comparisons, possibly due to the limitations in the selection of tracts and
sample characteristics. We conclude that when accounting for the effects of stroke severity, sex, age, and education, semantic
fluency is associated with white matter microstructure in the left arcuate fasciculus, superior longitudinal fasciculus, and
several occipital tracts, possibly reflecting the disconnection in the sagittal stratum. Our results obtained with fixel-based
analysis, complement previous findings obtained with lesions—symptom mapping and neurodegenerative approaches.

Keywords Verbal fluency - COWAT FAS - Category fluency animals - Fixel-based analysis (FBA) - White matter -
Superior longitudinal fasciculus

Introduction

Verbal fluency tests are often used to assess language and
executive function. Verbal fluency is dependent on informa-
tion retrieval from our memory, and hence entrains executive
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cognitive processes, such as self-monitoring, working mem-
ory, attentional set shifting, and both selective attention and
inhibition. Phonemic and semantic fluency are known to be
associated both with increased stroke risk (Brady et al. 2001;
Levine et al. 2015; Heshmatollah et al. 2020) and cognitive
decline after stroke (Babulal 2017; Shaheen et al. 2019).
Prior studies using lesion—symptom mapping have pri-
marily focused on grey matter correlates of verbal fluency
and highlighted the importance of frontal and temporal
areas (Baldo et al. 2006). They emphasised that phonemic
and semantic fluency shows some overlap in the underlying
neural correlates, but also recruits distinct regions depend-
ing on the task. Specifically, phonemic and semantic flu-
ency was found to both depend on the integrity of the left
inferior-frontal gyrus, insula (Biesbroek et al. 2016), and
the parietal cortex (Baldo et al. 2006; Chouiter et al. 2016),
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with additional frontal regions, e.g., middle frontal gyrus
and operculum, critical for word retrieval constrained by
phonology, and the left temporal cortex subserving word
retrieval constrained by semantics (Baldo et al. 2006; Bies-
broek et al. 2016).

Less is known about the role of white matter structure
in specifically supporting verbal fluency, although there is
substantial evidence of the perisylvian tracts’ role in aphasia
and aphasia recovery (Forkel et al. 2014; Forkel and Catani
2018). White matter connections could be relevant for verbal
fluency in a variety of ways: (1) for action initiation, such
as frontal aslant tract (FAT) and fronto-striatal fibres from
the SMA, preSMA, and posterior IFG (Aron et al. 2007,
Catani et al. 2013; Rech et al. 2016); (2) for executive and
semantic control over conceptual knowledge, such as the
IFOF (Duffau et al. 2005; Giampiccolo et al. 2022); (3) for
lexical retrieval and conceptual knowledge, such as the ILF,
uncinate, and anterior temporal lobe connections (Ago-
sta et al. 2010; Basilakos et al. 2014a; Herbet et al. 2016;
Giampiccolo et al. 2022); (4) phonological encoding, such
as the arcuate fasciculus (Duffau et al. 2002; Giampiccolo
and Duffau 2022); (5) for articulation and auditory—motor
transformation, such as the SLF IIl/anterior segment of the
arcuate fasciculus (Duffau et al. 2003; Catani and Bambini
2014; Giampiccolo and Duffau 2022) and the corticobulbar
tract (Simonyan et al. 2016).

Approaches based on neurodegenerative diseases, such
as understanding the patterns of degeneration in primary
progressive aphasia (PPA), have revealed at least two distinct
routes to anomia (Mesulam et al. 2015, 2021). One, consti-
tuting the leading cause of anomia in semantic PPA, is based
on impaired word comprehension and arises in association
with anterior and middle temporal atrophy. The other route,
associated with impaired retrieval with relatively intact
word comprehension as in logopenic PPA, is linked to the
temporoparietal junction. In terms of the underlying white
matter, the semantic variant PPA has been associated with
bilateral alterations in the inferior longitudinal fasciculus
and uncinate fasciculus, while the logopenic variant PPA has
been linked with mostly left-sided alterations in the inferior
longitudinal fasciculus, uncinate fasciculus, superior lon-
gitudinal fasciculus, and subcortical projections (Mahoney
et al. 2013).

Several previous lesion—symptom mapping studies have
identified that phonemic and semantic fluency deficits are
associated with damage to anterior white matter tracts
including the external capsule, superior and anterior corona
radiata, superior longitudinal fasciculus, inferior fronto-
occipital fasciculus, uncinate fasciculus, frontal aslant
tract, and anterior thalamic radiations (Chouiter et al. 2016;
Li et al. 2017). Thye et al. (Thye et al. 2021) implicated
damage to white matter tracts as the primary correlate for
fluency deficits, over and above the contribution of frontal
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or temporal grey matter cortical regions, particularly for
semantic fluency. While the authors used improved meth-
ods of lesion—symptom mapping, re-examining the shared
and distinct neural correlates of semantic and lexical fluency
deficits using best practices in reproducibility, they were lim-
ited by issues intrinsic to lesion—symptom mapping stud-
ies. These include the requirement to obtain a sample with
homogenous lesion distribution and sufficient coverage of
lesions to make inferences about whole-brain processes, and
an associated assumption that there is a direct correspond-
ence between lesion sites and underlying functions. Some
evidence suggests that language function is best described as
a combination of lesion and network functional connectivity
effects (Siegel et al. 2016).

Thye and colleagues (Thye et al. 2021) localised deficits
in letter fluency to damage in the anterior corona radiata and
superior longitudinal fasciculus. For semantic fluency, they
highlighted the anterior corona radiata and smaller clusters
in the external capsule and anterior limb of the internal cap-
sule, in addition to portions of the superior longitudinal fas-
ciculus and posterior thalamic radiation. They underscored
a substantial overlap between both types of fluency, suggest-
ing that semantic fluency and letter fluency largely rely on
the same neural system. However, they did not control for
the effects of other variables known to affect verbal fluency,
namely, age, sex, level of education (Loonstra et al. 2001),
or stroke severity. It, therefore, remains unclear whether
the inclusion of these additional factors may have changed
what constitutes a white matter correlate of verbal fluency,
or could determine whether phonemic and semantic fluency
is distinct or overlapping.

Thus, we here aimed to identify white matter networks
associated with verbal fluency using non-lesion-based meth-
ods to (a) understand whether phonemic and semantic flu-
ency white matter correlates overlap or are completely dis-
tinct; and (b) disentangle the contribution of white matter
structure and the influence of factors like stroke severity,
age, sex, and education on verbal fluency task performance.

Methods
Participants

Ischaemic stroke patients from the Stroke Units at Austin
Hospital, Box Hill Hospital, and the Royal Melbourne Hos-
pital in Melbourne, Australia, were recruited as part of the
Cognition And Neocortical Volume After Stroke (CAN-
VAS) study (Brodtmann et al. 2014). Ethical approval for the
CANVAS study was obtained from each hospital’s Human
Research Ethics Committee according to the Declaration
of Helsinki and all participants provided written informed
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consent. Additional approval for the current study was
obtained from the University of Melbourne’s Psychological
Sciences Human Ethics Advisory Group.

All participants in the CANVAS study engaged in a struc-
tured interview to obtain information regarding medical his-
tory, current medications, and vascular risk factors. Demo-
graphic information included age, sex, years of education,
and handedness. Participants were excluded if they were
unable to give informed consent, had diagnosis of transient
ischaemic attack, primary haemorrhagic stroke or venous
infarction, or had significant medical comorbidities mak-
ing it unlikely that they would survive 3 years. Additional
exclusion criteria were significant psychiatric history prior
to stroke, or MRI ineligibility (e.g., claustrophobia or safety
contraindications). At 3 months post-stroke, participants
completed MRI scanning and cognitive testing. All partici-
pants with pre-processed diffusion-weighted imaging and
behavioural data at 3 months post-stroke were included in
the current analysis—no additional exclusions were made.
Stroke severity was estimated using the National Institutes
of Health Stroke Scale (Ortiz and Sacco 2014). Years of
education and age were obtained for this study.

Language assessment

The language assessments included the Token Test task
(Spellacy and Spreen 1969), Boston Naming Test (Kaplan
et al. 1983), Category Fluency Animals Test, and Controlled
Oral Word Association Test (COWAT) with letters F, A, and
S (Loonstra et al. 2001) (Table 1). In this study, we exam-
ined white matter correlates of phonemic (COWAT FAS)
and semantic (Category fluency Animal) fluency only. In
both fluency tests, participants were instructed to produce

Table 1 Participant demographic information

as many exemplars as possible within 1 min. Token Test
scores were used to classify the presence of aphasia, with
a pre-specified cut-off of < 14 (Spellacy and Spreen 1969).

Imaging processing and analysis

All images were acquired on a Siemens 3 T Tim Trio scan-
ner (Erlangen, Germany) with a 12-channel head coil. Sixty
diffusion-weighted images (b=3000 s/mm?), and 8 volumes
without diffusion weighting (b=0), were obtained with
2.5%2.5x2.5 mm? isotropic voxels. A high-resolution ana-
tomical magnetisation prepared rapid acquisition gradient
echo (MPRAGE) scan was collected (1 x 1x 1 mm? voxels)
and used to compute intracranial volume using SPM12.
Pre-processing of diffusion-weighted images included
denoising, removing Gibbs ringing artefacts, eddy-current
distortion and motion correction, bias field correction, and
spatial up-sampling. Following these pre-processing steps,
white matter fibre orientation distributions (FODs) were
computed with Single-Shell 3-Tissue Constrained Spherical
Deconvolution (SS3T-CSD), with group averaged response
functions for white matter, grey matter, and CSF obtained
from the data themselves (Dhollander and Connelly 2016;
Dhollander et al. 2019), using MRtrix3Tissue (https://3Tiss
ue.github.io), a fork of MRtrix3 (Tournier et al. 2019).
Note that the lesions in stroke participants were not explic-
itly masked out, but thanks to the SS3T-CSD method, they
were automatically characterised as a mixture of WM-like,
GM-like, and CSF-like signal. The WM FODs accurately
quantify the amount of ‘intact’ WM, while contributions of
other (pathological) tissues, such as stroke lesions or white
matter hyperintensities, and free water are accommodated
in other model compartments (Dhollander et al. 2017). A
population template was generated using FOD images from

Mean (SD) Range

Age (years) 66.71 (12.04) 30-87
Education (years) 12.83 (3.72) 5-24
NIHSS baseline 2.90 (2.33) 0-10
Token Test Score 15.15 (0.96) 10-16
BNT Score 28.05 (1.28) 16-30
Category Fluency Score 19.21 (5.03) 7-31
COWAT_FAS Score 33.18 (12.93) 4-69

Number of

participants
Aphasia based on Token Test (A:N) 14:54%
Gender (M:F) 22:50

Handedness (R:L)

66:6

Note. NIHSS National Institutes of Health Stroke Severity, BNT Boston naming test, COWAT controlled oral word association test, F' female, M
male, R right, L left, A aphasic, N Non-aphasic, SD standard deviation of the mean.*Missing data for 4 participants
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25 participants. This pre-processing and analysis approach
has been used specifically in stroke (Dhollander et al. 2021).

MRtrix produces fibre density (FD) and fibre cross-
section (FC) metrics. FD is sensitive to the microstructural
(local total intra-axonal volume) and FD to macrostructural
(macroscopic fibre-bundle cross-sectional size) changes
(Dhollander et al. 2021).

Automated TractSeg tool was used to delineate individual
tracts. We extracted 72 tracts of interest in both hemispheres
using the default TractSeg pipeline (https://github.com/
MIC- DKFZ/TractSeg), limiting the number of streamlines
to 10,000. We calculated white matter fibre density and fibre
cross-section measures using MRtrix.

Stroke lesions were manually traced on the high-reso-
lution FLAIR image and checked with clinically acquired
acute diffusion-weighted images where available. A stroke
neurologist (AB) visually inspected and verified the manu-
ally traced images. Binary lesion masks were created and
normalised to the MNI template using the Clinical Tool-
box SPM extension (Rorden et al. 2012). Lesion maps were
prepared using MRIcron software (Rorden et al. 2007); see
Fig. 1.

Statistical analyses

To identify white matter tracts associated with semantic and
phonemic fluency, adjusting for stroke severity, age, sex,
and level of education, we conducted separate regressions
for each of the 72 tracts, using fibre density and fibre cross-
section measures. We focused on the association between the
fluency scores and white matter metrics, obtaining a p value
for this association within the model in each tract. Since we
repeated this analysis 72 times, we then corrected these p
values at the false-discovery rate (FDR) level of 0.05, by
importing a vector of 72 p values into R and using the p.fdr
function in the “FDRestimation” package to calculate the
FDR-adjusted values.

We additionally explored differences between left- and
right-hemisphere stroke subgroups, comparing them on
stroke severity, age, sex, and level of education, as well as
specifically phonemic and semantic fluency performance.
We also repeated white matter analysis for each of the
subgroups.

Fig. 1 Lesion overlay; the colours show the number of participants with overlapping lesions. Left is on the left
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Fig.2 Tracts associated with semantic fluency (FDR-corrected). R—
right; L—left; A—anterior; P—posterior

Results

Seventy-two stroke ischaemic stroke survivors were included
in the study. Participants’ demographic characteristics are
described in Table 1. Twenty percent of participants (14 of
68) were classified as having aphasia, based on the Token
Test scores. Of the 72 participants, N=27 had lesions
in the left hemisphere, N=43 in the right hemisphere,
and N=2 bilateral. There were no significant differences
between the left- and right-hemisphere stroke subgroups
in sex, education, NIHSS, and age. Specifically for the flu-
ency tests, semantic fluency was comparable between the
groups (Mean(SD) =18 +5 in the left and M=20+35 in the
right-hemisphere group; p=0.16), while phonemic fluency
was significantly lower in the left-hemisphere group (left:
M=28+11;right: M=36+ 14, p=0.015).

Overall, phonemic fluency was not specifically associ-
ated with fibre density in any of the tracts at the FDR-
corrected level. Semantic fluency was specifically associ-
ated with fibre density in 8 left-lateralised tracts surviving
the FDR correction, including the arcuate fasciculus
(p=0.0036; pFDR =0.037), inferior cerebellar peduncle
(p=0.0047; pFDR =0.042), inferior occipito-frontal fas-
ciculus (p=0.0032; pFDR =0.047), inferior longitudinal
fasciculus (p =0.0024; pFDR =0.037), optic radiation
(p=0.0033; pFDR =0.037), superior longitudinal fas-
ciculus III (p =0.0005; pFDR =0.035), striato-occipital

(p=0.0030; pFDR =0.037), and thalamo-occipital tracts
(p=0.0029; pFDR =0.037), see Fig. 2. There was a sig-
nificant (FDR-corrected) effect of education in all tracts.
No significant results were observed using the fibre cross-
section measure. When the analysis was repeated sepa-
rately for the left- and right-hemisphere stroke subgroups,
no results surviving the FDR correction were observed.

Discussion

We found that white matter microstructure was not spe-
cifically associated with phonemic fluency after stroke. In
contrast, while semantic fluency was significantly depend-
ent on the level of education, a number of left-lateralised
tracts were specifically associated with this task perfor-
mance. These findings highlight the important role of
white matter health for semantic fluency.

A novel feature of our study was the investigation of the
relationship between verbal fluency performance and post-
stroke white matter structure using a fixel-based analysis.
We derived measures of white matter fibre density and
cross-section, compared to more traditionally employed
lesion—symptom mapping approaches. Fixel-based analy-
ses use “fixel” information, which refers to the specific
individual fibre population within a voxel. Accounting
for fibre orientation distributions, this method likely pro-
vides a more sensitive measure of white matter structure,
especially in tracts with crossing fibres. Lesion location is
often insufficient to explain behavioural deficits, including
in language, while network measures appear more useful
(Siegel et al. 2016). Our findings based on structural con-
nectivity in a cohort of stroke patients with heterogene-
ous lesions provide additional insight into the association
between white matter health and verbal fluency, comple-
menting previous studies.

Overall, we obtained converging results with prior
lesion—symptom mapping studies in white matter and verbal
fluency, highlighting the relevance of the superior longitu-
dinal fasciculus IIT (Fridriksson et al. 2013) and the inferior
occipito-frontal fasciculus (Almairac et al. 2015; Chouiter
et al. 2016; Li et al. 2017). For semantic fluency, we dem-
onstrated the involvement of the left superior longitudinal
fasciculus and the arcuate fasciculus, the anterior segment of
which has been shown to be relevant for verbal fluency spe-
cifically in patients with post-stroke aphasia (Basilakos et al.
2014a, b). The arcuate fasciculus connects the frontal and
temporal areas traditionally referred to as Broca and Wer-
nicke areas (Dick and Tremblay 2012). The superior longitu-
dinal fasciculus III originates from the supramarginal gyrus,
ventral to the superior longitudinal fasciculus II and con-
nects to the ventral prefrontal cortex (Thiebaut de Schotten
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et al. 2011; Parlatini et al. 2017; Howells et al. 2018). These
tracts are traditionally associated with language processing
(production including articulation, and comprehension). In
addition to these tracts, we show the relevance of posterior
thalamic tracts only in the semantic task with a different
method, by demonstrating thalamo-occipital tract involve-
ment as in the study by Thye and colleagues (Thye et al.
2021).

Other tracts implicated in semantic fluency were observed
in the subcortical, occipital, and cerebellar regions, includ-
ing the inferior fronto-occipital tract, inferior cerebellar
peduncle, inferior longitudinal fasciculus, optic radiation,
and striato-occipital tracts. The idea that a visuo-spatial
mental imagery strategy can be activated during the seman-
tic fluency task (Biesbroek et al. 2016) is consistent with
a number of white matter tracts connecting the occipital
lobe that were identified in the present study, namely the
optic radiation, the inferior-frontal-occipital fasciculus, the
inferior longitudinal fasciculus, as well as striato-occipital
and thalamo-occipital tracts. The inferior fronto-occipital
fasciculus crosses through the temporal lobe and insula,
connecting the posterior prefrontal cortex and the posterior
temporal region to the occipital lobe for the visual input. The
inferior fronto-occipital tract is primarily associated with
semantic language processing. In a study of 31 patients with
left hemispheric lesions, Almairac and co-authors found
an association between lesions in the left inferior fronto-
occipital fasciculus and poor semantic, but not phonemic
fluency (Almairac et al. 2015). The inferior longitudinal
fasciculus primarily connects the occipital lobe of the brain
with the anterior temporal lobe, providing critical connec-
tions between occipital and anterior temporal areas, both of
which are known to contribute to object recognition, and
semantic and lexical retrieval processes. It plays an impor-
tant role in the retrieval of semantic long-term memory and
object recognition (Mehta et al. 2016). The inferior cerebel-
lar peduncle is mainly involved in coordination of movement
and proprioceptive information and could possibly be also
linked with coordinating visuo-spatial imagery.

We also found subcortical involvement in semantic flu-
ency via the striato-occipital and thalamo-occipital tracts.
These results further link semantic processing with visual
areas and confirm previous studies implicating subcortical
regions in verbal fluency (Chouiter et al. 2016). For exam-
ple, thalamic nuclei have been posited to control the interac-
tion between fronto-opercular and temporo-cortical cortices
for the integration of lexico-syntactic with semantic infor-
mation, passing the resulting signal on to the basal ganglia
which are thought to coordinate the release of the language
plan into speech (Klostermann et al. 2013). Studies impli-
cating the putamen in fluency tasks (Baldo et al. 2006) are
also consistent with our findings of the striato-occipital tract
involvement. Furthermore, lower performance on fluency

@ Springer

has been previously related to subcortical regions centering
on the left thalamus (Biesbroek et al. 2021).

Verbal fluency tasks involve not only purely linguistic but
also general cognitive processes, especially executive pro-
cesses, such as strategic search, attention allocation, ongo-
ing self-monitoring, and inhibition of previously generated
responses. An important feature of our study was the inclu-
sion of additional factors known to influence verbal fluency
in an attempt to delineate specific linguistic processing. Fac-
tors, such as participants’ stroke severity, age, sex, or educa-
tional attainment, may reflect semantic memory, executive
control, and processing speed contributions to verbal flu-
ency. We found that semantic fluency depends on general
intelligence (expressed through years of education) and is
consistent with the idea that semantic fluency task engages
a search in the semantic or conceptual memory (Baldo et al.,
2006). However, even accounting for the effect of education,
semantic fluency association with white matter microstruc-
ture remained significant.

Limitations

We have explored semantic and phonemic fluency at
3 months. This is a time point by which post-stroke recov-
ery is relatively stable but still represents an early enough
window for rehabilitation interventions. Our cross-sectional
study describes white matter tracts associated with verbal
fluency at this stage, but it does not address the question
whether the trajectory of verbal fluency after stroke changes
over time.

One major limitation of our method was that we were
only able to extract the 72 tracts available in the automatic
TractSeg segmentation. Notably, we could not reliably
extract data from the frontal aslant tract that has been previ-
ously associated with phonemic fluency (Catani et al. 2013;
Basilakos et al. 2014a; Kinoshita et al. 2015). There is also
evidence of the role of the subthalamic nucleus (STN) in ver-
bal fluency, e.g., deep brain stimulation of the STN has been
shown to improve fluency (Lee et al. 2021). Connections
involved in motor initiation, such as preSMA-striatal and
IFG-striatal, have also been implicated in fluency (Kinoshita
et al. 2015; Rech et al. 2016; Vigano et al. 2022). Specifi-
cally, resection of the preSMA in the left hemisphere can
cause aphasia together with SMA syndrome (Laplane et al.
1977; Giampiccolo et al. 2021). While we have observed the
relevance of thalamo- and striato-occipital tracts in semantic
fluency, we could not specifically dissect all of the above
tracts known to be relevant for fluency. Furthermore, the
use of automatic segmentation also means that several tracts
could have been a reflection of the disconnection at the level
of a single tract through which they pass, e.g., the sagittal
stratum (IFOF, ILF, optic radiation, occipito-striatal, and
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occipito-thalamic tracts). Therefore, our tract selection could
have limited our ability to detect associations between white
matter microstructure and phonemic fluency.

Our stroke sample was quite heterogenous, with largely
non-overlapping and predominantly right-lateralised
lesions, which is unusual for language studies. Unsurpris-
ingly, it was also the left-hemisphere cohort that presented
with more impairment in the phonemic fluency task, com-
pared to the right-hemisphere participants. As the num-
ber of left-sided strokes in the tested cohort of patients
was low, this could have further influenced our ability to
identify phonemic fluency associations but not affect our
ability to uncover semantic fluency links, since there were
fewer participants with stroke lesions in the areas that may
contribute to verbal fluency, such as action initiation (i.e.,
SMA and preSMA) and lexical retrieval (anterior temporal
lobe), even though we focused on examining white matter
excluding lesions themselves.

Finally, the majority of our stroke survivors had rela-
tively minor stroke and no significant language deficits
or clinically diagnosed aphasia, with only 20% of partici-
pants possibly having some aphasic features based on their
Token Test scores. Thus, our findings may not be general-
isable to more severe aphasic populations.

Conclusions

Our findings of white matter correlates of phonemic and
semantic fluency obtained using non-lesion-based struc-
tural connectivity methods complement previous studies.
We were able to demonstrate that semantic fluency specifi-
cally relies on a set of left-lateralised tracts, including the
arcuate, superior longitudinal, inferior-frontal and inferior
longitudinal fasciculi, as well as striatal and thalamic con-
nections. Our results underscore the critical role of white
matter microstructure for subserving semantic fluency.

Author contributions All authors made a substantial contribution to
the work reported in the manuscript. NEB—design, imaging pre-pro-
cessing and statistical analysis, interpretation of results, and manuscript
and figure preparation; CL—statistical analysis and critical revision of
manuscript; MSK—imaging pre-processing, lesion tracing, and criti-
cal revision of manuscript; AB—design, interpretation of results, and
critical revision of manuscript. All authors read and approved the final
manuscript.

Funding Open Access funding enabled and organized by CAUL and its
Member Institutions. This work was supported by the National Health
and Medical Research Council Project under Grant No. APP1020526,
the Brain Foundation, Wicking Trust, Collie Trust, and Sidney and
Fiona Myer Family Foundation. NEB was supported by the Australian
Research Council under Grant No. DE180100893.

Data availability The data that support the findings of this study are
available on reasonable request from the corresponding author. All
requests for raw and analysed data will be reviewed by the CANVAS
investigators to determine whether the request is subject to any intel-
lectual property or confidentiality obligations.

Declarations
Conflict of interest None.

Ethics approval This study was performed in line with the principles of
the Declaration of Helsinki and the National Health Medical Research
Council. Approval was granted by the Ethics Committee of three hos-
pitals in Melbourne (Australia): Austin Hospital, Box Hill Hospital,
and the Royal Melbourne Hospital.

Consent to participate Informed consent was obtained from all indi-
vidual participants included in the study.

Consent to publish None.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Agosta F, Henry RG, Migliaccio R et al (2010) Language networks in
semantic dementia. Brain 133:286-299. https://doi.org/10.1093/
brain/awp233

Almairac F, Herbet G, Moritz-Gasser S et al (2015) The left inferior
fronto-occipital fasciculus subserves language semantics: a multi-
level lesion study. Brain Struct Funct 220:1983-1995. https://doi.
org/10.1007/s00429-014-0773-1

Aron AR, Behrens TE, Smith S et al (2007) Triangulating a cognitive
control network using diffusion-weighted Magnetic Resonance
Imaging (MRI) and functional MRI. J Neurosci 27:3743-3752.
https://doi.org/10.1523/JNEUROSCI.0519-07.2007

Babulal MG (2017) Associations between stroke lesion location and
verbal fluency tests in a sub-acute stroke population. Neurol Dis-
ord Therapeut 1:1-5. https://doi.org/10.15761/ndt.1000101

Baldo JV, Schwartz S, Wilkins D, Dronkers NF (2006) Role of frontal
versus temporal cortex in verbal fluency as revealed by voxel-
based lesion symptom mapping. J Int Neuropsychol Soc 12:896—
900. https://doi.org/10.1017/S1355617706061078

Basilakos A, Fillmore PT, Rorden C et al (2014a) Regional white mat-
ter damage predicts speech fluency in chronic post-stroke aphasia.
Front Hum Neurosci. https://doi.org/10.3389/fnhum.2014.00845

Basilakos A, Fillmore PT, Rorden C et al (2014b) Regional white mat-
ter damage predicts speech fluency in chronic post-stroke aphasia.
Front Hum Neurosci 8:1-9. https://doi.org/10.3389/fnhum.2014.
00845

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/brain/awp233
https://doi.org/10.1093/brain/awp233
https://doi.org/10.1007/s00429-014-0773-1
https://doi.org/10.1007/s00429-014-0773-1
https://doi.org/10.1523/JNEUROSCI.0519-07.2007
https://doi.org/10.15761/ndt.1000101
https://doi.org/10.1017/S1355617706061078
https://doi.org/10.3389/fnhum.2014.00845
https://doi.org/10.3389/fnhum.2014.00845
https://doi.org/10.3389/fnhum.2014.00845

3024

Brain Structure and Function (2022) 227:3017-3025

Biesbroek JM, van Zandvoort MJE, Kappelle LJ et al (2016) Shared
and distinct anatomical correlates of semantic and phonemic
fluency revealed by lesion—symptom mapping in patients with
ischemic stroke. Brain Struct Funct 221:2123-2134. https://doi.
org/10.1007/s00429-015-1033-8

Biesbroek JM, Lim JS, Weaver NA et al (2021) Anatomy of phonemic
and semantic fluency: A lesion and disconnectome study in 1231
stroke patients. Cortex 143:148-163. https://doi.org/10.1016/j.
cortex.2021.06.019

Brady CB, Spiro A, McGlinchey-Berroth R et al (2001) Stroke risk
predicts verbal fluency decline in healthy older men: Evidence
from the normative aging study. J Gerontol 56:340-346. https://
doi.org/10.1093/geronb/56.6.P340

Brodtmann A, Werden E, Pardoe H et al (2014) Charting cognitive and
volumetric trajectories after stroke: Protocol for the Cognition
And Neocortical Volume After Stroke (CANVAS) study. Int J
Stroke 9:824-828. https://doi.org/10.1111/ijs.12301

Catani M, Mesulam MM, Jakobsen E et al (2013) A novel frontal
pathway underlies verbal fluency in primary progressive aphasia.
Brain 136:2619-2628. https://doi.org/10.1093/brain/awt163

Catani M, Bambini V (2014) A model for Social Communication And
Language Evolution and Development (SCALED). Curr Opin
Neurobiol 28:165-171

Chouiter L, Holmberg J, Manuel AL et al (2016) Partly segregated
cortico-subcortical pathways support phonologic and semantic
verbal fluency: A lesion study. Neuroscience 329:275-283. https://
doi.org/10.1016/j.neuroscience.2016.05.029

Dhollander T, Connelly A (2016) A novel iterative approach to reap
the benefits of multi-tissue CSD from just single-shell (+b=0)
diffusion MRI data. In: Proc Intl Soc Mag Reson Med Singapore,
p 3010

Dhollander T, Raftelt D, Connelly A (2017) Towards interpretation of
3-tissue constrained spherical deconvolution results in pathology.
In: Proc Intl Soc Mag Reson Med Honolulu, Hawaii, USA, p 1815

Dhollander T, Mito R, Raffelt D, Connelly A (2019) Improved white
matter response function estimation for 3-tissue constrained
spherical deconvolution. In: Proc Intl Soc Mag Reson Med Mon-
treal, Canada, p 555

Dhollander T, Clemente A, Singh M et al (2021) Fixel-based Analysis
of Diffusion MRI: Methods, Applications, Challenges and Oppor-
tunities. Neuroimage 241:118417. https://doi.org/10.1016/j.neuro
image.2021.118417

Dick AS, Tremblay P (2012) Beyond the arcuate fasciculus: Consensus
and controversy in the connectional anatomy of language. Brain
135:3529-3550

Duffau H, Capelle L, Sichez N et al (2002) Intraoperative mapping of
the subcortical language pathways using direct stimulations An
anatomo-functional study. Brain 125:199-214

Duffau H, Gatignol P, Denvil D et al (2003) The articulatory loop:
study of the subcortical connectivity by electrostimulation. Neu-
roReport 14:2005-2008. https://doi.org/10.1097/01.wnr.00000
94103.16607.9f

Duffau H, Gatignol P, Mandonnet E et al (2005) New insights into the
anatomo-functional connectivity of the semantic system: A study
using cortico-subcortical electrostimulations. Brain 128:797-810.
https://doi.org/10.1093/brain/awh423

Forkel SJ, De Schotten MT, Dell’Acqua F et al (2014) Anatomical
predictors of aphasia recovery: A tractography study of bilateral
perisylvian language networks. Brain 137:2027-2039. https://doi.
org/10.1093/brain/awul13

Forkel SJ, Catani M (2018) Lesion mapping in acute stroke aphasia
and its implications for recovery. Neuropsychologia 115:88-100.
https://doi.org/10.1016/j.neuropsychologia.2018.03.036

Fridriksson J, Guo D, Fillmore P et al (2013) Damage to the anterior
arcuate fasciculus predicts non-fluent speech production in apha-
sia. Brain 136:3451-3460. https://doi.org/10.1093/brain/awt267

@ Springer

Giampiccolo D, Parisi C, Meneghelli P et al (2021) Long-term motor
deficit in brain tumour surgery with preserved intra-operative
motor-evoked potentials. Brain Commun. https://doi.org/10.1093/
braincomms/fcaa226

Giampiccolo D, Duffau H (2022) Controversy over the temporal corti-
cal terminations of the left arcuate fasciculus: a reappraisal. Brain
145:1242-1256. https://doi.org/10.1093/brain/awac057

Giampiccolo D, Moritz-Gasser S, Ng S et al (2022) Jargonaphasia
as a disconnection syndrome: A study combining white matter
electrical stimulation and disconnectome mapping. Brain Stimul
15:87-95. https://doi.org/10.1016/j.brs.2021.11.012

Herbet G, Moritz-Gasser S, Boiseau M et al (2016) Converging evi-
dence for a cortico-subcortical network mediating lexical retrieval.
Brain 139:3007-3021. https://doi.org/10.1093/aww240

Heshmatollah A, Mutlu U, Koudstaal PJ et al (2020) Cognitive
and physical impairment and the risk of stroke — A prospec-
tive cohort study. Sci Rep 10:1-8. https://doi.org/10.1038/
541598-020-63295-y

Howells H, de Schotten MT, Dell’Acqua F et al (2018) Frontoparietal
tracts linked to lateralized hand preference and manual specializa-
tion. Cereb Cortex. https://doi.org/10.1093/cercor/bhy040

Kaplan E, Goodglass H, Weintraub S (1983) Boston naming test

Kinoshita M, de Champfleur NM, Deverdun J et al (2015) Role of
fronto-striatal tract and frontal aslant tract in movement and
speech: an axonal mapping study. Brain Struct Funct 220:3399—
3412. https://doi.org/10.1007/s00429-014-0863-0

Klostermann F, Krugel LK, Ehlen F (2013) Functional roles of the
thalamus for language for language capacities. Front Syst Neuro-
sci 7:1-8. https://doi.org/10.3389/fnsys.2013.00032

Laplane D, Talairach J, Meininger V et al (1977) Clinical consequences
of corticectomies involving the supplementary motor area in man.
J Neurol Sci 34:301-314. https://doi.org/10.1016/0022-510X(77)
90148-4

Lee DJ, Drummond NM, Saha U et al (2021) Acute low frequency
dorsal subthalamic nucleus stimulation improves verbal fluency
in Parkinson’s disease. Brain Stimul 14:754-760. https://doi.org/
10.1016/j.brs.2021.04.016

Levine DA, Galecki AT, Langa KM et al (2015) Trajectory of cognitive
decline after incident stroke. JAMA 314:41-51. https://doi.org/10.
1001/jama.2015.6968

Li M, Zhang Y, Song L et al (2017) Structural connectivity subserv-
ing verbal fluency revealed by lesion-behavior mapping in stroke
patients. Neuropsychologia 101:85-96. https://doi.org/10.1016/j.
neuropsychologia.2017.05.008

Loonstra AS, Tarlow AR, Sellers AH (2001) COWAT metanorms
across age, education, and gender. Appl Neuropsychol 8:161-166.
https://doi.org/10.1207/S15324826 AN0803_5

Mahoney CJ, Malone IB, Ridgway GR et al (2013) White matter tract
signatures of the progressive aphasias. Neurobiol Aging 34:1687—
1699. https://doi.org/10.1016/j.neurobiolaging.2012.12.002

Mehta S, Inoue K, Rudrauf D et al (2016) Segregation of anterior
temporal regions critical for retrieving names of unique and non-
unique entities reflects underlying long-range connectivity. Cortex
75:1-19. https://doi.org/10.1016/j.cortex.2015.10.020

Mesulam MM, Thompson CK, Weintraub S, Rogalski EJ (2015) The
Wernicke conundrum and the anatomy of language compre-
hension in primary progressive aphasia. Brain 138:2423-2437.
https://doi.org/10.1093/brain/awv154

Mesulam MM, Coventry CA, Rader BM et al (2021) Modularity and
granularity across the language network-A primary progressive
aphasia perspective. Cortex 141:482-496. https://doi.org/10.
1016/j.cortex.2021.05.002

Ortiz GA, Sacco LR (2014) National Institutes of Health Stroke Scale
(NIHSS). In: Wiley StatsRef: Statistics Reference Online. https://
doi.org/10.1002/9781118445112.stat06823


https://doi.org/10.1007/s00429-015-1033-8
https://doi.org/10.1007/s00429-015-1033-8
https://doi.org/10.1016/j.cortex.2021.06.019
https://doi.org/10.1016/j.cortex.2021.06.019
https://doi.org/10.1093/geronb/56.6.P340
https://doi.org/10.1093/geronb/56.6.P340
https://doi.org/10.1111/ijs.12301
https://doi.org/10.1093/brain/awt163
https://doi.org/10.1016/j.neuroscience.2016.05.029
https://doi.org/10.1016/j.neuroscience.2016.05.029
https://doi.org/10.1016/j.neuroimage.2021.118417
https://doi.org/10.1016/j.neuroimage.2021.118417
https://doi.org/10.1097/01.wnr.0000094103.16607.9f
https://doi.org/10.1097/01.wnr.0000094103.16607.9f
https://doi.org/10.1093/brain/awh423
https://doi.org/10.1093/brain/awu113
https://doi.org/10.1093/brain/awu113
https://doi.org/10.1016/j.neuropsychologia.2018.03.036
https://doi.org/10.1093/brain/awt267
https://doi.org/10.1093/braincomms/fcaa226
https://doi.org/10.1093/braincomms/fcaa226
https://doi.org/10.1093/brain/awac057
https://doi.org/10.1016/j.brs.2021.11.012
https://doi.org/10.1093/aww240
https://doi.org/10.1038/s41598-020-63295-y
https://doi.org/10.1038/s41598-020-63295-y
https://doi.org/10.1093/cercor/bhy040
https://doi.org/10.1007/s00429-014-0863-0
https://doi.org/10.3389/fnsys.2013.00032
https://doi.org/10.1016/0022-510X(77)90148-4
https://doi.org/10.1016/0022-510X(77)90148-4
https://doi.org/10.1016/j.brs.2021.04.016
https://doi.org/10.1016/j.brs.2021.04.016
https://doi.org/10.1001/jama.2015.6968
https://doi.org/10.1001/jama.2015.6968
https://doi.org/10.1016/j.neuropsychologia.2017.05.008
https://doi.org/10.1016/j.neuropsychologia.2017.05.008
https://doi.org/10.1207/S15324826AN0803_5
https://doi.org/10.1016/j.neurobiolaging.2012.12.002
https://doi.org/10.1016/j.cortex.2015.10.020
https://doi.org/10.1093/brain/awv154
https://doi.org/10.1016/j.cortex.2021.05.002
https://doi.org/10.1016/j.cortex.2021.05.002
https://doi.org/10.1002/9781118445112.stat06823
https://doi.org/10.1002/9781118445112.stat06823

Brain Structure and Function (2022) 227:3017-3025

3025

Parlatini V, Radua J, Dell’Acqua F et al (2017) Functional segrega-
tion and integration within fronto-parietal networks. Neuroimage
146:367-375. https://doi.org/10.1016/j.neuroimage.2016.08.031

Rech F, Herbet G, Moritz-Gasser S, Duffau H (2016) Somatotopic
organization of the white matter tracts underpinning motor con-
trol in humans: an electrical stimulation study. Brain Struct Funct
221:3743-3753. https://doi.org/10.1007/s00429-015-1129-1

Rorden C, Karnath H-O, Bonilha L (2007) Improving lesion—symptom
mapping. J Cogn Neurosci 19:1081-1088. https://doi.org/10.1162/
jocn.2007.19.7.1081

Rorden C, Bonilha L, Fridriksson J et al (2012) Age-specific CT and
MRI templates for spatial normalization Christopher. Neuroimage
61:957-965. https://doi.org/10.1038/nmeth.2250.Digestion

Shaheen HA, Daker LI, Abbass MM, Abd El Fattah AA (2019) Post-
stroke executive dysfunction and verbal fluency negatively cor-
related to IL8. Egypt J Neurol Psych Neurosurg. https://doi.org/
10.1186/541983-019-0090-y

Siegel JS, Ramsey LE, Snyder AZ et al (2016) Disruptions of network
connectivity predict impairment in multiple behavioral domains
after stroke. Proc Natl Acad Sci. https://doi.org/10.1073/pnas.
1521083113

Simonyan K, Ackermann H, Chang EF, Greenlee JD (2016) New
developments in understanding the complexity of human speech
production. J Soc Neurosci pp 11440-11448

Spellacy FJ, Spreen O (1969) A short form of the token test. Cortex
5:390-397. https://doi.org/10.1016/S0010-9452(69)80015-8
Thiebaut de Schotten M, Dell’Acqua F, Forkel SJ et al (2011) A lat-
eralized brain network for visuospatial attention. Nat Neurosci
14:1245-1246. https://doi.org/10.1038/nn.2905

Thye M, Szaflarski JP, Mirman D (2021) Shared lesion correlates of
semantic and letter fluency in post-stroke aphasia. ] Neuropsychol
15:143-150. https://doi.org/10.1111/jnp.12211

Tournier JD, Smith R, Raffelt D et al (2019) MRtrix3: A fast, flexible
and open software framework for medical image processing and
visualisation. Neuroimage 202:116137. https://doi.org/10.1016/j.
neuroimage.2019.116137

Vigano L, Howells H, Rossi M et al (2022) Stimulation of frontal path-
ways disrupts hand muscle control during object manipulation.
Brain 145:1535-1550. https://doi.org/10.1093/brain/awab379

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.neuroimage.2016.08.031
https://doi.org/10.1007/s00429-015-1129-1
https://doi.org/10.1162/jocn.2007.19.7.1081
https://doi.org/10.1162/jocn.2007.19.7.1081
https://doi.org/10.1038/nmeth.2250.Digestion
https://doi.org/10.1186/s41983-019-0090-y
https://doi.org/10.1186/s41983-019-0090-y
https://doi.org/10.1073/pnas.1521083113
https://doi.org/10.1073/pnas.1521083113
https://doi.org/10.1016/S0010-9452(69)80015-8
https://doi.org/10.1038/nn.2905
https://doi.org/10.1111/jnp.12211
https://doi.org/10.1016/j.neuroimage.2019.116137
https://doi.org/10.1016/j.neuroimage.2019.116137
https://doi.org/10.1093/brain/awab379

	White matter microstructure and verbal fluency
	Abstract
	Introduction
	Methods
	Participants
	Language assessment
	Imaging processing and analysis
	Statistical analyses

	Results
	Discussion
	Limitations
	Conclusions
	References




