Multi-model mapping of phonemic fluency
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The voluntary generation of non-overlearned responses is usually assessed with phonemic fluency. Like most frontal tasks, it draws
upon different complex processes and systems whose precise nature is still incompletely understood. Many claimed aspects regard-
ing the pattern of phonemic fluency performance and its underlying anatomy remain controversial. Major limitations of past inves-
tigations include small sample size, scant analysis of phonemic output and methodologically insufficient lesion analysis approaches.
We investigated a large number of patients with focal unilateral right or left frontal (# =110) or posterior (# =100) or subcortical
(n=635) lesions imaged with magnetic resonance or computed tomography and compared their performance on the number of
overall responses, words produced over time, extremely infrequent/unknown words and inappropriate words generated. We also
employed, for the first time parcel-based lesion-symptom mapping, tract-wise statistical analysis as well as Bayesian multi-variate
analysis based on meta-analytically defined functional region of interest, including their interactions. We found that left frontal
damage was associated with greater impairment than right frontal or posterior damage on overall fluency performance, suggesting
that phonemic fluency shows specificity to frontal lesions. We also found that subcorticals, similar to frontals, performed signifi-
cantly worse than posteriors on overall performance suggesting that subcortical regions are also involved. However, only frontal
effects were found for words produced over time, extremely infrequent/unknown and inappropriate words. Parcel-based lesion-
symptom mapping analysis found that worse fluency performance was associated with damage to the posterior segment of the left
frontal middle and superior gyrus, the left dorsal anterior cingulate gyrus and caudate nucleus. Tract-wise statistical analysis
revealed that disconnections of left frontal tracts are critical. Bayesian multi-variate models of lesions and disconnectome maps
implicated left middle and inferior frontal and left dorsomedial frontal regions. Our study suggests that a set of well localized left
frontal areas together with subcortical regions and several left frontal tracts are critical for word generation. We speculate that a
left lateralized network exists. It involves medial, frontal regions supporting the process of ‘energization’ , which sustains activation
for the duration of the task and middle and inferior frontal regions concerned with ‘selection’, required due to the competition pro-
duced by associated stored words, respectively. The methodology adopted represents a promising and empirically robust approach
in furthering our understanding of the neurocognitive architecture underpinning executive processes.
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GNT = Graded Naming Test; HCs = healthy controls; LFs = left frontals; LIFG = left inferior frontal gyrus;
LMFG = left middle frontal gyrus; LSFG = left superior frontal gyrus; NART = National Adult Reading Test; PLSM = parcel-based
lesion-symptom mapping; RAPM = Raven’s Advanced Progressive Matrices; RF = right frontal; ROI = region of interest; SM = superior
medial; TSA = tract-wise statistical analysis; VLSM = voxel-based lesion-symptom mapping
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Introduction

Fluency tasks have been used to assess the voluntary gen-
eration of novel responses. Like most tasks sensitive to
frontal lesions, it draws upon different complex systems
thought to be critical to active thinking." Phonemic flu-
ency is an example of a fluency task where the content is
organized following a reliably unfamiliar rule—a se-
quence of words beginning with the same phoneme to be
generated within a minute. In common with other fluency
tasks, it is thought to require the ability to sustain activa-
tion for its duration, a process thought to depend on
‘.energization (cognitive effort) [as] necessary to activate
operations not directly triggered in an overlearned fash-
ion by perceptual and motivational inputs’* It also
requires specific processes, involved in the conceptualiza-
tion of language production, thought to be linked to the
greater selection demands due to the competition pro-
duced by associated stored words that are inappropriately
generated by the task rules.’

Phonemic fluency is probably the most widely used test
for the detection of frontal lobe dysfunction. Many lesion
studies have reported reduced phonemic fluency following
frontal lobe lesions compared to healthy controls (HCs)
(e.g. Refs.>” and Supplementary Table 1a), although
some have not.®” The very few studies comparing fron-
tals to posteriors reported inconsistent results. Some stud-
ies reported impairment when frontals were compared to
posteriors>”1% whilst others did not."’ Even fewer have
contrasted performance of left frontals (LFs) with left
posteriors and again contrasting results—significant im-
pairment'>'® or no impairment'*—have been reported.
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Impairments following posterior lesions have also been
reported.” 1517

Several lesion studies have reported reduced phonemic
fluency following LF lesions specifically, some reporting
superior medial (SM) and left lateral lesions, including
left inferior frontal gyrus (LIFG) when compared to right
frontal (RF) (Refs.>” and Refs.”'® only for left dorsolat-
eral). However, some studies have also reported no differ-
ence between LF or RF patients (Refs.>” only for the left
versus right ventromedial comparison and Refs.'''*'%;
only for the left versus right medial comparison) or no
difference between RF and right posterior'® or RF
impairment.'*!?

Reduced phonemic fluency has also been reported fol-
lowing subcortical lesions compared to HC.?*** The oc-
casional studies comparing subcortical and cortical
patients reported no significant difference between sub-
cortical and cortical lesions** or subcortical and left tem-
poral lesions.”> To the best of our knowledge only one
study reported phonemic fluency performance of frontals,
posteriors and subcorticals in the context of a rehabilita-
tion study. No formal comparisons among the three pa-
tient groups were reported.”

As discussed in an earlier paper, many claimed aspects of
phonemic fluency performance and underlying anatomy re-
main controversial.”” A major reason for the inconsistency
reported, given the great variability in patients’ premorbid
abilities, must be the small size of many studies published
in even excellent journals. Thus, while a few studies with
moderately large samples (2> 32) exist,>”'%!3!* the major-
ity of the papers, some highly cited, have fewer than 30
frontal patients.*¢52 ! LIBISI8IY This includes 67%  of
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those cited where the size of the frontal groups is specified.
Moreover, hardly any study has investigated in detail the
words and errors produced by patients during the task.
Now, nearly 60years following the first investigations,*®
greater patient numbers are vital for definitive scientific
conclusions.

Studies adopting a more refined lesion investigation are
also needed. So far, investigations have been largely domi-
nated by traditional lesion-mapping methods. These meth-
ods typically use arbitrary cut-off scores, clinical diagnoses
or pre-specified regions of interest (ROI). Only a handful
of studies have adopted techniques, such as voxel-based le-
sion-symptom mapping (VLSM), allowing quantitative stat-
istical analysis of the relationship between lesion location
and phonemic fluency performance (Refs.”>*”*73% and
Supplementary Table 1b). These studies reported patients
with hemispheric lesions not limited to specific cortical
areas and mostly only stroke patients. Hence, lesions to
some key frontal areas, such as the left middle (LMFG)
and superior frontal gyrus (LSFG), may have been under-
represented.”’ Two of these studies reported only patients
with left hemisphere lesions, precluding the assessment of
the potential contribution of right hemisphere struc-
tures. >’ Similar to the results from traditional lesion
approaches, VLSM findings have been somewhat diverse
and have implicated the involvement of different brain
regions. For example, they reported that phonemic fluency
was associated with lesions of LF (BA 4,6,44), parietal,
post central gyrus, anterio-temporal, insula and putamen
regions®’; or LIFG, insula, left rolandic operculum and
LMFG?° or inferior frontal gyrus, insula, middle frontal
gyrus, precentral gyrus, lateral fronto-orbital gyrus as well
as other subcortical areas™ or left subcortical areas and
left dorsal temporal regions®'; or fronto-parietal cortices,
anterior prefrontal cortex and insula.*?

To the best of our knowledge only one study has inves-
tigated patients with focal LF and RF patients using par-
cel-based lesion-symptom mapping (PLSM) and tract-wise
statistical analysis (TSA®’). Lower scores on phonemic flu-
ency were significantly associated with posterior LMFG
damage, that according to the JHU atlas also include part
of the LIFG, and disconnection in the superior longitudinal
fasciculus I and II, frontal aslant tract, frontal orbitopolar
tract, left anterior thalamic projections and pons.*’

Of course, one must be cautious when drawing conclu-
sions concerning the exact localization of critical sites for
phonemic fluency using techniques, such as VLSM or
PLSM. Indeed, in the last few years, the effectiveness and
validity of the mass-univariate approaches to human brain
mapping has been increasingly criticized.*>° Several stud-
ies have promoted the use of multi-variate decoding and
computational modelling of data.**™*° It has been argued
that the problem lies in the complex structural architecture
of lesions.**** For example, Mah et al.** pointed out that
methods, such as VLSM make the simplifying assumption
that damage to any voxel exhibits a simple pattern of
local dependence, which is flawed when applied to brain
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lesions caused by stroke. In this case, the arterial tree
structure of the vascular system results in a high correl-
ation between damage to functionally critical and non-crit-
ical regions fed by the same artery. Related criticisms may
apply to brain tumours. However, if these criticisms do
apply, the associated non-critical regions will not be the
same (for further discussion see Ref.41).

Different neuroimaging techniques investigating the con-
tribution of both cortical, subcortical areas and white
matters tracts appear to be a fruitful approach in further-
ing our understanding of the neural substrates of phon-
emic fluency. Multi-variate analysis offers theoretically
higher fidelity for modelling lesion-behaviour relations by
enabling the principled removal of spatial biases arising
from structured patterns of damage. However, its use is
hindered by the imbalance between commonly achievable
sample sizes and the number of modelled neuroimaging
features,*™* compelling the acquisition of more data or
the use of fewer features.

Where the rarity of a disorder makes the former infeas-
ible, the latter is our only option. Here, we introduce a
new approach to multi-variate lesion-deficit mapping that
restricts the range of modelled areas to those functional
imaging suggests as plausible candidates, over-inclusively
framed. We derive a sparse, behaviourally specific parcel-
lation of the brain from meta-analytic data filtered by
textual references to fluency (https:/neuroquery.org/), gen-
erating a set of functionally defined ROI compact enough
to allow flexible multi-variate lesion-deficit modelling
based on Bayesian inference. Projection of the white mat-
ter components of lesions to the grey matter regions they
disconnect enables impact on the candidate regions to be
comprehensively surveyed.*®

We report detailed analyses of both behaviour and
underlying anatomy of phonemic fluency in a large sample
of 110 LF or RF, 100 posteriors and 65 subcorticals. We
examined the behavioural and neural correlates across the
three patient groups. As well as overall performance, we
examined the qualitative aspects of phonemic output and
errors produced. For the neuroimaging analyses, we used
PSLM and TSA, allowing comparison with previous stud-
ies. For the first time, we also used Bayesian multi-variate
analysis of the comparative dependence of fluency on
meta-analytically defined functional ROIL including their
interactions, modelling both lesions and the grey matter
regions they are estimated to disconnect. This allowed us
to reduce the potential impact of spatial biases induced by
characteristic patterns of damage and to model the interac-
tions between functionally distinct regions.

Materials and methods

Data from 350 patients with unilateral, focal lesions who
attended the Neuropsychology Department of the National
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Table | Demographics and cognitive test scores
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n Frontal mean
Age (years) 110 465"
(SD, minimum—maximum) (15.80, 19-80)
Gender (male/female) 65/47
Tumour (left/right) 85 38/47
Stroke (left/right) 25 9/16
Education (years) 105 13.9
(SD) (3.40)
Lesion volume (mm?) 87 49.83
Premorbid NART IQ 105 107.9
(SD) (11.20)
Fluid intelligence SS 95 10.3
(SD) (3.30)
GNT (Correct/30) 91 20.6
(SD) (3.70)
RMT Words (Percentile) 34 69.85
(SD) (27.37)

n Posterior mean n Subcortical
mean
100 51.0 65 55.4
(13.40, 20-80) (14.50, 21-77)
61/38 41/29
63 20/43 9 5/4
37 14/23 56 27/29
86 13.6 57 13.2
(3.27) (2.55)
8l 48.74 54 34.47
88 108.4 48 107.8
(12.51) (12.92)
64 9.5 48 9.8
(3.46) (3.80)
71 21.8 48 21.0
(4.05) (4.20)
68 59.43 40 57.61
(34.14) (34.14)

Scores with significant P-values are in bold.
*Significant difference between frontal and subcortical patients.
*¥P < 0.001.

n = number; SD = standard deviation; NART = National Adult Reading Test; SS = scaled score; GNT = Graded Naming Test; RMT = Recognition Memory Test.

Hospital for Neurology and Neurosurgery, Queen Square,
London were retrospectively screened. Inclusion criteria
were: (i) presence of a stroke or tumoural lesion; (ii)
>70% of the total lesion in the frontal or posterior or
subcortical areas; (iii) ability to complete >75% of neuro-
psychological tasks and consent; (iv) age between 18 and
80 years; (v) no gross language impairments [no agramma-
tism, greater than fifth percentile on the Graded Naming
Test (GNT)],*” nor memory impairments [as judged clinic-
ally and, for the patients for whom quantitative data were
available, on the verbal version of either the short or long
Recognition Memory Test (RMT)***°]; (vi) absence of
psychiatric disorders, history of alcohol or substance abuse
or previous neurological disorders; and (vii) native English
speaking.

Application of these inclusion criteria resulted in 275
patients with unilateral, single, focal lesions, 110 frontals
(LF 47; RF 63), of which only 26 were previously
reported®’; 100 posteriors (Left 34; Right 66) and 65
subcorticals (Left 32, Right 33; see Table 1). Of the
patients, 22 were left handed. The median time between
stroke/tumour resection and assessment was 19 days
(IQR=5-107) and median time between scan date and
assessment was 8 days (IQR =1-64). Patients were classi-
fied based on magnetic resonance imaging (MRI) or com-
puted tomography (CT) scans obtained as part of their
clinical investigation (see ‘Neuroimaging investigations’
section for further details). Information about age at as-
sessment, gender and years of education was collected.
Unfortunately, information on the quality of education
was not available.

The study was approved by The National Hospital for
Neurology and Neurosurgery & Institute of Neurology

Joint Research FEthics Committee and conducted in ac-
cordance with the ‘Declaration of Helsinki’.

All patients were assessed with tests administered and
scored in the published standard manner. Due to the
retrospective nature of our study, certain data were un-
available for some participants.

Premorbid optimal level of functioning was estimated
using the National Adult Reading Test (NART).>® Fluid
intelligence  (Fluid IQ) wusing Raven’s Advanced
Progressive Matrices (RAPM).”! For patients not adminis-
tered RAPM (n=66), the Wechsler Adult Intelligence
Scale III Performance IQ subtests,’> known to load heav-
ily on Fluid IQ, were used.*”

The S fluency test required patients to generate as many
words as possible starting with the letter S within 60s.
Patients were told not to produce proper nouns, change
the ending of words (e.g. bake, baking) or repeat words.
As the most frequent initial letter in English dictionaries,
‘S* should give relatively high scores, compared with
other letters. This may allow more opportunities for vari-
ables, such as words produced over time to show effects.
We analysed the following.

Overall performance.6 The total number of correct words
generated.

Words produced over time.6 The difference in the percent-
age of correct words generated in the first versus last
15s (number of words produced in the first 15s minus
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the number of words produced in the last 15s/Total
number of words produced x 100).'*

‘Extremely infrequent’ and ‘Unknown’ words.6 Clinically we

noted that frontal patients tended to produce infrequent
words (e.g. ‘salacious’). We initially investigated our
patients’ infrequent word production using the Celex
database by identifying very low frequency words (Celex
frequency count <1) and ‘obscure words’ not found in
this database (e.g. supercalifragilisticexpialidocious).
Notably, the Celex is based predominantly on written
word-frequency counts and this may differ from spoken
word-frequency. For example, ‘socialise’ has a Celex fre-
quency count <1, despite been a relatively frequent spo-
ken word. To refine our classification, we obtained
subjective spoken word-frequency ratings from 10 HCs
(see also Ref.53). HC re-classified each word identified as
low frequency by the Celex Database according to their
subjective spoken language frequency on a 6-points scale
(1= ‘unknown’, 2 = ‘extremely infrequent’, up to 6 =
‘frequent’). Intraclass correlations were significant (P <
0.001) and indicated good levels of reliability (inter-rater
reliability =0.810). For each word, we averaged the rat-
ings and calculated the ‘subjective spoken word fre-
quency’. We focussed our analysis on words with a
subjective frequency estimate <2. We grouped together
words that HC judged as unknown or extremely infre-
quent because, if a subject judged a word as unknown, it
is likely that this word is also extremely infrequent and
as such share similar characteristics. For example, activa-
tion of fewer competing responses (e.g. Ref.54). Patients
were classified on the basis of whether they produced at
least one word with a subjective frequency estimate <2.

Inappropriate words.6 Although not explicitly stated as a
rule, words socially inappropriate in the context of a
neuropsychological assessment can be considered a type
of error (e.g. s**#). Our clinical impression is that in-
appropriate words, although relatively infrequent, are
more likely to be produced by frontal patients. For each
patient, we recorded the number of inappropriate words
produced as judged by two independent raters. Patients
were classified on the basis of whether they produced at
least one inappropriate word.

In a recent study, we have specifically investigated the
effects of frontal lesions on total number of errors, rule
break and perseverations.”” Hence, on this study, the
analyses of these latter types of errors are reported only
in the Supplementary material.

Patients underwent an MRI or CT scan as a part of their
clinical investigation. MRI studies were obtained on
Siemens scanners at 1.5 or 3T following a diversity of
clinically determined protocols outside our control. CT
studies were obtained on Toshiba or Siemens spiral scan-
ners. Note that since the input to the imaging models is
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*not* raw image data but comparatively large, manually
traced, binary lesion masks, the effect of variations in ac-
quisition parameters is likely to be negligible, and—in
keeping with other published studies in the field—is not
explicitly modelled here. Imaging data were available for
226 patients (=213 MRI, n=13 CT; n=88 frontal,
n=284 posterior, n=354 subcortical). Both MRI and CT
scans were used for lesion mapping. Lesions were traced
and independently classified using MIPAV (https:/mipav.
cit.nih.gov/) by J.M. and E.C. and checked by P.N., who
was blind to the study results. The lesion masks were
segmented and non-linearly normalized to Montreal
Neurological (MNI) stereotaxic space at
2x2x2 mm resolution using SPM-12 software
(Wellcome Department of Imaging Neuroscience, London,
England: http://www.fil.ion.ucl.ac.uk see Cipolotti et al.*’
for details). The distribution of our patients’ lesions is
displayed in Fig. 1.

Institute

Neuropsychological data were assessed for skewness and
kurtosis and tested for normality using the Shapiro-Wilk
test.

One-way univariate analysis of variance (ANOVA) or
chi-square analyses were conducted for continuous and
categorical data respectively to investigate differences be-
tween patient groups on demographic variables (age, gen-
der, years of education, lesion volume and NART IQ)
and performance on Fluid IQ and naming tasks.

To investigate S fluency overall performance and words
produced over time, separate 3x2 ANCOVAs were used,
with Group (frontal, posterior and subcortical) and
Laterality (left, right) as the between subjects factors and
covaried for age. Significant main effects of Group were
examined post-hoc adjusting for multiple comparisons
with Bonferroni correction (0.05/3=P=0.016) and con-
trolling for the effects of age. We also conducted simple
effects analyses to investigate differences between left ver-
sus right lesions for the three patient groups separately,
while controlling for the effect of age. Fisher’s Exact
Tests were used to investigate differences in the propor-
tion of patients who produced at least one ‘extremely in-
frequent’ or ‘unknown’ word and the proportion of
patients who produced at least one inappropriate word.
Due to the relatively small numbers, comparisons were
made between frontal and non-frontal (posterior and sub-
cortical) patients.

These analyses were conducted only on overall
performance.

PLSM ANALYSES were completed using the NiiStat
toolbox for Matlab (http://www.nitrc.org/projects/niistat).
To increase statistical power and remain faithful to the

anatomical resolution relatively large lesions can
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Figure | Lesion distribution volume map for A frontals, B posteriors and C subcorticals. Results are displayed on transversal slices
(numbers indicate MNI coordinates) of the ch2better.nii.gz template in MRIcroGL (https://www.nitrc.org). The colour code indicates in how

many patients a given voxel was lesioned.

conceivably achieve the brain was parcellated in different
regions based on the JHU-MNI atlas,’® rather than doing
voxel-by-voxel analyses. This atlas contains 189 different
ROIs, 20 frontals, covering both grey and white matter
of the whole brain. As we used TSA analyses (see below),
only grey matter regions were considered. ROIs that are
infrequently damaged have low statistical power, when
increasing the number of comparisons. To ensure enough
statistical power to detect a difference, only ROIs where
at least 10 patients had damage were included. Three

Freedman-Lane permutations®’ were performed with age

and lesion volume always entered as nuisance regressors.
Permutation thresholding (5000 permutations) was used
to correct for multiple comparisons and control the fam-
ily-wise error rate. An alpha of 0.05 was the cut-off for
significance.

TSA ANALYSIS was performed with the Tractotron
software (part of the BCBtoolkit, http://www.brainconnec
tivitybehaviour.eu). This approach allowed us to map
patients’ lesions (normalized in the MNI 152 referential)
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onto tractography reconstructions of white matter path-
ways obtained from a group of HC by Rojkova et al.’®
For a given lesion, Tractotron provides a probability of
disconnection for 55 tracts. When a lesioned voxel over-
laps on a white matter tract with a probability >50%,
the tract is considered disconnected. Having identified the
spared/disconnected white matter tracts for each patient,
we then used univariate ANOVA to compare overall per-
formance between patients for each tract separately
(spared versus disconnected), controlling for age and le-
sion volume. To guard against departures from distribu-
tional assumptions, results are reported for bootstrapped
regressions performed on the basis of 5000 permutations
to derive bootstrap confidence intervals. A tract was
included in the analysis only if disconnection was
observed in 10 or more patients. Significance threshold
was set at a P-value of 0.05, corrected for multiple com-
parisons using the false discovery rate.

To focus attention on regions of the brain implicated in
fluency within the functional imaging literature, we cre-
ated a novel functional sparse parcellation of the brain
based on the NeuroQuery meta-analytic framework.’’
The keyword “fluency’—left unqualified to assure inclusiv-
ity—was used to generate a predicted distribution of acti-
vations based on the functional imaging literature
indexed by NeuroQuery in which the term occurs
(N=71). This continuous probabilistic map was thresh-
olded at a Bonferroni-corrected threshold of P <0.05,
yielding nine distinct clusters depicted in Supplementary
Fig. 1.

The integrity of each ROI was quantified in two ways:
by the degree of overlap between the lesion and the
area—an index of focal grey matter damage—and the ex-
tent of disruption of the white matter tracts terminating
at the area—an index of focal grey matter disconnection.
The latter was estimated with the aid of the
Disconnectome map module of the BCB Toolkit (http://
toolkit.becblab.com/). Formally, the pure lesion index for
each ROI was its summed intersection with the lesion
divided by the ROI volume, yielding a measure of pro-
portional focal damage. The disconnectome index

for each ROI was given by its summed intersection
with either the lesion or voxels estimated to be discon-
nected with a probability of 0.5 or higher, again normal-
ized by ROI volume. The signal within each voxel of this
intersection ranged from 0.5 to 1, capturing the aggregate
effect of both direct damage and disconnection.
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To enable graceful modelling of structured patterns of
damage related to the underlying pathological process
that have been shown to invalidate mass-univariate
maps,>>°® we employed Bayesian multi-variate regression
implemented in BayesReg,®' with each ROI treated as a
predictor variable, including all pair-wise interactions.
Each index of regional damage—pure lesion and discon-
nectome—was evaluated in separate models with a
Laplace noise model and a g shrinkage prior, including
all ROIs within the chosen parcellation scheme and age
as predictors. A Laplace noise model was preferred over
Gaussian to allow better modelling of outliers. The pos-
terior distributions of the regression coefficients were esti-
mated with Markov chain Monte Carlo sampling over
100 000 samples with a 100 000 burn-in interval and
thinning set at 10, reporting the means and standard
deviations of the regression coefficients that survive a
95% Bayesian credibility interval. The effective sample
size was >98 for all models. The results were visualized
by multiplying each credible ROI by the mean posterior
t-statistic for the estimated coefficient, overlaying the
image on a template cortical surface transformed into
MNI space.

The data that support the findings of this study are avail-
able from the corresponding author, LC, upon reasonable
request.

Results

Patients were well-matched for gender, years of education
and lesion volume across patient groups (P > 0.05). There
was a significant overall difference between groups for
age [F(2, 272) = 8.01, P < 0.001; see Table 1], with
frontal patients being younger than subcortical patients
(P < 0.001).

There were no significant differences between patient
groups for NART, Fluid IQ, GNT or long or short RMT
Words (all P> 0.05; see Table 1).

There was no significant difference between tumour and
stroke patients for overall s fluency performance or mean
time between resection/stroke and neuropsychological as-
sessment [£(267) = —1.24, P = 0.216; #(210) = —0.39, P
= 0.70, respectively; see Table 1]. A 3x2 ANCOVA con-
trolling for age, found a highly significant difference be-
tween patient groups [F(2, 268) = 7.14, P = 0.001; see
Table 2]. Post-hoc pair-wise comparisons showed that
frontal and subcortical patients performed significantly
worse than posterior patients (P = 0.002; P = 0.010,
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Table 2 Overall performance on S fluency

L. Cipolotti et al.

Frontals Posteriors Subcortica- Frontals Posteriors Subcorticals
n=110 n=100 Isn=65
Left Right Left Right Left Right
n=47 n=263 n=34 n=66 n=32 n=33
Mean number of correct words 13.3*" 15.5 1255 11.8%™ 14.3 14.8 15.9 12.4 12.6
generated (SD)
(5.80) (4.70) (5.40)  (5.80) (5.40) (5.00) (4.80) (600)  (4.10)

Scores with significant P-values are in bold.

?Dignificant difference between frontals and posteriors.
bSignificant difference between subcorticals and posteriors.
“Significant difference between left frontals and right frontals.
*P <0.05,

P <001,

*#kP < 0.001.

Table 3 Words produced over time on S fluency

Frontals Posteriors Subcorticals Frontals Posteriors Subcorticals
n=5I n=53 n=45
Left Right Left Right Left Right
n=24 n=27 n=18 n=35 n=22 n=23
Difference in the % of words pro-  28.24>">™ 18.68 31%" 26% 19% 18% 15% 17%
duced in the first 15 and last 15s
(SD) (17.97) (15.20) (15.85) (22) (13) (18) (14) (22) (I

Scores with significant P-values are in bold.

?Significant difference between frontals and posteriors.
®Significant difference between frontals and subcorticals.
“Significant difference between left frontals and left subcorticals.
*P < 0.05,

P <0.0l1.

n = number; SD = standard deviation.

respectively). We found no significant difference between
frontals and subcorticals.

Left hemisphere patients performed significantly worse
than right hemisphere patients [F(1, 268) = 4.18, P =
0.042]. There was no significant interaction between
group and laterality [F(2, 268) = 1.41, P = 0.247).

Simple effects analyses, comparing left versus right
patients for each patient group separately revealed a sig-
nificant difference only in the frontal group (left < right,
P = 0.009). Importantly, all results for overall s fluency
performance remained unchanged when aetiology was
included as a covariate (see Supplementary material).

Notably, performance fells <2 SD below the perform-
ance of the group of 50 HC in 36.2% of LF patients but
only in 17.5% of RF patients (see Supplementary
material).

A 3x2 ANCOVA controlling for age, found a highly sig-
nificant difference between patient groups in the percent-
age of words generated in the first versus last 15s [F(2,
142) = 7.14, P = 0.001; see Table 3]. Post-hoc pair-wise
comparisons showed that this difference was significantly
greater in frontals than in posteriors and subcorticals (P

= 0.014; P = 0.002, respectively). There was no signifi-
cant difference between posteriors and subcorticals nor
was there a significant main effect of laterality [F(1, 142)
= 0.13, P = 0.717] or interaction between group and
laterality [F(2, 142) = 0.49, P = 0.615].

Simple effects analyses, comparing left versus right
patients for each patient group separately revealed no sig-
nificant differences in words produced over time.
However, qualitatively, this difference appeared to be
greatest in the LF (see Table 3). Post-hoc comparison
revealed a significant difference between LF and left sub-
cortical patients (P = 0.019).

As for overall s fluency performance, all results for the
words produced over time remained unchanged when
aetiology was included as a covariate (see Supplementary
material).

HC did not significantly differ from patients in terms of
age or years of education [HC mean age =44.60years,
SD = 19.07, #283) = —1.17, P = 0.376; HC mean years
of education =15.20, SD = 2.25, t(256) = 1.58, P =
0.116).
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Multi-model mapping of phonemic fluency
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Figure 2 PLSM significant cortical regions associated with
overall S performance. Results are displayed on sagittal,
coronal and transversal slices of the ch2better.nii.gz
template in MRIcron (https://www.nitrc.org/projects/mricron).

Fisher’s Exact Test revealed a significant difference in
the proportion of frontal (10/110) versus non-frontal (4/
165) patients who produced at least one ‘extremely infre-
quent’ or ‘unknown’ word (P=0.022).

Fisher’s Exact Test revealed a significant difference in the
proportion of frontal (28/110) versus non-frontal (20/
165) patients who produced at least one inappropriate
word (P=0.006).

PLSM ANALYSES revealed that worse overall S perform-
ance was associated with damage to the posterior seg-
ment of the LMFG and LSFG, the left dorsal anterior
cingulate gyrus and caudate nucleus (see Fig. 2).

TSA ANALYSIS revealed that patients with disconnec-
tion in the left anterior thalamic projections, frontal
aslant tract, pons, superior longitudinal fasciculus I and
II, cingulum, anterior cingulum, corticospinal tract, front-
al commissural, inferior and superior frontal longitudinal
tracts performed significantly worse than patients without
disconnection in these tracts (FDR corrected, P < 0.05).
No difference was found between the performance of
patients with disconnected or spared RF tracts (FDR cor-
rected, P > 0.05).
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Models of fluency implicated the LMFG and LIFG meta-
analytic regions in interaction with age (beta =—1.19953,
CI = —2.10637 to —0.38909, #-statistic =—2.815), and the
left dorsomedial frontal region (LDMF; beta =—0.55634,
ClI = —1.04656 to —0.08359, t-statistic = —2.249; see
Fig. 3).

Models of fluency produced a similar pattern: LMFG
and LIFG in interaction with age (beta =—1.31381, CI =
—2.18453 to —0.38359, t-statistic =-—2.880), and the
LDMF (beta =—0.82397, CI = —1.28051 to —0.34017,
t-statistic =—3.448), but now including an interaction be-
tween the LMFG and LIFG and the left inferior temporal
region (beta =—2.27361, CI = —4.26994 to —0.30100,
t-statistic =—2.247, Fig. 3).

Discussion

We investigated the behavioural and neural correlates of
phonemic fluency. This task, like most frontal executive
tasks, is complex and requires several different processes
and systems to come into play. Given its complexity,
thorough investigation of phonemic fluency output, errors
and fine-grained anatomical investigations require a large
sample of patients. We investigated the largest number
(n=275) of patients with single, focal, unilateral, right or
left, frontal or posterior or subcortical lesions reported so
far in the literature. We compared their performance on
four variables: overall performance, words produced over
time, extremely infrequent/unknown words and inappro-
priate words. To our knowledge, no previous study has
reported such detailed analyses. We also employed, for
the first time, in the same patient population, four differ-
ent neuroimaging techniques: PLSM, TSA as well as
Bayesian multi-variate analyses on meta-analytically
defined functional ROI, including their interactions. We
modelled both the lesions and the grey matter regions
they are estimated to disconnect.

We adopted a mixed aetiology approach, similarly to
other groups.’**?7®” We have previously shown that the
most serious dangers of using the mixed aetiology ap-
proach do not in fact hold. We reported that, in 100
frontals and 91 posteriors with stroke or different types
of tumour pathology, performance on phonemic fluency
and other cognitive tasks, did not differ with respect to
aetiology.*"®® This supports the view that certain aetiolo-
gies do not result in more severe impairments than others
and combining across vascular and tumour pathologies is
unlikely to produce a major distortion in neuropsycho-
logical performance (see Ref.27 for further discussion).
One has no reason to assume that the same would not
hold for subcortical lesions. Hence, we argue that the
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Figure 3 Meta-analytically defined ROI. Depiction of the comparative dependence of phonemic fluency on meta-analytically
defined ROI identified as credibly associated within a Bayesian multi-variate model of all regions and their interactions. The
colour map shows the t-statistic for the estimated coefficient of each region surviving a 95% Bayesian credibility interval. The
first column shows linear effects derived with pure lesion models; the second and third columns show linear and interactional

effects, respectively, for disconnectome models.

grouping together of patients with stroke or tumoural
lesions for the purposes of examining phonemic fluency
performance is methodologically justifiable.

We found evidence suggesting that frontals are signifi-
cantly more impaired than posteriors on overall perform-
ance. Although left hemisphere patients performed
significantly worse than right hemisphere patients, we
found no interaction between group and laterality. The
very few studies comparing frontals to posteriors reported
inconsistent results (Refs.**® impairment-no impair-
ment’). Similarly, the handful of studies contrasting per-
formance of LF with left posteriors also reported
inconsistent results.””'>'* Our finding allows us to con-
clude that phonemic fluency is a task that shows specifi-
city to frontal lesions, even when overall performance is
compared with left posterior patients. Hence, it is a use-
ful clinical tool for the diagnosis of focal LF dysfunction.

We also found evidence suggesting that not only fron-
tals but also subcortical structures play a key role. Thus,
subcorticals, similar to frontals, performed significantly
worse than posteriors on overall performance. Impaired
performance in various executive tasks has been reported
in patients with focal or degenerative subcortical lesions®”
(see Ref.70 for a review). To the best of our knowledge,
this is the first documentation of the strong effect that
focal subcortical lesions play in the executive processes
involved in phonemic fluency, traditionally thought to

rely on cortical areas (e.g. Refs.>'?). There are many pos-

sible causes and, indeed, these may differ across subcor-
tical regions. Notably, Chouiter et al.’s’’ VLSM study
reported a number of subcortical (putamen, caudate nu-
cleus and pallidum) as well as cortical areas. Subcortical
areas may support generalized arousal and initiation abil-
ities involved in speech generation (see Ref.31 for further
discussion). The impaired performance of our subcorticals
may also arise because of the high connectivity between
subcortical areas, in particular the striatum and frontal
lobes.”*”® It might be thought that subcortical damage
may just result in dysfunctional brain circuitry disrupting
frontal lobe activity. According to this view, damage any-
where in the circuit—subcortical to frontal areas—should
produce similar behavioural effects.”* In line with this,
we documented no significant difference in overall per-
formance between subcortical and frontals. However, we
found that frontals, not subcorticals, showed a significant
difference in the percentage of words generated in the
first versus last 15s. Moreover, frontals produced a sig-
nificantly higher proportion of extremely infrequent/un-
known and inappropriate words than non-frontals. Only
frontals showed evidence of lateralized functional organ-
ization. These important differences suggest that subcor-
tical and frontal areas may contribute differentially to
phonemic fluency. Moreover, different subcortical struc-
tures may also contribute differentially. For example,
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basal ganglia and thalamus are thought to play different
roles in spoken language generation.”” In addition, cer-
tain subcortical areas may have direct links with each
other. Thus, the cerebellum modulates the activity of the
striatum via a disynaptic pathway in mice.”® A larger
sample of subcorticals is needed so that different subcor-
tical regions can be compared separately to investigate
these interesting, and, so far, largely neglected, issues
further.

We now turn to discuss our findings in the frontals.
We speculate that the significant difference of words pro-
duced over time may reflect impairment in the process of
‘energization’, which sustains responding over time.?
Stuss et al.®*”” suggested that, when it is necessary to
perform tasks at a fast pace, contention scheduling oper-
ating alone would be suboptimal for performance, be-
cause selected schema would gradually lose activation
over several seconds. They argued that the dominant im-
pairment of patients with SM frontal lesions (notably
many of their patients classed as SM had in fact SM and
inferior medial lesions, involving anterior cingulate, AC)
is one of energization. Consistent with this Stuss et al.'*
reported that patients with SM and left dorso-lateral
lesions had proportionately greater reduced production
over time. This is broadly in keeping with the perform-
ance reported in our frontal patients.

We would like to argue that the significantly higher
number of frontals producing at least one extremely in-
frequent/unknown word may reflect impairment in the
process of ‘selection’. Phonemic fluency requires selection
demands as the task produces competition amongst asso-
ciated stored words that are inappropriate.'® In our pre-
vious studies, we documented that patients with LIFG
impairments were relatively unimpaired in generating sen-
tences from low frequency words.>® In contrast, they
were impaired in generating sentences from high fre-
quency words. Low frequency words have fewer referents
than high frequency words and, hence, activate fewer
competing responses. Instead, high frequency words acti-
vate many conceptual propositions that compete with
each other.* Our findings that only frontals produced
higher proportions of extremely infrequent/'unknown
words converge with our previous studies with LIFG
patients. Of course, future studies will be necessary to de-
termine the reliability of our categorization of extremely
infrequent/unknown words.

We suggest that the significantly higher proportion of
frontals producing at least one inappropriate word may
reflect impairment in frontally located self-monitoring
processes. These processes allow monitoring the appropri-
ateness of the phonemic output to the social circumstan-
ces. In keeping with this it has been suggested that
frontal lobe damage increase swearing. The LF lobe has
been thought as a likely candidate for control and inhibi-
tory operations in inappropriate words production.”®
Generation of inappropriate words during phonemic flu-
ency in frontotemporal dementia over Alzheimer disease
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has been reported.”” A recent fMRI study reported
greater activation of a distributed thalamo-cortical net-
work including medial frontal cortex with its peak in
AC, LIFG, left posterior middle temporal gyrus and right
thalamus in a picture word interference paradigm where
inappropriate words significantly slowed picture-naming
latencies compared to neutral words.*® Our findings that
frontals produced inappropriate words more than posteri-
ors and subcorticals is broadly in keeping with these
studies and the well-known behavioural disinhibition
associated with frontal lobe damage.

Notably, in our previous work, we did not find a sig-
nificantly higher number of low frequency words (Celex
<1) or inappropriate words in a much smaller sample of
frontal patients (#=30) when compared with Parkinson
and Progressive Supranuclear Palsy patients.®' This sug-
gests once more that any meaningful investigation of
quantitative and qualitative aspects of phonemic output
in frontal patients necessitates a larger patient sample.

Lastly, we found evidence of lateralized functional or-
ganization for overall S fluency with LFs significantly
more impaired than RFs. This finding is in broad agree-
ment with some previous studies>****”**52 and does not
support the suggestion that reduced phonemic fluency
may also be associated to RF lesions.'®'? Our LF lateral-
ization finding was complemented and extended by the
results of our four neuroimaging investigations. PLSM
analysis found that worse overall performance was asso-
ciated with damage to the posterior segment of the
LMFG and LSFG, the left dorsal anterior cingulate gyrus
and caudate nucleus. TSA analysis revealed that patients
with disconnection in the left anterior thalamic projec-
tions, frontal aslant tract, pons, superior longitudinal fas-
ciculus I and II, cingulum, anterior cingulus, corticospinal
tract, frontal commissural, inferior and superior frontal
longitudinal tracts performed significantly worse than
patients without disconnection in these tracts. No differ-
ence was found between the performances of patients
with disconnected or spared RF tracts. These findings are
broadly in keeping with those we previously reported
using the same two analyses in a sample of frontals.>’
The additional new areas reported in our current study
are likely to be due to the inclusion of subcorticals and
posteriors, not present in our previous study and the
higher number of frontals. In our view, the results, we
obtained in our current study with PLSM and TSA repre-
sent an important instance of independent replication in
an area where traditionally there has been a paucity of
replication and an abundance of contradictory findings.®?

We are acutely aware that the effectiveness and validity
of techniques, such as PLSM and VLSM to human brain
mapping, have been criticized.’**> However, the em-
phasis of our study is to map a symptom to a large ana-
tomical or functional unit rather than to a fine-grained
location. Hence, PLSM and TSA may be viewed as
coarser approaches, expected to be more robust to spatial
biases, as parcels and tracts are more likely, given their
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size, to encompass the displacement of the critical locus.
Ideally, if one was able to collect a much larger number
of patients with focal lesions, possibly in the order of
several hundreds, it may be possible to switch from par-
cel/tract-wise to multi-variate voxel-wise approach.
However, obtaining such a large number of patients to
examine symptoms and localization in detail is a well-rec-
ognized problem in neuropsychology. For example, Van
der Linden®* noted that to obtain 13 frontals it °...took
four years and involved five large hospitals. . .”.

Given these constraints, we have developed a novel
Bayesian approach to multi-variate lesion-deficit mapping
that focuses modelling on areas meta-analytic functional
imaging suggests as plausible candidates. We deliberately
chose the broader term ‘fluency’ and left it unqualified to
assure inclusivity. Of course, this may have resulted in
including findings from other fluency modalities, such as
semantic fluency, which some authors consider to have a
different cortical underpinning from phonemic fluency.
Nevertheless, we felt that this was a safer approach to
ensure that our analysis included all potentially relevant
areas. Our pure lesion models implicated LMFG and
LIFG regions in interaction with age, as well as LDMF.
Our disconnectome models produced a similar pattern of
results, with the addition of an interaction between
LMFG and LIFG regions and the left inferior temporal
gyrus. These results provide convergent support for a
critical role for left middle and inferior frontal cortex in
phonemic fluency, but also demonstrate their interaction
with other areas that purely linear lesion-deficit mapping
has no power to reveal. Previous lesion-deficit dissocia-
tions between frontal and temporal contributions to
phonemic and semantic fluency may conceivably be
explained by failure to model anatomical interactions ra-
ther than truly dissociable neural substrates.”’ In any
event, increasing appreciation of the value of network
models of the brain® makes the modelling interactions
between lesioned areas imperative. In essence, our four
neuroimaging techniques converge in indicating the critic-
al role of several LF grey and white matter areas, in
interaction with inferior temporal cortex. The left lateral-
ized network involves medial frontal regions supporting
energization and middle and inferior regions supporting
selection in tandem with left temporal cortex.

One important limitation of our study is that we used
only one measure (S) of phonemic fluency. It would have
been helpful to examine fluency characteristics across
additional measures of phonemic fluency, such as, for ex-
ample, letters F and A. This would have allowed us to
collect a larger sample of phonemic output production
that may have rendered possible investigation, with our
neuroimaging techniques, of the anatomical correlates of
performance of words produced over time and extremely
infrequent/unknown and inappropriate words. In add-
ition, in focussing our study on one specific executive
task in the largest cohort reported so far, it was not pos-
sible to consider in detail the performance of our patients

L. Cipolotti et al.

across other domains that may have influenced their per-
formance on the phonemic fluency task (e.g. processing
speed and other executive processes). There was too
much variability in other tests carried out. The issue will
remain a question for future research.

In conclusion, our study suggests that a set of well
localized LF areas together with subcortical regions and
disconnection of LF tracts are critical for generation, as
measured by fluency performance. The investigation of a
large number of patients with single, focal, unilateral
lesions together with detailed quantitative and qualitative
analyses of phonemic fluency output and different neuroi-
maging techniques is a fruitful approach in furthering our
understanding of the neurocognitive architecture under-
pinning the executive processes involved in phonemic flu-
ency. Our study also highlights that a major problem in
using just the standard clinical measure of the overall
number of words generated does not allow distinguishing
between frontal and subcortical patients. This makes clin-
ically more relevant the use of additional measures, espe-
cially words over time, as well as qualitative measures,
such as the production of extremely infrequent/unknown
and inappropriate words, and, as previously suggested,
rule break errors,”” when assessing executive functions in
brain damaged patients.

We would like to suggest that the methodology
adopted in our study represents a promising and empiric-
ally robust approach in further investigation of the front-
al lobes’ contributions to executive functions, whose
precise nature is still incompletely understood.®®
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