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Abstract

Background: The precuneus is involved in cognition and depression; static functional connectivity (SFC)
abnormalities of this region have been observed in neuromyelitis optica spectrum disorders (NMOSD).
Time-varying functional connectivity (TVC) underpins dynamic variations of brain connectivity.
Objective: The aim of this study was to explore precuneus SFC and TVC in NMOSD patients and their
associations with neuropsychological features.

Methods: This retrospective study includes 27 NMOSD patients and 30 matched healthy controls under-
going resting state functional magnetic resonance imaging (MRI) and a neuropsychological evaluation of
cognitive performance and depressive symptoms. A sliding-window correlation analysis using bilateral
precuneus as seed region assessed TVC, which was quantified by the standard deviation of connectivity
across windows. Mean connectivity indicated SFC.

Results: Compared to controls, patients had reduced SFC between precuneus, temporal lobe, putamen
and cerebellum, and reduced TVC between precuneus and prefronto-parietal-temporo-occipital cortices
and caudate. Patients also had increased intra-precuneal TVC and increased TVC between the precu-
neus and the temporal cortex. More severe depressive symptoms correlated with increased TVC between
the precuneus and the temporal lobe; worse cognitive performance mainly correlated with higher TVC
between the precuneus and the parietal lobe.

Conclusion: TVC rather than SFC of the precuneus correlates with NMOSD neuropsychological fea-
tures; different TVC abnormalities underlie depressive symptoms and cognitive impairment.
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depression, cognition, precuneus
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Introduction

Neuromyelitis optica spectrum disorder (NMOSD) is
an autoimmune disease caused by an autoantibody
targeting the aquaporin-4 water channel on astrocytes,
with consequent astrocyte damage and secondary
demyelination.! Although the main clinical manifes-
tations are recurrent optic neuritis, myelitis and area
postrema syndrome,! the high prevalence of depres-
sive symptoms and multi-domain cognitive impairment
(CI) in NMOSD is gathering clinical attention since
their underlying substrates are yet to be clarified.?3

Several magnetic resonance imaging (MRI) studies
suggested a contribution of the precuneus, an associ-
ative cortex involved in highly integrated cognitive
tasks,* in the development of cognitive abnormalities
in NMOSD.># Functional MRI (fMRI) investiga-
tions showed that NMOSD patients have increased
resting state (RS) functional connectivity (FC) of the
precuneus within the default mode network and
the working memory network compared to healthy
subjects,”® which correlated with better performance
in terms of attention/information processing speed
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(IPS) and executive functions, suggesting an adap-
tive role of these functional changes to preserve cog-
nitive efficiency.’

However, precuneal damage has been associated with
cognitive deficits in several neurological disorders.
For instance, in patients with Alzheimer’s disease or
mild CI, glucose hypometabolism in the precuneus
precedes the involvement of the parietotemporal cor-
tices and the development of atrophy.® Similarly,
precuneus functional or structural abnormalities were
associated with CI in patients with stroke, !? Parkinson’s
disease!! and multiple sclerosis (MS).!2

Functional changes in precuneal connectivity seem to
be relevant for the development of depression as well,
as increased FC between the precuneus and the pre-
frontal and temporo-parietal cortices was detected in
treatment-naive depressed patients and was restored
after antidepressant treatment start.!?

RS FC abnormalities in NMOSD have been investi-
gated so far using a static FC (SFC) approach. SFC
assumes that FC is stationary across the entire fMRI
acquisition and reflects the architecture of stable brain
functional connections (i.e. networks). However,
there is growing evidence that the analysis of varia-
bility of RS FC within small temporal segments is
complemental to the static approach since it might
underpin fast inter- and intra-network cross-talk and
coordination.!* Dynamic FC, also known as time-
varying connectivity (TVC), can be measured by per-
forming a seed region correlation analysis over short
segments of RS fMRI time series and calculating the
standard deviation (SD) of FC over these so-called
‘sliding windows’.1>

TVC was already investigated in other inflammatory
neurological disorders, such as MS, where it detected
changes in brain functional reorganization since the
earlier phases of the disease,'® underlined the exist-
ence of heterogeneous patterns of connectivity at
different disease stages (i.e. relapsing—remitting vs
progressive MS)!7 and showed that slower inter-net-
work connectivity!® and inefficient maintenance of
stable intra-network connections!” contributed to CI.

Here, we hypothesize that patients with NMOSD
might have abnormal RS FC of the precuneus in terms
of both SFC and TVC, and that, based on the experi-
ence in other neurological disorders, these alterations
could be associated with CI and depressive symptoms.
To test this, we investigated SFC and TVC of the
precuneus at RS, and their correlations with cognitive

performance and depressive symptoms in NMOSD
patients.

Materials and methods

Standard protocol approvals, registration and
patient consent

Approval was received from the local ethical stand-
ards committee on human experimentation. Written
informed consent was obtained from all participants
prior to enrolment.

Subjects

This retrospective study included 27 right-handed
patients and 30 age-, sex- and education-matched
right-handed healthy controls (HC) enrolled between
February 2012 and August 2015. Patients satisfied the
2015 International Panel diagnostic criteria for aqua-
porin-4 seropositive NMOSD diagnosis.! All patients
were evaluated during the remission phase of the dis-
ease (i.c. at least 1 month apart acute relapses, intra-
venous steroid administration and treatment changes).
Overall, 25 NMOSD patients and all HC were included
in our previous study by Savoldi et al., investigating
SFC abnormalities in the main cognitive networks of
NMOSD patients and their associations with neu-
ropsychological performances.® For all participants,
exclusion criteria were history of drug or alcohol
abuse, head trauma, other neurological/psychiatric
conditions, a formal diagnosis of major depressive
disorder and any contraindication to MRI.

Clinical and neuropsychological assessment

On the same day of the MRI acquisition, patients
underwent a neurological evaluation including the
Expanded Disability Status Scale (EDSS)!® assessment
and a neuropsychological examination.

Verbal learning (VL) was tested with the Selective
Reminding Test and its subsections (long-term stor-
age, consistent long-term retrieval and delayed recall
tests);20 visuospatial learning (VSL) was assessed
with the 10/36 Spatial Recall Test and its delayed
recall;?0 attention/IPS were evaluated through the
Symbol Digit Modalities Test and the Paced Auditory
Serial Addition Test-2 and Paced Auditory Serial
Addition Test-3;20 verbal fluency (VF) was examined
with the phonemic and semantic fluency tests.?!

For each test, a grading system dependent on the
number of SDs below normative values was applied.
Grade 0 corresponded to scores = normative values;
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Grade 1 to scores at 1 or between 0 and 1 SDs below
normative values; Grade 2 to scores at 2 or between 1
and 2 SDs below normative values and so on.22 Grades
of each test were summed up to provide global and
domain-specific indexes of CI (the higher the index,
the worse the impairment):22 CI index, VL index, VSL
index, IPS index and VF index. Patients with at least
two abnormal tests (performance below the fifth per-
centile of the normative sample) in different domains
were considered cognitively impaired.??

To investigate subclinical depressive symptoms,
subjects were administered the Beck Depression
Inventory-II (BDI),2* which quantifies the intensity of
depressive symptoms (a score = 10 corresponding to
at least mild depression symptoms).2+23

MRI acquisition

All participants underwent a 3.0T brain MRI scan
(Philips Intera, Best, The Netherlands), following a
standardized protocol: (1) T2*-weighted single-shot
echo-planar imaging sequence for RS fMRI acquisi-
tion (repetition time (TR)=3000ms; echo time
(TE)=35ms;flipangle (FA)=90°; matrix =128 X 128;
field of view (FOV)=240 X 240mm?, 30 4-mm
thick slices; total acquired images=200); (2) dual-
echo turbo spin-echo (TR=2599ms; TE=16/80ms;
FA=90°; matrix=256 X 256; FOV =240 X 240 mm?;
44 3-mm thick slices) and (3) three-dimensional (3D)
T1-weighted fast field echo (TR=25ms; TE=4.6 ms;
FA=30°; matrix=256 X 256; FOV =230 X 230 mm?;
220 0.8-mm thick slices). RS fMRI scan positioning
included the whole cerebellum/pons regions, and RS
fMRI acquisition required about 10 minutes. During
acquisition, subjects were asked to keep their eyes
closed, remain motionless and not to focus on specific
thoughts. A questionnaire was administered immedi-
ately after the MRI session to ensure participants had
not fallen asleep during scanning.

Structural MRI analysis

Brain T2-hyperintense and T1-hypointense lesions
were segmented using a local thresholding segmentation
technique (Jim 7; Xinapse Systems Ltd, Colchester,
UK), and T2- and T1-lesion volumes were calculated.
After T1-hypointense lesion refilling, normalized brain
volume, white matter volume and grey matter volume
were measured using the FSL SIENAX software.20

RS FC analysis

Images preprocessing. The main preprocessing
steps were performed using SPM12 and REST software
(http://resting-fmri.sourceforge.net/). After discarding

the first two timepoints, RS fMRI scans were rigid
body realigned to the mean of each session. After
rigid registration to the lesion-filled 3D T1-weighted
scan, RS fMRI images were non-linearly normalized
to the Montreal Neurological Institute template. Lin-
ear detrending and band-pass filtering (0.01-0.08 Hz)
were performed to partially remove low-frequency
drifts and high-frequency physiological noise. The six
motion parameters estimated by SPM12, along with
the mean white matter and ventricular cerebrospinal
fluid signals (extracted from 2-mm eroded masks to
be conservative), were regressed to minimize non-
neuronal sources of synchrony between RS fMRI
time series and motion-related artefacts. Finally,
smoothing was performed using a 3D 6-mm isotropic
Gaussian kernel.

SFC and TVC analysis. A mask of the bilateral
precuneus was obtained by merging the left and right
precuneus masks in the WFU PickAtlas toolbox
(http://fmri.wfubmc.edu/software/Pick Atlas). Using
a rectangular window of 22 X TR time points (con-
volved with a Gaussian of 6=3 X TR and shifted
along the fMRI time series in steps of 1 X TR, as
previously suggested),'® FC between the precuneus
and any other voxel of the brain was calculated, and
r-to-z Fisher transformed. This allowed obtaining a
series of 178 RS FC maps of the precuneus across the
whole fMRI session.

SFC of the precuneus was assessed by producing a
mean map of FC across all sliding windows.!”.'8 The
SD of the FC map across all windows was chosen as
a measure of TVC.!7:27

Statistical analysis

Between-group comparisons of demographic, neuro-
psychological and structural MRI variables were per-
formed using two-sample #-test/non-parametric Mann—
Whitney U-test, according to normality assumption.
Categorical variables, including frequency of mild
depressive symptoms between cognitively impaired
and preserved patients, were compared by Pearson’s
chi-squared test. Finally, the median test for independ-
ent samples with Fisher’s exact test and Bonferroni
correction for post hoc comparisons was used to com-
pare depressive and cognitive scores among NMOSD
patients, grouped according to the presence/absence of
depression and/or CI (SPSS software, version 23.0).

Voxel-wise comparisons of RS SFC and TVC of the
precuneus between HC and NMOSD patients were
performed using SPM12 and age- and sex-adjusted
full factorial models. Given the exploratory design of
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the study, voxel-wise results of between-group com-
parisons were tested at p < 0.001 (uncorrected, cluster
extent threshold k;=10 voxels). Using such cluster-
forming threshold, we also identified results surviv-
ing at p <0.05, cluster-wise family-wise error (FWE)
corrected for multiple comparisons.?3

In NMOSD patients, we extracted average z-scores
of abnormal RS SFC and TVC from clusters surviving
family-wise-error threshold using REX (www.nitrc.
org/projects/rex). These z-scores were used in bivari-
ate correlation analyses to assess the association of
functional abnormalities with BDI scores and cogni-
tive indexes in all patients.

Multiple linear regression models were then used to
identify the set of SFC and TVC z-scores independently
associated with CI indices and BDI, using a stepwise
variable selection (p=0.10 for entry and p=0.05 to
remain in the multivariate model). Demographic vari-
ables, such as age and sex, were not included because
they were already used to obtain the functional z-scores.
The proportion of variance explained by each model
was expressed by the R? index.

Data availability

The dataset used and analysed during the current
study are available from the corresponding author on
reasonable request.

Results

Clinical, neuropsychological and structural MRI

findings (Table 1)

Overall,27 NMOSD patients (meanage,44 *+ 12 years;
21 women) and 30 HC (mean age 41 = 12 years, 21
women) were evaluated. CI was observed in 12 patients
(44.4%) and depressive symptoms in 17 patients
(63.0%). Concomitant CI and depressive symptoms
were detected in 9 patients (33.3%), isolated depres-
sive symptoms were present in 8 patients (29.6%)
and isolated CI was present in 3 patients (11.1%).
Frequency of depression was not different between
cognitively impaired and preserved patients (p=0.25).
The median test for independent samples showed a
significant difference in terms of median values of
BDI score (p=0.001), CII (»=0.01) and IPS index
(»<0.001) among patients divided according to the
presence of Cl/depressive symptoms, in combina-
tion or alone. However, patients with both CI and
depressive symptoms did not show worse cognitive
performance or more severe depressive symptoms

compared to those with CI or depression alone
(Figure 1).

Structural MRI variables were similar between
patients and HC, except for lower normalized grey
matter volume in patients.

Voxel-wise between-group comparisons of RS FC of
the precuneus

SFC analysis (Figure 2 and Table 2). Compared
to HC, NMOSD patients had decreased SFC between
the precuneus and the right middle temporal gyrus,
bilateral putamen and right cerebellum (crus I).

TVC analysis (Figure 3 and Table 3). Compared
to HC, NMOSD patients exhibited a widespread
decrease in the TVC between the precuneus and
the frontal lobes (especially the prefrontal cortex,
including bilateral rectus gyrus and left olfactory
bulb), parietal lobe (right postcentral gyrus), tempo-
ral lobe (bilateral superior temporal gyrus), occipital
lobes (left inferior occipital gyrus and bilateral lin-
gual gyrus), and deep grey matter (bilateral caudate
nuclei). Patients also had increased intra-precuneal
TVC and increased TVC between the precuneus and
the left middle temporal gyrus.

Correlation analysis and regression models in
NMOSD patients (Tables 4 and 5)

Depressive symptoms (Table 4). No correlations
were found between abnormal SFC and BDI scores.
Higher BDI scores correlated with increased TVC
between the precuneus and the superior temporal
gyrus, bilaterally.

Cognitive performance (Table 4). Higher VL index
correlated with decreased SFC between the precu-
neus and the right cerebellar crus-I. Increased TVC
between the precuneus and the right postcentral gyrus
correlated with higher CI index, IPS index and VSL
index. Decreased TVC between the precuneus and the
left inferior occipital gyrus correlated with higher VL
index.

In the multivariate linear regression analysis, a higher
TVC between the precuneus and the bilateral superior
temporal gyrus was the only variable retained as inde-
pendent predictor of a higher BDI score. Higher CI
index, IPS index and VSL index were independently
associated with a higher TVC between the precuneus
and the right postcentral gyrus, while a higher VL index
was independently predicted by decreased TVC between
the precuneus and the left inferior occipital gyrus. No
predictors of VF-index were identified (Table 5).
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Table 1. Demographic, clinical, neuropsychological and structural MRI features of NMOSD patients and HC.

NMOSD HC P
(n=27) (n=30)
Demographic and clinical variables
Female/male 21/6 21/9 0.712
Mean age (SD), years 44.1(12.4) 41.2 (11.6) 0.37°
Mean education (SD), years 12.6 (3.8) 13.2 (3.5) 0.54>
Median EDSS (IQR) 4.03.0-6.0) - -
Mean decimal high-contrast bilateral visual acuity (SD) 0.81 (0.32) - -
Median number of optic neuritis (range) 1(0-9)
Median number of myelitides (range) 2 (0-15) . .
Median disease duration (IQR), years 3.4 (2.8-8.0) - -
Neuropsychological variables
Mean CI index (SD) 11.0 (6.7) - -
Mean VL index (SD) 3.4(2.8) - -
Mean VSL index (SD) 1.8 (1.7) - -
Mean IPS index (SD) 52@3.1) - -
Mean VF index (SD) 0.7 (0.8)
Mean BDI (SD) 11.8 (6.8) - -
No. of cognitively impaired subjects (%) 12 (44.4) - -
No. of patients with depressive symptoms (%) 17 (63.0) - -
No. of patients with both depressive symptoms and CI (%) 9 (33.3) - -
Structural MRI variables
Median T2 LV (IQR), mL 0.16 (0.0-0.8) - -
Median T1 LV (IQR), mL 0.10(0.0-0.4) - -
Mean NBV (SD), mL 1541 (55) 1568 (95) 0.21°
Mean NGMV (SD), mL 700 (39) 726 (46) 0.03°
Mean NWMYV (SD), mL 840 (34) 841 (52) 0.93v

NMOSD: neuromyelitis optica spectrum disorders; HC: healthy controls; SD: standard deviation; IQR: interquartile range; EDSS:
Expanded Disability Status Scale; CII: cognitive impairment index; VLI: verbal learning index; VSLI: visuospatial learning index;
IPSI: information processing speed index; BDI-II: Beck Depression Inventory-1I; LV: lesion volume; NBV: normalized brain
volume; NGMV: normalized grey matter volume; NWMYV: normalized white matter volume.

Significant p-values are highlighted in bold.
aPearson’s chi-square test.
bIndependent-sample #-test.

Discussion

We explored static and time-varying RS FC of the pre-
cuneus in patients with NMOSD, and their associations
with depressive symptoms and cognitive performance.
Compared to HC, NMOSD patients had a few clusters
of reduced SFC between the precuneus, the temporo-
cerebellar cortices and the putamen, and a diffuse TVC
reduction with the prefronto-parieto-temporo-occipital
cortices and caudate nuclei, together with increased
TVC within the precuneus and between the precuneus
and the temporal lobe. More severe depressive symp-
toms were associated with increased TVC between the
precuneus and temporal cortex, while worse cognitive
performance was associated with higher TVC between
the precuneus and the parietal cortex and, to a lesser
extent, the occipital lobe.

These results suggest that TVC is more sensitive than
SFC to detect brain functional reorganization in
patients with NMOSD, and that it better contributes to
explain cognitive and mood abnormalities. Although
a concomitant evaluation of static and time-varying
connectivity was never performed before in this dis-
ease, former studies suggested that TVC can under-
pin functional changes since the earliest stages of
both inflammatory and degenerative neurological
disorders.!> For instance, patients with clinically iso-
lated syndrome suggestive of MS showed an initial
decrease in TVC within the brain network involved
by the first demyelinating attack, followed by a pro-
gressive increase in TVC over the next 2 years!¢ and
TVC was more sensitive than SFC in identifying MS
patients with very mild disability (i.e. EDSS =2).2°
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R-cerebellum . s
(crus-1) B-putamen

Resting state static FC of the precuneus

Zscore

0

NMOSD<HC

Figure 2. Resting state static functional connectivity of the precuneus. (a) Static resting state functional connectivity
(TVC) of the precuneus across windows in healthy controls (HC) and neuromyelitis optica spectrum disorder (NMOSD)
patients. (b) Voxel-wise comparisons of SFC of the precuneus between NMOSD and HC (age- and sex-adjusted full
factorial models; only results surviving at p <0.05, clusterwise FWE corrected are retained).

B: bilateral; FC: functional connectivity; HC: healthy controls; MTG: middle temporal gyrus; NMOSD: neuromyelitis optica spectrum

disorders; R: right.

Similarly, compared with HC, patients with early
mild CI were characterized by increased TVC.30

These observations suggest that TVC could be sensi-
tive to functional changes associated with neurological
conditions characterized by mild or absent structural
damage (i.e. early stages) or in the presence of only
mild clinical symptoms. This might explain why TVC
abnormalities exceeded those of SFC in patients with
NMOSD, where structural MRI abnormalities are usu-
ally milder than those observed in other neuroinflam-
matory conditions, such as MS.

In NMOSD, a higher burden of depressive symp-
toms correlated with higher TVC between the precu-
neus and the superior temporal gyrus, suggesting an
adaptive role of its reduced dynamism in these
patients. This aligns with another work, which found
that the deactivation of the superior temporal gyrus

was one of the physiological mechanisms contrasting
a constant emotional arousal in HC compared to
depressed subjects. The superior temporal gyrus is
involved in social cognition,?' and functional abnor-
malities of this region were detected in patients with
major depressive disorder.?? Interestingly enough,
atrophy of the superior temporal gyrus was found
since the earliest phases of depression;3? therefore, it
is reasonable to speculate that functional changes
might be evident even earlier and be sensitive to mild
symptoms, such as in our cohort.

When we explored correlations between RS FC of the
precuneus and cognitive functions, higher TVC in the
postcentral gyrus and lower TVC in the inferior
occipital gyrus was correlated with worse cognitive
performance. Although this might seem surprising,
the contribution of the sensorimotor system to cogni-
tion aligns with the emerging evidence that motor and
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Table 2. Clusters of abnormal RS SFC of the precuneus between HC and NMOSD patients (p <0.001 uncorrected,

cluster extent threshold k;=10).

HC>NMOSD
Brain lobes/ Region kg, MNI space coordinates t-value
structures (x,,2)
Frontal lobe Right superior frontal gyrus 32 14,58, 12 3.85
Left orbitofrontal gyrus 23 —30, 54, -8 341
Temporal lobe Right middle temporal gyrus* 49 62, 54, —46 322
12 -2,12,-26 3.09
Bilateral inferior temporal gyrus 34 46,54, 4 3.60
12 0,34, -34 2.97
Occipital lobe Left lingual gyrus 33 -6, —66, 0 3.21
Left calcarine sulcus 22 -8, =66, 10 3.71
Deep grey matter Bilateral putamen* 49 —26,22, 14 4.32
12 18,0, 4 3.02
Right thalamus 21 16,24, 14 3.70
Left caudate nucleus 19 —14,8, 16 3.13
Posterior fossa Right cerebellum (crus-I)* 93 44,80, —34 3.63
NMOSD >HC
Brain lobes/ Region kg MNI space coordinates t-value
structures x,V,2)
Parietal lobe Right precuneus 14 22,54, 44 3.66

SEC: static functional connectivity; HC: healthy controls; NMOSD: neuromyelitis optica spectrum disorder; MNI: Montreal

Neurological Institute.

Clusters surviving FWE correction (p < 0.05) are marked with * and highlighted in bold.

cognitive functions are interrelated as shown in MS
patients with concomitant involvement of physical
and cognitive disability but also in patients with
Alzheimer’s disease.>*3> Our hypothesis is that the
increased TVC in the sensorimotor system, which
occurs after the demyelinating attack in NMOSD
(possibly as an attempt of adaptive functional reor-
ganization, as shown in other disorders)!” might inter-
fere with the cognitive processes intermingled with
the motor functions. Conversely, the involvement of
the occipital cortex in high-cognitive functions was
already described in blind people,3® suggesting that
a similar phenomenon of cross-modal plasticity
might occur in neurological disorders characterized
by severe visual loss, such as NMOSD. Although not
selected by the final predicted model, we also found
that lower SFC in the cerebellar crus-I correlated with
poorer performance at the VL task, supporting the
evidence that posterior cerebellar regions are involved
in non-motor functions including language and verbal
working memory, due to their connections with the
prefrontal cortex.’’

In a previous study using network RS FC analysis, we
found that patients with higher SFC in the precuneus

within the default mode network and working mem-
ory network had better cognitive performance.® In the
current work, which uses a seed-based approach with
the precuneus as seed region, we detected a higher
intra-precuncal TVC in NMOSD patients, which
did not correlate with cognitive scores. In contrast,
TVC between the precuneus and parieto-occipital
and cerebellar regions was relevant, suggesting that
dynamism of long-range precuneus RS FC rather than
the functional activity of the precuneus itself acts as a
modulator of cognitive processes.

Finally, in line with our clinical data, where a clear
association between depressive symptoms and CI was
not found, precuneal TVC seems to be involved in
both these neuropsychological features, but through
different circuits, involving the temporal lobe for
depressive symptoms and the parieto-occipital and
cerebellar regions for cognition.

Moving to limitations, we must acknowledge the
cross-sectional retrospective design and the small
sample-size since the former prevented an evaluation
of SFC and TVC abnormalities over time and the latter
might have hindered subtle effects on brain functional
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Resting state time-varying FC of the precuneus

B NMOSD>HC

B-Caudate
B-rectus/olfactory L-10G

Figure 3. Resting state time-varying functional connectivity of the precuneus. (a) Time-varying resting state functional
connectivity (TVC) of the precuneus across windows in healthy controls (HC) and neuromyelitis optica spectrum
disorder (NMOSD) patients. Panel B: voxel-wise comparisons of TVC of the precuneus between NMOSD and HC
(NMOSD < HC, age- and sex-adjusted full factorial models; only results surviving at p <0.05, clusterwise FWE
corrected are retained). (b) Voxel-wise comparisons of TVC of the precuneus between NMOSD and HC (NMOSD > HC,
age- and sex-adjusted full factorial models; only results surviving at p <0.05, clusterwise FWE corrected, are retained).
B: bilateral; FC: functional connectivity; HC: healthy controls; IOG: inferior occipital gyrus; MTG: middle temporal gyrus; NMOSD:
neuromyelitis optica spectrum disorders; PCG: postcentral gyrus; R: right; STG: superior temporal gyrus.

Table 3. Clusters of abnormal time-varying RS functional connectivity (TVC) between HC and NMOSD patients
(»<0.001 uncorrected, cluster extent threshold k;=10).

HC >NMOSD
Brain lobes/ Region kg MNI space t-value
structures coordinates (X, y, z)
Frontal lobe Bilateral rectus gyrus* 75 -12,10, 20 3.71
24 20,-16, 18 4.09
Left olfactory bulb* 75 —-16,12,-14 3.94
Right supplementary motor area 39 10, 18, 68 4.11
Bilateral superior frontal gyrus 20 16,28, -2 3.81
17 58, 62, 62 3.80
10 34,22, 40 3.93
Left paracentral lobule 19 -2,-12,74 3.23
Left middle frontal gyrus 17 —34, 56, 28 3.34
Left orbitofrontal gyrus 12 —24,-16,—-12 3.47
Parietal lobe Right postcentral gyrus* 42 58,-12, 30 4.19
15 30, —40, 66 3.41
(Continued)

journals.sagepub.com/home/msj 2065


https://journals.sagepub.com/home/msj

Multiple Sclerosis Journal 28(13)

Table 3. (Continued)

Temporal lobe Bilateral superior temporal gyrus*

Right superior temporal gyrus (pole)
Left hippocampus

Occipital lobe Left inferior occipital gyrus*
Bilateral posterior fusiform gyrus*

Bilateral lingual gyrus
Cingulate lobe Bilateral anterior cingulate cortex
Left midcingulate cortex
Deep grey Bilateral caudate nucleus*
matter
Posterior fossa Left cerebellum (VII b)
Right cerebellum (VIII)
Right cerebellum (VI)

Periaqueductal grey

83 52,-30, 16 4.33
83 46, -36, 20 3.46
21 58,36, 22 4.11
26 —34,-36, 16 4.11
21 30, 6,20 3.92
15 —22,-36, 4 3.36
42 —38, —64, -8 3.65
40 —-36, —80, 8 3.78
42 —42,-62,2 291
14 34,54, -18 334
36 10,32, -6 3.03
20 —-16,-70, 0 3.87
22 2,42, 16 3.61
14 4,16, 30 3.24
11 —12,-34, 54 4.05
75 -8, 18,-6 3.25
60 8,20, -4 4.25
36 —18,-72,-42 3.43
28 12, -58,—42 3.68
22 42,-40,-30 4.10
36 6,—24,-12 3.89

Frontal lobe Right premotor cortex
Right primary motor cortex
Parietal lobe Bilateral precuneus*
Temporal lobe Left middle temporal gyrus*
Left insula
Occipital lobe Left calcarine sulcus
Deep grey Bilateral thalamus
matter
Left putamen
Posterior fossa Left cerebellum (IV-V)

Bilateral cerebellum (crus-I)

27 32,-10, 44 4.13
18 14,26, 58 3.74
46 4,-52,34 421
31 —24,-78, 44 3.49
10 —12,-64, 50 2.86
43 —60, —52,22 3.52
16 —46, -2, 18 3.50
14 -8, -56, 8 3.70
14 -16,-12,6 3.82
10 16,-16,2 3.53
17 -18,12,2 3.84
15 —20, —46, —22 4.90
11 —-50, 68, =30 3.84
10 52, 64,30 3.49

reorganization associated with the disease or with
its neuropsychological features. In addition, our RS
fMRI acquisitions were performed using a relatively
long TR, possibly introducing aliasing effects in our
data and not complete removal of physiological noise

artefacts, leading to an underestimation of between-
group TVC differences. Also, enrolled HC did not
undergo an extensive neuropsychological evaluation;
so, we could not assess whether cognitive and depres-
sion scores were correlated with TVC in HC. Finally,
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Table 4. Bivariate Pearson’s correlations between neuropsychological variables and RS static and TVC of the precuneus
(z-scores) in patients with NMOSD.

BDI CII IPSI VSLI VLI VFI
SFC
Right middle temporal gyrus —-0.11 0.02 —-0.05 —0.08 0.08 0.15
(0.59) (0.92) (0.80) (0.72) (0.70) (0.45)
Bilateral putamen —-0.02 0.03 0.01 —0.03 0.06 0.00
(0.94) (0.88) (0.95) (0.88) (0.77) (0.98)
Right cerebellum (crus-I) 0.18 —-0.30 -0.14 -0.27 —-0.38 —-0.06
(0.38) (0.13) (0.48) (0.18) (0.049) (0.76)
TVC
Bilateral rectus gyrus 0.31 —-0.05 —0.06 —0.02 -0.13 0.29
(0.12) (0.79) (0.78) (0.93) (0.51) (0.15)
Left olfactory bulb 0.28 0.05 0.05 0.02 —0.05 0.32
(0.16) (0.80) (0.79) (0.92) (0.81) (0.10)
Right postcentral gyrus 0.05 0.49 0.47 0.61 0.19 0.34
(0.81) (0.009) (0.02) (0.001) (0.35) (0.08)
Bilateral superior temporal gyrus 0.48 0.11 0.15 0.07 —-0.00 0.18
(0.01) (0.59) (0.46) (0.73) (0.99) (0.38)
Left inferior occipital gyrus —-0.09 -0.23 —-0.10 —0.08 —-0.41 0.11
(0.67) (0.26) (0.63) (0.71) (0.04) (0.60)
Bilateral posterior fusiform gyrus 0.08 -0.22 —0.14 -0.15 —-0.36 0.26
(0.70) (0.28) (0.50) (0.50) (0.07) (0.20)
Bilateral caudate nucleus 0.22 0.24 0.20 0.08 0.19 0.37
0.27) (0.23) (0.32) (0.71) (0.33) (0.06)
Bilateral precuneus —-0.14 -0.19 -0.23 0.08 —-0.25 0.06
(0.49) (0.34) (0.25) (0.72) (0.20) (0.78)
Left middle temporal gyrus —-0.08 0.04 0.05 —-0.06 0.06 0.17
(0.68) (0.83) (0.82) (0.76) (0.79) (0.38)

BDI: Beck Depression Inventory-II; CII: global cognitive impairment index; IPSI: information processing speed index;
VLI: verbal learning index; VSLI: visuospatial learning index; VFI: verbal fluency index.

Values represent p (p-value).

Significance p values are reported in brackets.

Table 5. Linear regression models between neuropsychological variables and TVC of the precuneus (z-scores) in
patients with NMOSD.

Independent variable Standardized beta  p Adjusted R?
BDI TVC bilateral superior temporal gyrus 0.48 0.01 0.20
CII TVC right postcentral gyrus 0.49 0.009 0.21
IPSI TVC right postcentral gyrus 0.46 0.02 0.18
VSLI  TVC right postcentral gyrus 0.61 0.001 0.35
VLI TVC left inferior occipital gyrus —0.41 0.04 0.13

VFI - - - -

BDI: Beck Depression Inventory-II; CII: global cognitive impairment index; IPSI: information processing speed index; VLI: verbal
learning index; VSLI: visuospatial learning index; VFI: verbal fluency index.

we cannot exclude an ‘a priori’ sample bias since we the interpretation of findings is challenging, we pre-
focused on the seed-based FC of the precuneus only, ferred to start this pilot study with a seed-based
and functional changes in other functionally unrelated approach applied to a seed region which has an estab-
regions might be associated with depressive symp- lished centrality in the RS FC of the main cognitive
toms and worse cognitive performance as well. networks, including the default mode network and the
However, since the analysis of TVC is still novel and  parietal memory network.
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Future studies should include NMOSD patients with a
secondary diagnosis of major depressive disorders
since we expect that TVC abnormalities would be
more evident than in our cohort and will clarify
whether these functional abnormalities are specific of
NMOSD or only the epiphenomenon of depression.

To conclude, our findings suggest that NMOSD
patients have both static and time-varying abnormali-
ties in the RS FC of precuneus, but TVC changes are
more diffuse and better explain neuropsychological
features. Different patterns of TVC contribute to
depressive symptoms and cognition, the first through
the connections with the temporal lobe, and the latter
mainly involving the parieto-occipital areas.
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