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Altered functional connectivity underpins
cognitive changes in chronic spinal cord injury

®Jothini Sritharan,? ®Lorenzo Diana,! ®Vanessa Vallesi,’> Nicola Brunello,>** Lukas Feuring,
Jessica Japheth Ugowe,*? Rahel Oertli,’ Inge Eriks-Hoogland,>> ®Anke Scheel-Sailer,*¢
®Valentina Moro,”® Rajeev Kumar Verma'%? and Giuseppe Angelo Zito'

Individuals with spinal cord injury are subject to a higher risk of cognitive impairment, with executive functions being amongst the most affected
ones. Even though the occurrence of cognitive impairment following spinal cord injury has been confirmed in several studies, the related altera-
tions in the brain are not known yet. This prospective observational study aims to tackle this issue by investigating the neural correlates of ex-
ecutive functions in spinal cord injury. Twenty-six individuals with chronic spinal cord injury (mean age = 45.8 + 11.0 years, mean time since
injury = 13.3 + 11.1 years) and 26 age- and sex-matched non-injured controls (mean age = 43.1 + 11.5 years) performed a phonemic verbal fluency
task as a proxy for executive functions during functional magnetic resonance imaging. We compared task performance, as well as differences in
brain activity and seed-based functional connectivity between groups using general linear models. Additionally, we correlated performance and
functional connectivity using Pearson correlation. Performance on the verbal fluency task was significantly lower (15% less correct words) in in-
dividuals with spinal cord injury, compared to non-injured controls (= 0.02). For the imaging analysis, two individuals with spinal cord injury
were removed due to excessive motion and non-attentiveness during the imaging task, leading to a sample size of 24 for the spinal cord injury
group. There was significantly lower activity in the right putamen in individuals with spinal cord injury compared to non-injured controls
(P=0.015 corrected with family-wise error). Functional connectivity between the left insula and the superior frontal gyrus was lower in spinal
cord injury individuals compared to controls (P < 0.001 corrected with family-wise error). In spinal cord injury individuals, verbal fluency per-
formance negatively correlated with functional connectivity between the right insula and the right postcentral gyrus (= —0.82, P=0.001 cor-
rected with family-wise error), and between the left putamen and the bilateral precentral gyrus (» = —0.74, P = 0.002 corrected with family-wise
error). Altered brain activity and functional connectivity were found in regions typically associated with executive functions in individuals with
spinal cord injury. As the insula acts as a switch between brain networks, including the central executive network, to reallocate cognitive resources,
its altered functional connectivity with prefrontal areas may be linked to deficits in executive functions in spinal cord injury. Interestingly, the
functional connectivity of sensorimotor regions correlated with verbal fluency performance, suggesting an interference of the disrupted sensori-

motor domain with cognitive functions.
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Introduction

Spinal cord injury (SCI) is a devastating event that can cause long-
lasting impairment.1 Consequences of a SCI vary from altered or-
gan function (such as bladder and bowel function), development
of secondary health conditions (such as urinary tract infection, pres-
sure injury and depression), to activity limitations (e.g. reduced mo-
bility) and interferences with participation in daily life."® Changes
in cognitive functions are often reported by clinicians after SCI,
playing a relevant role not only in the rehabilitation process, but
also in the long term participation.”

In recent times, SCI-induced cognitive impairment has re-
ceived considerable attention. People with SCI have a 13-fold
higher risk of suffering from cognitive impairment than matched
non-injured individuals.® Traumatic brain injury (TBI) is diag-
nosed in around 60% of SCI cases, and could partially explain
the cognitive deficits.>’ Interestingly, cognitive impairment in
SCI has been observed even in the absence of TBL'!? with a
prevalence estimated between 10% and 40%.'* Other contribut-
ing factors to cognitive impairment in SCI are autonomic dys-
functions, psychiatric disorders, substance abuse, medication

. . . . 115,16
side effects, pain, neuroinflammation and sleep apnoea.3 16 7f
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cognitive impairment remains undetected, the resulting behav-
iour may be interpreted as lack of motivation or non-compliance
in rehabilitation settings.”’18 Moreover, cognitive impairment is
detrimental to self-care and successful reintegration into soci-

ety,ls'zo and may lead to a feeling of helplessness and distress

when transitioning back to the community.n’22
Amongst the cognitive domains impaired in SCI are memory,

323 the latter

processing speed, attention and executive functions,
being evidenced as the most affected ones in a recent systematic re-
view.** Executive functions play a crucial role in everyday life, and
are involved in planning, decision-making, developing strategies,
suppressing habits, shifting attention between tasks, reasoning
and }:ﬂoblem-solving.zs'27 Verbal fluency tasks are amongst the
most common tests to assess executive functions, and measure a
person’s ability to retrieve words that meet certain criteria.”®*’
Phonemic verbal fluency, for instance, requires the participant to
retrieve words starting with a specific letter within a given time win-
dow.?*3% It requires the inhibition of the natural retrieval of words
based on associations, which poses a high demand for executive
control.>**! Several studies have found that verbal fluency is im-
paired in SCIL, 1132 byt these studies did not investigate the under-
lying changes in the brain. In fact, disrupted sensorimotor pathways
after SCI trigger a functional reorganization in the brain.?>%*
Whilst alterations affecting the primary somatosensory and motor
cortex have been widely investigated in previous studies,>>® func-
tional changes in networks involved in cognition in SCI, such as the
attentional networks, have also been observed.” Although we have
gained more insights into cognitive function after SCI, the brain
changes linked to cognitive processes following SCI still remain
unclear.

Using non-invasive imaging techniques, such as functional
magnetic resonance imaging (fMRI), neural correlates of cognitive
impairment can be studied. In fMRI, the blood-oxygen-level-
dependent (BOLD) signal is measured, which is sensitive to the re-
gional deoxygenated haemoglobin concentration, and linked to
neuronal activity.*” With task-based fMRI, brain activity and the
temporal correlation of brain signals,41 i.e. functional connectivity
(FC), can be assessed in different brain regions during the execution
of cognitive tasks. To date, there are only few studies examining
changes in the brain during cognitive tasks in SCL.1%13:42:43 1
the study by Lucci ez al., for instance, response inhibition was as-
sessed in individuals with SCI and controls, while recording their
brain activity with electroencephalography (EEG), and altered
event-related potential in the prefrontal cortex was found in
SCL*® In further EEG studies, impaired cognitive functions, in-
cluding body representation and inhibitory functioning, were
shown in individuals with SCI, together with altered event-related
potentials.'>** These studies have mainly focused on alterations in
event-related potentials or local cerebral blood flow in individuals
with SCI, but did not discuss changes in specific brain regions)13
nor did they investigate the FC between different regions.
Indeed, this information is crucial for the understanding of cogni-
tive processes, which often involve the interaction of several brain
regions.44 Investigating the neural correlates of cognitive tasks could
aid in advancing our understanding of the pathophysiological
changes associated with cognitive impairment after the injury,
and inform targeted interventions to improve cognition.
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The goal of the present study was to advance our understanding
of cognitive changes after SCI by investigating the neural correlates
of cognitive impairment with respect to executive functions. To
this end, we conducted a task-based verbal fluency fMRI study
and identified patterns of FC linked to verbal fluency in individuals
with and without SCI. Our hypothesis was that functional reorgan-
ization following SCI extends beyond the sensorimotor cortex and
involves neural networks associated with cognitive functions, such
as verbal fluency.

Materials and methods

This prospective observational study follows a case-control design.
The reporting of this study was based on the Strengthening the
Reporting of Observational Studies in Epidemiology (STROBE)
guidelines. The study was approved by the local ethics committee
of Northwest and Central Switzerland (EKNZ, ID: 2023-02071).
All participants provided written informed consent before partici-
pating in the study in accordance with the Declaration of Helsinki
and guidelines of good clinical practice. The study was preregistered
on Clinical Trials.gov (ID: NCT06309888).

The recruitment period lasted from February 2024 to November
2024. SCI participants were recruited from the Swiss Paraplegic
Centre in Nottwil, Switzerland. Participants without SCI were re-
cruited through advertisements on the internal intranet of the Swiss
Paraplegic Group, social media, local newspaper and word of
mouth.

Study participants included 26 persons with SCI and 26 age- and
sex-matched non-injured controls. With respect to the age- and sex-
matching, for each enrolled SCI participant, a non-injured control
of the same sex who was up to 5 years younger or older than that
SCI individual was selected. The sample size was determined 2
priori based on the effect size of a previous study investigating ver-
bal fluency in SCI using the software G*Power (version 3.1) (see
Supplementary Material for detailed power analysis).*>*> The in-
clusion criteria for both groups were: (i) age between 18 and 605
(i) German native speaker, and additionally for the SCI group
(iii) a diagnosis of traumatic SCI; (iv) time since injury longer
than 1 year and (v) American Spinal Injury Association
Impairment Scale (AIS) grade A, B, C and D. Exclusion criteria
for both groups were: (i) contraindication for MR examinations
(e.g. cardiac pacemaker etc.); (ii) pregnancys; (iii) diagnosis of other
psychiatric or neurological disorders; (iv) alcohol and/or drug
abuse; (v) insufficient hand function and (vi) diagnosis of TBI
based on a radiological assessment and, for cases with a high-
intensity trauma (e.g. car accident), on a standardized neuropsycho-
logical assessment. In particular, we excluded individuals with
visible intracranial haemorrhages, midline shifts and/or hydroceph-
alus on anatomical images (e.g. computed tomography of the head
and susceptibility-weighted MRI), as confirmed by an experienced
radiologist (RKV). We only included individuals with traumatic
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Figure 1 Design of the phonemic verbal fluency task in the magnetic resonance imaging scanner. During the task block, a letter was
displayed on a screen and participants were instructed to silently produce words starting with the letter for 30 s. During the baseline
condition, a fixation cross was shown on the screen and participants had to silently repeat the word ‘Kreuz’ (‘cross’ in German) for 30 s.

SCI to keep the study sample as homogeneous as possible and to have

a clear onset date of the injury.46'49

Participants underwent an fMRI measurement including a phon-
emic verbal fluency task, based on the phonemic Regensburger
Wortfliissigkeitstest (RWT).>® The paradigm was developed in ac-
cordance with previous verbal fluency fMRI studies.”’ > The task
was presented on a screen in a block design and consisted of an al-
ternation of task and baseline. During the task block, a letter was
shown on the screen, and participants silently produced as many
words as possible, starting with the given letter, within 30 s (see
Fig. 1). During the baseline block, a cross was displayed for 30s,
and participants had to silently repeat the word ‘Kreuz’ (‘cross’ in
German). This procedure was conducted for seven letters specified
in the RWT, i.e. ‘B’,‘G,'K’,'M’,'P’,‘R’ and “S’, and the order of
the letters was randomized for each participant using https://
randomizer.org/. To ensure that participants were alert during
the task, after completing four and seven letters the participants
were asked to press a button on a response device within 10 s.
The task was implemented using PsychoPy® (https://www.
psychopy.org/, version 2023.2.3). After an hour, the verbal fluency
task was repeated overtly outside the scanner to assess performance,
following a similar study design, as described by Nair ez al’?
Thereby, the task duration per letter was 1 min and the letters
were the same as those used inside the scanner. The sum of correct
words across the seven letters and the number of below-average per-
formances based on the normative data of the RWT, which were
corrected for age and education, were used as outcome measures
for verbal fluency performance. To ensure adequate test-retest reli-
ability, we conducted a pilot measurement before the start of the
study, and verified that the intraclass correlation coefficients be-
tween two sessions of the verbal fluency task at a time interval of
1 hour were sufficiently high (Supplementary Material and
Supplementary Fig. 1). We also investigated potential memory ef-
fects by determining the percentage of words that were repeated
during the second testing.

A series of questionnaires was administered, including questions on

general information and medication intake,

State-Trait Anxiety Inventory (STAI)>* and Numeric Pain
Rating Scale (NPRS)® questionnaires. For participants with SCI,

demographic

the International Standards for Neurological Classification of
Spinal Cord Injury’® (ISNCSCI) examination was conducted by
a certified examiner.

The MRI data were acquired in a 3T Philips Achieva scanner with a
32-channel head coil. The acquisition protocol consisted of (i) a
structural 3D T1-weighted scan with echo time (TE)=3.7 ms,
repetition time (TR) = 8.1 ms, flip angle = 8° and field of view of
256 x 256 x 180 mm® and (ii) a functional scan with TE = 29 ms,
TR =2.9s, flip angle = 90°, voxel size=3x3x3 mm?>, field of
view of 240 x 240 x 159 mm?> and 152 repetitions. The measure-
ment duration for the two sequences was around 10 min.

Images were preprocessed and analysed with CONN release
22.2°7 and Statistical Parametric Mapping®® (SPM12) (http://
www.filion.ucl.ac.uk/spm) running under MATLAB R2020a
(The MathWorks Inc., Natick, Massachusetts). The functional
images were realigned with the correction of susceptibility distor-
tion interactions. Slice timing correction, outlier detection of scans
with a framewise displacement above 0.9 mm or global BOLD sig-
nal changes above 5 standard deviations, normalization to Montreal
Neurological Institute (MNI) space, segmentation, and smoothing
with a Gaussian kernel of 8 mm full-width half maximum were
applied.

Functional data were denoised, including the regression of po-
tential confounding effects characterized by white matter and cere-
brospinal fluid time series, motion parameters and their first-order
derivatives, outlier scans, session and task effects, linear trends with-
in each session and a high-pass frequency filtering of the BOLD sig-
nal above 0.008 Hz. We further included the task and baseline
conditions as potential confounders in the denoising step, and
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reduced the influence of constant task-related co-activation in the
BOLD signal.59 Data quality metrics are displayed in the
supplementary material and were comparable between groups
(Supplementary Figs 2 and 3). Outliers with excessive movement
during the scanning session were individuals for whom the mean
motion deviated by more than three interquartile ranges above
the third or below the first quartile. Participants who exceeded
this threshold were excluded.

The imaging analyses consisted of two parts: investigating group
differences in brain activity and seed-based FC, respectively. For
the analysis on brain activity, a general linear model (GLM) was im-
plemented in SPM, testing for differential BOLD signal in the task
condition between individuals with SCI and individuals without
SCI. P-values were family-wise error corrected (prwg). We also
computed activation maps for each group individually and verified
that regions typical for phonemic verbal ﬂuencyG0 were activated in
both groups (Supplementary Figs 4 and 5, Supplementary Tables 1
and 2). For the seed-based FC analysis, 11 seeds (i.e. bilateral inferior
frontal gyrus, bilateral insula, bilateral anterior cingulate gyrus
(ACG), left thalamus, right cerebellum crus I, left precuneus, right
caudate and left putamen) from a previous meta-analysis were used,
which identified regions being active during phonemic verbal flu-
ency tasks in healthy individuals.®® BOLD signal time series were
extracted from these regions using the Harvard-Oxford atlas.®
In the first-level analysis, FC values were calculated as Fisher-
transformed bivariate correlation coefficients from a weighted
GLM, and used to determine condition-specific FC between the
time series of each seed and every voxel in the brain during the
task condition.>” Individual scans were weighted by a boxcar func-
tion characterizing each condition convolved with an SPM canonical
haemodynamic response function and rectified. For the second-level
analysis, 2 GLM was implemented for each single voxel, using the
group variable (SCI versus non-injured controls) as the independent
variable and the FC of that voxel per subject as the dependent vari-
able. Age was used as a covariate in the analysis. Voxel-level hypoth-
eses were assessed using multivariate parametric statistics with
random-effects across subjects and sample covariance estimation
across multiple measurements. Inferences were carried out at the level
of individual clusters. Reported FC values represent the mean of FC
values of the whole cluster.”® Cluster-level inferences were estimated

62,6
3 and results were

based on the Gaussian Random Field theory,
corrected for multiple comparisons using FWE correction Pewg <
0.05 at a cluster-level. As 11 different seeds were used, an additional
Bonferroni correction was applied to the FWE corrected P-values,

leading to a new significance threshold at Prywy_gr < 0.0045.

Statistical analyses of clinical and behavioral data were performed in
R (version 4.4.1). The following analyses were performed: (i) a com-
parison of demographic and clinical characteristics between the
groups, (ii) a comparison of verbal fluency performance between
groups, (iii) a comparison of the number of below-average
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performances between the groups and (iv) a correlation of verbal
fluency performance with FC values.

Differences in categorical clinical and demographic data between
SCI individuals and non-injured controls were compared using
Chi-square tests, and differences in continuous data were deter-
mined with a Wilcoxon rank sum test. Group differences in verbal
fluency performance between SCI and non-injured controls were
assessed using Wilcoxon rank sum tests due to the violation of nor-
mality and homogeneity of variance assumptions. Model assump-
tions were tested with the Shapiro-Wilk test and Levene’s test,
respectively. The test statistic of the Wilcoxon rank sum test is de-
noted by 7 and of the Chi-square test by x*.

To assess the clinical relevance of verbal fluency differences, and
to account for the potential effect of age and education level on cog-
nitive performance, we compared each individual’s word number
with the normative data of the RW'T,*° which was adjusted for edu-
cation level and age. Normative data are available for the five letters
S, P, M, K and B.>° In this way, each subject and each letter were as-
signed a percentile rank, describing the percentage of individuals from
the norm population who performed equally or worse for that specific
letter in the same age and education group.so If a percentile rank was
smaller than 10, then the performance of the subject for this letter was
classified as below-average performance, according to Lezak.®* With
this, a new outcome variable was assigned to each subject, denoting
the number of below-average performances, ranging from 0 to
S. The number of below-average performances was compared between
individuals with and without SCI using a Wilcoxon rank sum test.

Subgroup and regression analyses addressed: (i) differences in the
ISNCSCI between body sides (right versus left) and (ii) group dif-
ferences in verbal fluency performance, based on AIS levels (AIS A
versus AIS D), medication intake (pain medication and antimus-
carinics) and lesion levels (cervical versus thoracic) using the same
methods as described in this section. Potential effects of clinical
variables on cognitive performance were examined.

Lastly, correlations between verbal fluency performance and FC
were determined in individuals with and without SCI separately
using Pearson correlation. Seed-based FC values were correlated
with verbal fluency performance using age as a covariate. As for
the imaging analysis, Bonferroni correction was applied to the
FWE corrected P-values to account for the number of seeds, result-
ing in the new significance threshold at Prwg_gr < 0.0045. The cor-
relation coefficient is denoted by 7.

Results

Twenty-six individuals with traumatic SCI (mean age = 45.8 + 11.0
years, mean time since injury = 13.3 & 11.1 years) and 26 without
SCI (mean age=43.1+11.5 years) participated in the study
(Table 1). Eleven individuals with SCI were characterized with an
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Table 1 Clinical and demographic characteristics

J. Sritharan et al.

Spinal cord injury

Non-injured controls

(n=26) (n=26) Test statistics P-value
Sex (male/female) 18/8 18/8 x2=0 1
Age [years, mean + SD] 458+ 11.0 43.1+115 W =280 0.290
Handedness (right/left) 21/5 25/1 x2=17 0.193
NPRS current pain [mean + SD] 27+22 0.3+0.5 W=99 <0.001
STAI anxiety state [mean + SD] 37.5+8 33.73+5.7 W =246 0.090
STAI anxiety trait [mean + SD] 37.2+8.6 329+57 W =238 0.070
Level of injury
Cl1-C4 4 (15.4%) NA NA =
C5-C8 8 (30.8%)
T1-S5 14 (53.8%)
ISNCSCI
Total motor score [mean + SD] 722+21.1 NA NA -
Total light touch score [mean + SD] 71.5+214
Total pinprick score [mean + SD] 72.2+23.8
Medication n (%)
Bladder without antimuscarinics 9 (34.6%) 0 (0%) x%=8.6 0.003
Antimuscarinics 11 (42.3%) 0 (0%) x?=115 <0.001
Pain 11 (42.3%) 1(3.8%) x2=88 0.003
High blood pressure 5(19.2%) 1(3.8%) x2=17 0.193
Spasticity 5(19.2%) 0 (0%) x?>=35 0.060
Others (thyroid, birth control, acne, 7 (26.9%) 3(11.5%) x%2=79 0.700

rheumatism, HIV, cholesterol, constipation)

Note: NA: not applicable.

AIS level A, 1 with AIS B, 2 with AIS C and 12 with AIS D. The
ASIA motor score was significantly lower (2= 0.009) on the left
compared to the right body side in individuals with SCI
(Supplementary Fig. 6). All participants were included in the behav-
ioural analysis, and for the imaging analysis two SCI subjects had to
be removed due to excessive motion and non-attentiveness during
the imaging task, leading to a sample size of 24 (mean age = 46 +
11.3 years, mean time since injury = 13.1+10.8 years) for the
SCI group. There was no significant difference in age (2= 0.290,
W = 280), sex distribution (P =1, ¥? = 0), handedness (P = 0.193,
x*=1.7) and highest degree of education (P = 0.125, y* = 7.22) be-
tween the two groups. Individuals with SCI showed a significantly
higher level of pain (P < 0.001). The two groups did not differ in
anxiety level. There was a significant difference in the medication
intake of bladder medication, antimuscarinics and pain medication
between the two groups. The specific agents contained in each of
the medication group is described in the supplementary material.
Detailed clinical and demographic characteristics for the SCI indi-
viduals are described in Supplementary Table 3.

The sum of correct words across the seven letters of the verbal flu-
ency test was significantly lower (W = 462, P = 0.024) in the group
of SCI individuals (89.4 # 27.2) compared to non-injured controls
(105.5 + 22) (see Fig. 2A). On average, people with SCI produced
15.3% less correct words than the control group. There were signifi-
cantly more (/'=218, P=0.021) below-average performances
based on the five letters with normative data in the SCI group
(1.6 1.5) compared to the control group (0.7+0.9) (see
Fig. 2B). Age- and education-adjusted percentile ranks of the study
participants are displayed in Supplementary Fig. 7.

There was significantly lower BOLD signal in a cluster containing
the putamen, pallidum, caudate and thalamus with peak in the right
putamen (Prwg = 0.015, cluster size = 350 voxels and peak MNI co-
ordinates = 20, —4 and 10) in the SCI group compared to non-
injured controls (see Fig. 3). Further correlation between verbal flu-
ency performance and activity in this cluster in all participants is
shown in Supplementary Fig. 8.

We also found significantly lower FC between the left insula
(seed) and a cluster containing the left and right superior frontal
gyrus, in individuals with SCI compared to non-injured controls
(Prwe_pr = 0.0002, cluster size = 428 voxels and peak MNI coordi-
nates = —18, 16 and 60) (see Fig. 4). None of the other seeds showed
significant group FC differences after Bonferroni correction.

In SCI individuals, there was a significant negative correlation be-
tween the performance on the verbal fluency task and the FC of
the right insula (seed) with the right postcentral gyrus (PoCG)
(see Fig. SA). Similarly, verbal fluency performance negatively cor-
related with the FC between the precuneus (seed) and the ACG (see
Fig. 5B), and with the FC between the left putamen and both the
right and the left precentral gyrus (PreCG) (Figs SC and D).
Detailed statistical values for the correlation analysis are displayed
in Table 2.

There were no significant correlations between seed-based FC
of the 11 seeds with verbal fluency performance in individuals with-
out SCI.
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Figure 2 Boxplots showing differences in verbal fluency performance between individuals with and without SCI. Single datapoints
indicate the performance of individual participants, and the bold horizontal lines in the boxplots indicate the median within each group.
Panel A shows a significantly lower sum of correct words using a Wilcoxon rank sum test (W =462, P = 0.024) in the SCl group (N = 26)
compared to the non-injured controls (N = 26). The boxplot in panel B shows the number of below-average performances (ranging from
0 to 5) in each of the groups based on the education- and age-adjusted normative data from the RWT. The SCI group was characterized
by a significantly higher number of below-average performances compared to the non-injured controls (W =218, P=0.021).

Non-SCI > SCI

Figure 3 Group differences in brain activity during the phonemic verbal fluency task using a two-sample t-test. There is a significant
cluster (P =0.015, corrected with family-wise error, cluster size = 350 voxels) with a peak in the right putamen, when comparing the
blood-oxygen-level-dependent signal between individuals with (N = 24) and without SCI (N = 26) during a phonemic verbal fluency
task. The group differences are displayed on a standard brain. Two SCI subjects were removed from the imaging analysis due to

excessive motion and non-attentiveness during the measurement.

Neither did we find a significant difference in verbal fluency per-
formance, nor in the brain measures for the subgroup analyses
AIS A versus AIS D (Supplementary Fig. 9, Supplementary
Table 4), cervical versus thoracic SCI (Supplementary Fig. 10,
Supplementary Table 5) and SCI individuals taking versus not tak-
ing antimuscarinics (Supplementary Fig. 11, Supplementary
Table 6). Moreover, when including group, antimuscarinics, pain

medication and spasticity medication intake as independent vari-
ables in a regression model, there were no significant effects either
(Supplementary Table 7). For the subgroup analysis on SCI individuals
taking versus not taking pain medication, we did not find differences in
verbal fluency performance (Supplementary Fig. 12, Supplementary
Table 8), but we found increased FC between the left inferior frontal
gyrus (seed) and the precuneus (Prwg_gr = 0.0003, cluster size = 335
voxels and peak MNI coordinates = —8, —68 and 52) in the individuals
taking pain medication, compared to the SCI individuals taking no
pain medication (Supplementary Fig. 13).
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Discussion

In this study, we used task-based fMRI to investigate brain activity
and FC differences during a phonemic verbal fluency task, as well as
their correlation with verbal fluency performance, in chronic SCI.
We demonstrated: (i) lower performance in the verbal fluency

Superior frontal gyrus 420 —

T(48)

Left insula

3.52

Figure 4 Group comparison in functional connectivity
between individuals with spinal cord injury and non-injured
controls using a general linear model. There was significantly
altered functional connectivity (P = 0.0002, corrected with
family-wise error and Bonferroni, cluster size = 428 voxels)
between the left insula (seed) and a cluster containing the left
and right superior frontal gyrus between individuals with (N =
24) and without spinal cord injury (N = 26). Two SCI subjects
were removed from the imaging analysis due to excessive
motion and non-attentiveness during the measurement.
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task in the SCI group compared to the non-injured controls; (ii)
lower BOLD signal during the verbal fluency task in the right puta-
men in individuals with SCI compared to those without SCI; (iii) low-
er FC between the left insula and the superior frontal gyrus in the SCI
group compared to the non-injured controls and (iv) negative correl-
ation between verbal fluency performance and FC of the following
pairs of regions: right insula and right PoCG, precuneus and ACG,
and left putamen and bilateral PreCG, in individuals with SCL

Overall, the SCI group exhibited a higher pain level and higher
medication intake in comparison with the group of non-injured
controls, which is in line with epidemiological studies.®>®® The low-
er performance in verbal fluency in individuals with SCI lacking a
diagnosis of TBI is in accordance with several previous stud-
ies.'132 The novelty of our study is the investigation of the neural
correlates of impaired verbal fluency, an indicator of executive func-
tions, in SCI.

Between group differences in brain
activity and functional connectivity

Individuals with SCI showed lower brain activity in a cluster con-
taining the right basal ganglia and thalamus, with a peak in the pu-
tamen, during the verbal fluency task. The basal ganglia are a set of
subcortical structures involved in motor initiation and suppression,
and are directly connected to the sensorimotor regions.”>”® In a
voxel-based meta-analysis, grey matter atrophy was shown in the ba-
sal ganglia and thalamus in individuals with SCI, indicating that the
disruption of sensorimotor pathways may also trigger reorganiza-
tion in subcortical areas related to the movement domain.””

Interestingly, the basal ganglia are not only involved in motor
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Figure 5 Location of regions showing significant correlation of functional connectivity (FC) with verbal fluency performance in
individuals with spinal cord injury using Pearson correlation. Panel A shows the correlation between the FC in the right insula and right
PoCG with the sum of correct words (r = —0.818, Prwe_gr = 0.001, corrected with family-wise error and Bonferroni) in individuals with
spinal cord injury (N = 24). Panel B shows the association between FC in the precuneus and the ACG with verbal fluency performance
(r=—0.734, Ppwe_gr = 0.004). The FC between the left putamen and both the right precentral gyrus (PreCG) (Panel C) (r = —0.794,
Prwe_gr = 0.001) and the left PreCG (Panel D) (r = —0.736, Prwe_gr = 0.002) negatively correlated with the sum of correct words.
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Table 2 Significant correlations between seed-based functional connectivity and the sum of correct words in the verbal

fluency task in individuals with spinal cord injury

Functionally connected cluster (percentage of voxels in cluster Peak MNI Cluster size
Seed overlapping with anatomical region) (x,y,2) (voxels) r-value Pgwe gf
Right insula  Cluster 1: right PoCG (68%), right superior parietal lobule (24%) 44, -36, 58 312 -0.818 0.0007
Precuneus Cluster 2: ACG (84%), right paracingulate gyrus (6%) —-6,40, 4 231 —-0.734 0.0036
Left putamen Cluster 3: right PreCG (81%), right inferior frontal gyrus (7%) 54,2,18 250 -0.794 0.0014
Cluster 4: left PreCG (49%), left and right supplementary motor area (28%) -8, —20, 72 242 -0.736 0.0018

Note: Prwe _gr: P-values corrected for family-wise error at the cluster level and additional Bonferroni correction applied to account for the number of seeds, r-value:

correlation coefficient.

control, but there is also evidence showing their contribution to ex-
ecutive functions.”"” In particular, the involvement of the puta-
men and the caudate was found in phonemic verbal fluency
tasks.®® A previous study showed that a smaller grey matter volume
in the putamen was associated with lower verbal fluency scores in
healthy older adults.”> Moreover, the caudate is known to be in-
volved in the suppression of irrelevant words,”* a capability highly
relevant for the verbal fluency task.

Overall, these findings may suggest that the loss of sensorimotor
pathways in SCI may induce changes in connected subcortical mo-
tor areas, such as the basal ganglia,70 which is observed as lower
brain activity during the verbal fluency task. However, due to the
cross-sectional design of our study, causality cannot be inferred,
and further research is needed to investigate whether cognitive im-
pairment is a consequence of brain changes or a concomitant
phenomenon.

Of note, even though verbal fluency and language functions are
usually associated with the left hemisphere,*’ we found differential
activity in the right basal ganglia. We exclude the effect of handed-
ness on this right lateralization, as our participants were mostly
right-handed. One possible explanation for this lateralization could
be the lower ASIA motor score on the left compared to the right
side in our SCI sample. As the basal ganglia are not only involved
in executive functions, but also in motor control,®” the side of
the more severe motor impairment after SCI may have an impact
on the contralateral brain hemisphere. However, future studies
are required to confirm this hypothesis. An alternative explanation
for the lateralization of our findings may also be that inhibition is

75,76
and our results confirm

more right lateralized in the brain
such a lateralization in SCI as well.
Our study also revealed lower FC between the left insula and a
cluster containing the left and right superior frontal gyrus, in indi-
viduals with SCI compared to non-injured controls, during the ver-
bal fluency task. The prefrontal cortex is widely known to be
involved in executive functions.”>””””® In the context of verbal flu-
ency, the left anterior insula seems to be involved in speech produc-
tion, articulation and 19hon::1tior1.60’79’80 The anterior portion of the
insula has been shown to be functionally connected to the prefrontal
cortex, and may be involved in higher-order cognitive processes.m'83
An integration of interoceptive with cognitive signals occurs in the
anterior insula, assigning it the role of a ‘hub’ in the regulation of cog-
nitive processes.84 In particular, the insula detects salient stimuli, and
switches between other brain networks, such as the central executive
network, 257
of SCI, grey matter volume loss has been found in the insula

.. 88
to enable access to cognitive resources.” In the case

89,90 S.Ild

altered FC was found between the insula and the frontal pole in in-
dividuals with SCI compared to non-injured controls.”" Based on
these findings, there seems to be a disrupted connectivity between
the insula and the prefrontal cortex in SCL>! which may affect the
gatekeeping function of the insula in the activation of the central ex-
ecutive network, and therefore may impact cognitive processes critic-
al to verbal fluency. Interestingly, we did not find group differences
in the insula when comparing the BOLD signal between SCI and
non-SCI individuals. As BOLD signal and FC capture two different

. . 41,92,93
neurophysiological processes,

our results may imply that the
insula stays engaged on a regional level during verbal fluency, but
shows abnormal communication with other executive regions. This
may ultimately indicate a disruption on a network level, rather

than the mere activity.

In individuals with SCI, we found that lower verbal fluency per-
formance was associated with higher FC of the precuneus and
ACG, which are known to be involved in verbal ﬂuency.60 Both
the precuneus and the ACG are contributing to high-order cogni-
tive processes and may play a role in processing phonological infor-
mation.?®?*%° A previous study found altered FC with the
precuneus and the cingulate gyrus in SCI, which are part of the cen-
tral executive network.”” Thus, our findings further strengthen the
link between executive functions and FC in this brain network,
confirming the specificity of our imaging results in relation to verbal
fluency.

Interestingly, verbal fluency performance in SCI also correlated
with FC in regions of the sensorimotor cortex: the right PoCG
with the right insula and the bilateral PreCG with the left putamen.
Several studies have pointed out brain alterations in the PreCG and
PoCG after SCI, which indicate phenomena of brain reorganiza-
tion, possibly attributed to compensatory mechanisms for the
loss of sensorimotor function.”$1%! A previous resting-state fMRI
study found altered FC between the insula and PoCG in indivi-
duals with SCL”" Others have further shown increased FC of
motor-related regions in SCI, which may reflect over-recruitment
of additional brain resources to compensate for the motor defi-
cits.1%%1%% A different fMRI study in SCI found decreased brain ac-
tivity in cognitive—related regions during a visuomotor imagery task
and lower cognitive performance in SCI individuals, suggesting an
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interaction between the cognitive and the sensorimotor
domain.'® As the FC between regions of the sensorimotor cortex
(PreCG and PoCG) and regions associated with verbal fluency (in-
sula and putamen)®” negatively correlated with verbal fluency per-
formance, our results may indicate that disrupted sensorimotor
functions in SCI may interfere with cognitive functions, possibly
due to phenomena of cortical reorganization, thus resulting in de-
creased cognitive performance. Future research may confirm this
explanation by performing a dual motor-cognitive task in SCI dur-
ing fMRI. The correlational findings also imply that higher FC be-
tween specific pairs of regions is associated with worse cognitive
performance in individuals with SCI. These regions only partially
overlap with the group differences in FC, and they are part of dif-

. 104-106
ferent resting-state networks,

in particular the ventral (right
insula) and dorsal attention network (right superior parietal lobule)
extending to the somatomotor network (PoCG), and the ventral at-
tention (left putamen) and the somatomotor network (bilateral pre-
central gyrus). In a previous study, a similar association between
increased between-network connectivity and decreased cognitive
function was shown in individuals after sleep deprivation.107
Therefore, the higher FC in the correlation analysis may indicate
that abnormal between-network connectivity in individuals with
SCI may reflect maladaptive functional changes, which may be det-

. . . 107-110
rimental to cognltlve functions.

We conducted several subgroup analyses with respect to clinical
variables within the SCI group, and investigated the effect of poten-
tial contributing factors that may influence cognitive performance.
For the majority of clinical variables, we could not find differences
in verbal fluency performance and the brain measures, which could
also be due to the small sample sizes within each of the subgroups.
For instance, we did not find differences between cervical and thor-
acic SCI, neither in the behavioral nor in the imaging data. This is in
line with a previous study, in which no difference in verbal fluency
performance was found between tetraplegia and paraplegia.11 The
lack of differences may also be linked to the fact that in the current
study, we only focused on one subdomain of cognition, and a de-
tailed neuropsychological assessment may be required to capture
changes across several cognitive domains.™ Interestingly, we found
differences in FC during the verbal fluency task between the left in-
ferior frontal gyrus and the precuneus between SCI individuals tak-
ing pain medication, compared to SCI individuals not taking pain
medication. These two SCI groups, however, did not differ in their
pain level. In a recent meta-analysis, it was shown that chronic pain
(irrespective of SCI) generally engages the insula, the superior front-
al gyrus and the superior temporal gyrus.111 The prefrontal cortex
plays a crucial role in pain processing, especially for the affective and
cognitive dimensions ofpain.uz'114 A previous verbal fluency study
found altered brain activity in the prefrontal cortex in individuals
with chronic pain compared to healthy controls.""®> We observed
a partial overlap between brain regions engaged in chronic pain (in-
sula and superior frontal gyrus) and the regions in which we found
differences during the verbal fluency task in individuals with SCI
compared to non-injured controls. It may be possible that these

J. Sritharan et al.

patterns of activation reflect the presence of pain. However, the dif-
ferences in the BOLD signal in the basal ganglia and the correlation-
al findings with motor-related regions seem to be more specific for
SCI itself and not pain. Thus, it cannot be ruled out that the lower
cognitive performance observed in the SCI group may be the con-
sequence of different factors, including medication side effects,
pain and brain reorganization. Future studies could investigate
the effect of distinct contributing factors to cognitive impairment,
which was outside the scope of the current work.

One limitation of the study is that the verbal fluency task was silent-
ly performed inside the scanner to avoid motion artefacts during the
measurement, and task compliance could not be guaranteed.
However, we implemented an unannounced request to press a
button during the measurement to identify subjects who were
not attentive during the task. As all included participants, except
for one, correctly reacted to this check, it can be assumed that
the participants were compliant with the given instructions. To as-
sess performance, the verbal fluency task was repeated one hour
after the measurement outside of the scanner, which may introduce
a bias due to carryover effects. To address this issue, we conducted a
pilot study with healthy volunteers to confirm that repeating the
test after 1 h led to an adequate test-retest reliability. However, it
cannot be completely ruled out that memory effects may have also
contributed to the observed performances. Moreover, the variety
of medication taken by individuals with SCI and therefore the poten-
tial side effects on cognition3 differ significantly, which increases the
heterogeneity within the SCI group. Additionally, we did not collect
information on the presence of neuropathic pain, and therefore a po-
tential relationship between neuropathic pain and cognitive deficits
could not be investigalted.116 Another limitation of the study is the
absence of a control task, targeting a different cognitive domain,
such as attention, which would allow us to disentangle changes in
brain patterns specific to executive functions from those generally
linked to cognitive impairment after SCI. However, verbal fluency
performance correlated with brain activity in the putamen across
the whole sample (Supplementary Fig. 8), which speaks in favour
of the specificity of the task, as the putamen is known to be involved
in phonemic verbal ﬂuency.60 With respect to the exclusion of parti-
cipants with TBI with visible damage in the brain, we cannot rule out
that someone with an undiagnosed TBI without visible damage in
the brain may have participated in the study.

This study adds further evidence to the presence of impairment in
executive functions in individuals with chronic SCI and points to
the related changes in the brain. A study comparing individuals
with subacute and chronic SCI found that cognitive functions wor-
sen over time after SCL.*° Therefore, it is important that more
awareness is raised amongst healthcare professionals that cognitive
impairment may develop over time in individuals with SC1,'®
which is relevant for the interactions with them throughout the re-
habilitation process. We suggest that cognitive rehabilitation should
be integrated into the rehabilitation program for SCI. Non-invasive
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brain stimulation, for instance, poses one potential therapy for im-
proving cognitive functioning.117 Identifying the neural correlates
of cognitive impairment in SCI might be informative for the selec-
tion of target brain areas for non-invasive brain stimulation.
Techniques such as transcranial direct current stimulation and tran-
scranial magnetic stimulation have been previously shown to im-
prove cognition across different disorders with significant
effects.’” As we found altered FC with the superior frontal gyrus
in the current study, we may speculate that stimulation over this
area in SCI may promote cognition. Future studies could investigate
the effect of applying non-invasive brain stimulation to the superior
frontal gyrus on cognition in SCI. Moreover, pain is a potential con-
tributing factor to cognitive impairment in individuals with SCL?
and a previous longitudinal study in individuals with chronic pain
showed that the reduction of pain was linked to a normalization of
brain activity during a cognitive task, implying that these brain
changes may be reversible.'® Therefore, managing pain in indivi-
duals with SCI may also help in improving cognitive functioning,
and should be further investigated in a longitudinal study.

Conclusion

In this verbal fluency study, brain activity and FC were found to be
altered in brain regions typically associated with executive functions
in individuals with chronic SCI compared to non-injured controls.
As the insula is considered a hub for controlling executive processes,
its altered FC with the superior frontal gyrus may be linked to
deficits in executive functions in SCI. Moreover, the FC of the
sensorimotor cortex negatively correlated with verbal fluency per-
formance, suggesting that the affected sensorimotor network in SCI
may directly interfere with cognitive functions, possibly due to phe-
nomena of cortical reorganization. This study adds evidence that cog-
nitive impairment in SCI is linked to brain reorganization beyond the
sensorimotor domain and may serve as a starting point to develop fu-
ture rehabilitation strategies targeted at improving cognition.

Supplementary material

Supplementary material is available at Brain Communications online.

Acknowledgements

We thank the clinical trial unit of the Swiss Paraplegic Research, es-
pecially Nadia Sauder, Corinne Kehl and Sonja Bianda, for their
support in recruitment and data collection. We also want to thank
the radiology technicians of the radiology department at the Swiss
Paraplegic Centre for their support during the MRI measurements.
Moreover, we want to express our gratitude to Yannick Rothacher
from the Swiss Paraplegic Research for giving advice on the statis-
tical analysis.

Funding

This research did not receive any specific grant from funding agen-
cies in the public, commercial or non-profit sectors.

BRAIN COMMUNICATIONS 2026, fcagd50 | 11

Competing interests

The authors report no competing interests.

Data availability

The data of this study are available from the corresponding author
on reasonable request. The analysis code generated for this study is
provided in the supplementary material.

References

1. Sezer N. Chronic complications of spinal cord injury. World J Orthap.
2015;6(1):24.

2. Migliorini C, Tonge B, Taleporos G. Spinal cord injury and mental health.
Aust N Z ] Psychiatry. 2008;42(4):309-314.

3. Alcdntar-Garibay O, Incontri-Abraham D, Ibarra A. Spinal cord
injury-induced cognitive impairment: A narrative review. Neural Regen
Res. 2022317(12):2649.

4. MaY, QiaoY, Gao X. Potential role of hippocampal neurogenesis in spinal
cord injury induced post-trauma depression. Neural Regen Res. 2024;
19(10):2144-2156.

5. Chamberlain JD, Deriaz O, Hund-Georgiadis M, ¢# 4/. Epidemiology and
contemporary risk profile of traumatic spinal cord injury in Switzerland.
Inj Epidemiol. 2015;2(1):28.

6. Gross-Hemmi MH, Post MWM, Bienert S, ez a/. Participation in people
living with spinal cord injury in Switzerland: Degree and associated factors.
Arch Phys Med Rebabil. 2019;100(10):1894-1906.

7. Craig A, Nicholson Perry K, Guest R, Tran Y, Middleton J. Adjustment
following chronic spinal cord injury: Determining factors that contribute
to social participation. Br J Health Psychol. 2015;20(4):807-823.

8. Craig A, Guest R, Tran Y, Middleton J. Cognitive impairment and mood
states after spinal cord injury. / Neurotrauma. 2017;34(6):1156-1163.

9. Macciocchi S, Seel RT, Thompson N, Byams R, Bowman B. Spinal cord
injury and co-occurring traumatic brain injury: Assessment and incidence.
Arch Phys Med Rebabil. 2008;89(7):1350-1357.

10.  Chiaravalloti ND, Weber E, Wylie G, Dyson-Hudson T, Wecht JM.
Patterns of cognitive deficits in persons with spinal cord injury as com-
pared with both age-matched and older individuals without spinal cord in-
jury. J Spinal Cord Med. 2020;43(1):88-97.

11.  Chiaravalloti ND, Weber E, Wylie G, Dyson-Hudson T, Wecht JM. The
impact of level of injury on patterns of cognitive dysfunction in individuals
with spinal cord injury. / Spinal Cord Med. 2020;43(5):633-641.

12.  Lazzaro I, Tran Y, Wijesuriya N, Craig A. Central correlates of impaired
information processing in people with spinal cord injury. J Clin
Nenrophysiol. 2013;30(1):59-65.

13.  Wecht JM, Rosado-Rivera D, Jegede A, ez a/. Systemic and cerebral hemo-
dynamics during cognitive testing. Clin Auton Res. 2012;22(1):25-33.

14. Roth E, Davidoft G, Thomas P, ez a/. A controlled study of neuropsycho-
logical deficits in acute spinal cord injury patients. Spinal Cord. 1989
27(6):480-489.

15.  Schembri R, Spong J, Graco M, Berlowitz David ]J. Neuropsychological
function in patients with acute tetraplegia and sleep disordered breathing.
Sleep. 2017;40(2):zsw037.

16.  Bellini M, Labombarda F. Brain and spinal cord trauma: What we know
about the therapeutic potential of insulin growth factor 1 gene therapy.
Nenral Regen Res. 2023;18(2):253.

17. Kushner DS, Alvarez G. Dual diagnosis. Phys Med Rebabil Clin N Am.
2014;25(3):681-696.

18. Bradbury CL, Wodchis WP, Mikulis DJ, ez 2/. Traumatic brain injury in
patients with traumatic spinal cord injury: Clinical and economic conse-

quences. Arch Phys Med Rebabil. 2008;89(12):S77-S84.


http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcag050#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcag050#supplementary-data

12

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

| BRAIN COMMUNICATIONS 2026, fcag050

Davidoff GN, Roth EJ, Richards JS. Cognitive deficits in spinal cord in-
jury: Epidemiology and outcome. Arch Phys Med Rebabil. 1992;73(3):
275-284.

Molina B, Segura A, Serrano JP, ez al. Cognitive performance of people
with traumatic spinal cord injury: A cross-sectional study comparing
people with subacute and chronic injuries. Spinal Cord. 2018;56(8):
796-805.

Craig A, Tran Y, Arora M, Pozzato I, Middleton JW. Investigating dynam-
ics of the spinal cord injury adjustment model: Mediation model analysis.
J Clin Med. 2022;11(15):4557.

Sandalic D, Craig A, Arora M, ez al. A prospective cohort study investigat-
ing contributors to mild cognitive impairment in adults with spinal cord
injury: Study protocol. BMC Newurol. 2020;20(1):341.

Moro V, Beccherle M, Scandola M, Aglioti SM. Massive body-brain dis-
connection consequent to spinal cord injuries drives profound changes
in higher-order cognitive and emotional functions: A PRISMA scoping re-
view. Neurosci Biobehav Rev. 2023;154:105395.

Sandalic D, Craig A, Tran Y, ez al. Cognitive impairment in individuals
with spinal cord injury. Nexrology. 2022;99(16)e1779-¢1790.

Perret E. The left frontal lobe of man and the suppression of habitual re-
sponses in verbal categorical behavioursc. Neuropsychologia. 1974;12(3):
323-330.

Lehto JE, Juujirvi P, Kooistra L, Pulkkinen L. Dimensions of executive
functioning: Evidence from children. Br J Dev Psychol. 2003;21(1):59-80.
Miyake A, Friedman NP, Emerson M], Witzki AH, Howerter A, Wager
TD. The unity and diversity of executive functions and their contributions
to complex “frontal lobe” tasks: A latent variable analysis. Cogn Psychol.
2000541(1):49-100.

Shao Z, Janse E, Visser K, Meyer AS. What do verbal fluency tasks meas-
ure? Predictors of verbal fluency performance in older adults. Front
Psychol. 2014;5:772.

Faria CdA, Alves HVD, Charchat-Fichman H. The most frequently used
tests for assessing executive functions in aging. Dement Neuropsychol.
2015;9(2):149-155.

Marko M, Michalko D, Dragasek J, Vancovd Z, Jar¢uskovd D, Rie¢ansky I.
Assessment of automatic and controlled retrieval using verbal fluency
tasks. Assessment. 2023;30(7):2198-2211.

Luo L, Luk G, Bialystok E. Effect of language proficiency and executive
control on verbal fluency performance in bilinguals. Cogrition. 2010;
114(1):29-41.

Korkmaz N, Mac ZG, Yardimci G, Ozturkmen A, Koroglu O, Yilmaz B.
Cognitive functions in individuals with spinal cord injury: Do symptoms
of autonomic dysreflexia or orthostatic hypotension have an effect? Ann
Med Res. 2022;29(10):1.

Nardone R, Héller Y, Brigo F, ez 4/. Functional brain reorganization after
spinal cord injury: Systematic review of animal and human studies. Brain
Res. 2013;1504:58-73.

Jure I, Labombarda F. Spinal cord injury drives chronic brain changes.
Nenral Regen Res. 2017;12(7):1044.

Bruehlmeier M, Dietz V, Leenders KL, Roelcke U, Missimer J, Curt A.
How does the human brain deal with a spinal cord injury? Eur J
Nenrosci. 1998;10(12):3918-3922.

Turner JA, Lee JS, Schandler SL, Cohen MJ. An fMRI investigation of
hand representation in paraplegic humans. Neurorehabil Nenral Repair.
2003;17(1):37-47.

Wrigley PJ, Press SR, Gustin SM, ez al. Neuropathic pain and primary
somatosensory cortex reorganization following spinal cord injury. Pain.
2009;141(1):52-59.

Pan 'Y, Dou WB, Wang YH, ez 4/. Non-concomitant cortical structural and
functional alterations in sensorimotor areas following incomplete spinal
cord injury. Neural Regen Res. 2017;12(12):2059.

Sritharan J, Brunello N, Gamba M, ez 4/. Abnormal resting-state function-
al connectivity in individuals with spinal cord injury: A systematic review. /
Neurotrauma. 2025;3:1-15.

Ogawa S, Lee TM, Kay AR, Tank DW. Brain magnetic resonance imaging
with contrast dependent on blood oxygenation. Proc Natl Acad Sci U S A.
1990,87(24):9868-9872.

41.

42.

43.

44.

45.

46.

47.

48.

49.

S0.

S1.

S2.

S3.

S4.

SS.

S6.

57.

58.

S9.

60.

61.

62.

63.

64.

65.

J. Sritharan et al.

Friston KJ. Functional and effective connectivity in neuroimaging: A syn-
thesis. Hum Brain Mapp. 1994;2(1-2):56-78.

Vastano R, Widerstrom-Noga E. Event-related potentials during mental
rotation of body-related stimuli in spinal cord injury population.
Neuropsychologia. 2023;179:108447.

Lucci G, Pisotta I, Berchicci M, ez al. Proactive cortical control in spinal
cord injury subjects with paraplegia. J Neurotrauma. 2019;36(24):
3347-3355.

Rowe JB. Connectivity analysis is essential to understand neurological dis-
orders. Front Syst Neurosci. 2010;4:144.

Faul F, Erdfelder E, Buchner A, Lang AG. Statistical power analyses using
G*power 3.1: Tests for correlation and regression analyses. Behav Res
Methods. 2009;41(4):1149-1160.

Mackiewicz-Milewska M, Cisowska-Adamiak M, Glowacka-Mrotek I,
Mackiewicz-Nartowicz H. Traumatic vs. non-traumatic spinal cord in-
jury—Epidemiology, complications, and neurological status during re-
habilitation. J Clin Med. 2025;14(15):5209.

Smith E, Fitzpatrick P, Lyons F, Morris S, Synnott K. Epidemiology of
non-traumatic spinal cord injury in Ireland—A prospective population-
based study. J Spinal Cord Med. 2022;45(1):76-81.

Alito A, Filardi V, Fama F, ¢ a/. Traumatic and non-traumatic spinal cord
injury: Demographic characteristics, neurological and functional out-
comes. A 7-year single centre experience. / Orthop. 2021;28:62-66.
McKinley WO, Seel RT, Gadi RK, Tewksbury MA. Nontraumatic vs.
traumatic spinal cord injury. Am J Phys Med Rebabil. 2001;80(9):693-699.
Aschenbrenner S, Tucha O, Lange KW. RWT Regensburger
Wortfliissigkeits-Test. Hogrefe; 2000.

Nair VA, Dodd K, Rajan S, ez al. A verbal fluency task-based brain
activation fMRI study in patients with Crohn’s disease in remission.
J Neuroimaging. 2019;29(5):630-639.

Li Y, Li P, Yang QX, Eslinger PJ, Sica CT, Karunanayaka P.
Lexical-semantic search under different covert verbal fluency tasks: An
fMRI study. Front Behav Neurosci. 2017;11:131.

Chlebus P, Mikl M, Brizdil M, Pazourkovd M, Krupa P, Rektor I. fMRI
evaluation of hemispheric language dominance using various methods of
laterality index calculation. Exp Brain Res. 2007;179(3):365-374.

Laux L, Glanzmann P, Schaffner P, Spiclberger CD. Das state-trait-
angstinventar. Vol 1. Beltz Test; 1981.

Edwards R. Pain assessment. In: Essentials of pain medicine and regional
anesthesia. Elsevier; 2005:29-34.

Kirshblum SC, Waring W, Biering-Sorensen F, ez al. Reference for the
2011 revision of the international standards for neurological classification
of spinal cord injury. J Spinal Cord Med. 2011;34(6):547-554.
Nieto-Castanon A, Whitfield-Gabrieli S. CONN functional connectivity
toolbox: RRID SCR_009550, release 22. Hilbert Press; 2022.

Friston KJ. Statistical parametric mapping. In: Neuroscience databases.
Springer US; 2003:237-250.

Nieto-Castanon A. Handbook of functional connectivity magnetic reson-
ance imaging methods in CONN. Hilbert Press; 2020.

Wagner S, Sebastian A, Lieb K, Tiischer O, Tadi¢ A. A coordinate-based
ALE functional MRI meta-analysis of brain activation during verbal flu-
ency tasks in healthy control subjects. BMC Neurosci. 2014;15(1):19.
Desikan RS, Ségonne F, Fischl B, et al. An automated labeling system for
subdividing the human cerebral cortex on MRI scans into gyral based re-
gions of interest. Neuroimage. 2006;31(3):968-980.

Worsley KJ, Marrett S, Neelin P, Vandal AC, Friston KJ, Evans AC. A uni-
fied statistical approach for determining significant signals in images of
cerebral activation. Hum Brain Mapp. 1996;4(1):58-73.

Nieto-Castanon A. Cluster-level inferences, eds. Handbook of functional
connectivity magnetic resonance imaging methods in CONN. Hilbert
Press; 2020:83-104.

Lezak MD. Neuropsychological assessment. 3rd ed. Oxford University Press;
1995.

Brinkhof M, Al-Khodairy A, Eriks-Hoogland I, ez 4/. Health conditions
in people with spinal cord injury: Contemporary evidence from a
population-based community survey in Switzerland. J Rebabil Med.
2016;48(2):197-209.



Impaired cognition in spinal cord injury

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Jérgensen S, Iwarsson S, Lexell J. Secondary health conditions, activity lim-
itations, and life satisfaction in older adults with long-term spinal cord in-
jury. PMESR. 2017;9(4):356-366.

Jensen EK, Biering-Serensen F. Medication before and after a spinal cord
lesion. Spinal Cord. 2014;52(5):358-363.

Kitzman P, Cecil D, Kolpek JH. The risks of polypharmacy following
spinal cord injury. J Spinal Cord Med. 2017;40(2):147-153.

Lanciego JL, Luquin N, Obeso JA. Functional neuroanatomy of the basal
ganglia. Cold Spring Harb Perspect Med. 2012;2(12):a009621.

Wang W, Tang S, Li C, e al. Specific brain morphometric changes in
spinal cord injury: A voxel-based meta-analysis of white and gray matter
volume. / Neurotrauma. 2019;36(15):2348-2357.

Monchi O, Petrides M, Strafella AP, Worsley KJ, Doyon J. Functional role
of the basal ganglia in the planning and execution of actions. 4nn Neurol.
2006;59(2):257-264.

Ardila A, Bernal B, Rosselli M. Executive functions brain system: An ac-
tivation likelihood estimation meta-analytic study. Arch Clin Neuropsychol.
2018;33(4):379-405.

Grénholm-Nyman P, Saarela C, Ellfolk U, ez 4. Phonemic word fluency is
related to temporal and striatal gray matter volume in healthy older adults.
Aging, Neuropsychology, and Cognition. 2024;32:518-541.

Ali N, Green DW, Kherif F, Devlin J T, Price CJ. The role of the left head
of caudate in suppressing irrelevant words. J Cogn Neurosci. 2010;22(10):
2369-2386.

Rodriguez-Nieto G, Seer C, Sidlauskaite J, ez 4/. Inhibition, shifting and
updating: Inter and intra-domain commonalities and differences from
an executive functions activation likelihood estimation meta-analysis.
Nenroimage. 2022;264:119665.

Garavan H, Ross TJ, Stein EA. Right hemispheric dominance of inhibi-
tory control: An event-related functional MRI study. Proc Natl Acad
Sci U S A. 1999;96(14):8301-8306.

Niendam TA, Laird AR, Ray KL, Dean YM, Glahn DC, Carter CS.
Meta-analytic evidence for a superordinate cognitive control network sub-
serving diverse executive functions. Cogn Affect Behav Neurosci. 20125
12(2):241-268.

Yuan P, Raz N. Prefrontal cortex and executive functions in healthy
adults: A meta-analysis of structural neuroimaging studies. Neurosci
Biobehav Rev. 2014;42:180-192.

Brown S, Laird AR, Pfordresher PQ, Thelen SM, Turkeltaub P, Liotti M.
The somatotopy of speech: Phonation and articulation in the human mo-
tor cortex. Brain Cogn. 2009;70(1):31-41.

Price CJ. The anatomy of language: A review of 100 fMRI studies pub-
lished in 2009. Ann N Y Acad Sci. 2010;1191(1):62-88.

Chang LJ, Yarkoni T, Khaw MW, Sanfey AG. Decoding the role of the
insula in human cognition: Functional parcellation and large-scale reverse
inference. Cerebral Cortex. 2013;23(3):739-749.

Sridharan D, Levitin DJ, Menon V. A critical role for the right
fronto-insular cortex in switching between central-executive and default-
mode networks. Proc Natl Acad Sci U S 4. 2008;105(34):12569-12574.
Nomi ]S, Schettini E, Broce I, Dick AS, Uddin LQ. Structural connections
of functionally defined human insular subdivisions. Cereb Cortex. 2018;
28(10):3445-3456.

Namkung H, Kim SH, Sawa A. The insula: An underestimated brain area
in clinical neuroscience, psychiatry, and neurology. Trends Neurosci. 2017;
40(4):200-207.

Cai W, Chen T, Ryali S, Kochalka J, Li CSR, Menon V. Causal interac-
tions within a frontal-cingulate-parietal network during cognitive control:
Convergent evidence from a multisite-multitask investigation. Cerebral
Cortex. 2016;26(5):2140-2153.

Supekar K, Menon V. Developmental maturation of dynamic causal con-
trol signals in higher-order cognition: A neurocognitive network model.
PLoS Comput Biol. 2012;8(2):¢1002374.

Molnar-Szakacs I, Uddin LQ. Anterior insula as a gatekeeper of executive
control. Newurosci Biobehav Rev. 2022;139:104736.

Menon V, Uddin LQ. Saliency, switching, attention and control: A net-
work model of insula function. Brain Struct Funct. 2010;214(5-6):
655-667.

89.

90.

91

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

10s.

106.

107.

108.

109.

110.

BRAIN COMMUNICATIONS 2026, fcagd50 | 13

Yu H, Chen D, Jiang H, ¢z /. Brain morphology changes after spinal cord
injury: A voxel-based meta-analysis. Front Neurol. 2022;13:999375.
Chen Q, Zheng W, Chen X, ez al. Brain gray matter atrophy after spinal
cord injury: A voxel-based morphometry study. Front Hum Neurosci.
2017;11:211.

Mandloi S, Syed M, Shoraka O, ez a/. The role of the insula in chronic pain
following spinal cord injury: A resting-state fMRI study. J Neuroimaging.
2023;33(5):781-791.

Parker DB, Razlighi QR. Task-evoked negative BOLD response and func-
tional connectivity in the default mode network are representative of two
overlapping but separate neurophysiological processes. Scz Rep. 2019;9(1):
14473.

Logothetis NK, Pauls ], Augath M, Trinath T, Oeltermann A.
Neurophysiological investigation of the basis of the fMRI signal.
Nature. 2001;412(6843):150-157.

Yamaguchi A, Jitsuishi T. Structural connectivity of the precuneus and its
relation to resting-state networks. Nexrosci Res. 2024;209:9-17.

Cavanna AE, Trimble MR. The precuneus: A review of its functional
anatomy and behavioural correlates. Brain. 2006;129(3):564-583.

Sheth SA, Mian MK, Patel SR, ¢z /. Human dorsal anterior cingulate cor-
tex neurons mediate ongoing behavioural adaptation. Nazure. 2012;
488(7410):218-221.

Chen X, Wang L, Zheng W, ¢z al. The gray matter atrophy and related net-
work changes occur in the higher cognitive region rather than the primary
sensorimotor cortex after spinal cord injury. Peer/. 2023;11:¢16172.
Chen Q, Zheng W, Chen X, ¢z al. Reorganization of the somatosensory
pathway after subacute incomplete cervical cord injury. Neuroimage
Clin. 2019;21:101674.

Zheng W, Chen Q, Chen X, ez 4/. Brain white matter impairment in pa-
tients with spinal cord injury. Nexral Plast. 2017;2017:1-8.

Gao F, Guo Y, Chu H, ez al. Lower-limb sensorimotor deprivation-related
brain activation in patients with chronic complete spinal cord injury. Front
Neurol. 2020;11:555733.

Hoéller Y, Tadzic A, Thomschewski AC, et al. Factors affecting volume
changes of the somatosensory cortex in patients with spinal cord injury:
To be considered for future neuroprosthetic design. Front Neurol. 2017;
8:662.

Hou J, Xiang Z, Yan R, ¢z al. Motor recovery at 6 months after admission
is related to structural and functional reorganization of the spine and
brain in patients with spinal cord injury. Hum Brain Mapp. 2016;37(6):
2195-2209.

Min YS, Park JW, Jin SU, e al. Alteration of resting-state brain
sensorimotor connectivity following spinal cord injury: A resting-state
functional magnetic resonance imaging study. J Neurotrauma. 2015;
32(18):1422-1427.

Choi EY, Yeo BTT, Buckner RL. The organization of the human striatum
estimated by intrinsic functional connectivity. / Neurophysiol. 2012;
108(8):2242-2263.

Buckner RL, Krienen FM, Castellanos A, Diaz JC, Yeo BTT. The organ-
ization of the human cerebellum estimated by intrinsic functional connect-
ivity. J Neurophysiol. 2011;106(5):2322-2345.

Thomas Yeo BT, Krienen FM, Sepulcre J, ez al. The organization of the
human cerebral cortex estimated by intrinsic functional connectivity.
J Neurophysiol. 2011;106(3):1125-1165.

Ning Y, Zheng S, Feng S, Li K, Jia H. Altered functional connectivity and
topological organization of brain networks correlate to cognitive impair-
ments after sleep deprivation. Nat Sci Sleep. 2022;14:1285-1297.

Gardini S, Venneri A, Sambataro F, ez a/. Increased functional connectivity
in the default mode network in mild cognitive impairment: A maladaptive
compensatory mechanism associated with poor semantic memory per-
formance. Journal of Alzheimer’s Disease. 2015;45(2):457-470.

Chen P, Ye E, Jin X, Zhu Y, Wang L. Association between thalamocortical
functional connectivity abnormalities and cognitive deficits in schizophre-
nia. Sci Rep. 2019;9(1):2952.

Hojjati SH, Butler TA, Luchsinger JA, et al. Increased between-network
connectivity: A risk factor for tau elevation and disease progression.
Neurosci Lett. 2024;840:137943.



14 | BRAIN COMMUNICATIONS 2026, fcag050

111. Zeng X, Sun Y, Zhiying Z, Hua L, Yuan Z. Chronic pain-induced func-
tional and structural alterations in the brain: A multi-modal meta-analysis.
J Pain. 2025;28:104740.

112. Ong WY, Stohler CS, Herr DR. Role of the prefrontal cortex in pain pro-
cessing. Mol Neurobiol. 2019;56(2):1137-1166.

113. Thara N, Wakaizumi K, Nishimura D, ez 4/. Aberrant resting-state func-
tional connectivity of the dorsolateral prefrontal cortex to the anterior in-
sula and its association with fear avoidance belief in chronic neck pain
patients. PLoS One. 2019;14(8):€0221023.

114. Oshiro Y, Quevedo AS, McHaffie JG, Kraft RA, Coghill RC. Brain me-
chanisms supporting discrimination of sensory features of pain: A new
model. J Neurosci. 2009;29(47):14924-14931.

115.

116.

117.

118.

J. Sritharan et al.

Chou PH, Tang KT, Chen YH, Sun CW, Huang CM, ChenDY. Reduced
frontal activity during a verbal fluency test in fibromyalgia: A near-infrared
spectroscopy study. / Clin Neurosci. 2018;50:35-40.

Wu J, Zhao Z, Sabirzhanov B, e al. Spinal cord injury causes brain inflam-
mation associated with cognitive and affective changes: Role of cell cycle
pathways. Journal of Neuroscience. 2014;34(33):10989-11006.

Begemann M], Brand BA, Curdi¢-Blake B, Aleman A, Sommer IE. Efficacy
of non-invasive brain stimulation on cognitive functioning in brain disor-
ders: A meta-analysis. Psychol Med. 2020;50(15):2465-2486.

Seminowicz DA, Wideman TH, Naso L, et al. Effective treatment of
chronic low back pain in humans reverses abnormal brain anatomy and
function. J Neurosci. 2011;31(20):7540-7550.



	Altered functional connectivity underpins cognitive changes in chronic spinal cord injury
	Introduction
	Materials and methods
	Study design and ethical approval
	Study participants
	Verbal fluency task
	Clinical assessment and questionnaires
	Image acquisition and processing
	Imaging and functional connectivity analysis
	Statistical analysis
	Group comparisons of behavioral and clinical data
	Correlation between verbal fluency performance and functional connectivity


	Results
	Participant characteristics
	Performance in verbal fluency
	Imaging results
	Differences in brain activity and functional connectivity
	Correlation between verbal fluency performance and functional connectivity

	Effect of contributing factors on cognition

	Discussion
	Between group differences in brain activity and functional connectivity
	Correlation between verbal fluency performance and functional connectivity
	Effect of contributing factors on cognition
	Limitations
	Therapeutic considerations

	Conclusion
	Supplementary material
	Acknowledgements
	Funding
	Competing interests
	Data availability
	References




