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Abstract

We investigated abnormal functional connectivity (FC) patterns of insular subregions in patients with minimal hepatic
encephalopathy (MHE) and examined their relationships with cognitive dysfunction using resting-state functional mag-
netic resonance imaging (fMRI). We collected resting-state fMRI data in 54 patients with cirrhosis [20 with MHE and 34
without MHE (NHE)] and 25 healthy controls. After defining six subregions of insula, we mapped whole-brain FC of the
insular subregions and identified FC differences through three groups. FC of the insular subregions was correlated against
clinical parameters (including venous blood ammonia level, Child-Pugh score, and cognitive score). The discrimination
performance between the MHE and NHE groups was evaluated by performing a classification analysis using the FC index.
Across three groups, the observed FC differences involved four insular subregions, including the left-ventral anterior
insula, left-dorsal anterior insula, right-dorsal anterior insula, and left-posterior insula (P <0.05 with false discovery rate
correction). Moreover, the FC of these four insular subregions progressively attenuated from NHE to MHE. In addition,
hypoconnectivity of insular subregions was correlated with the poor neuropsychological performance and the evaluated
blood ammonia levels in patients (P <0.05 with Bonferroni correction). The FC of insular subregions yielded moderate
discriminative value between the MHE and NHE groups (AUC=0.696-0.809). FC disruption of insular subregions is
related to worse cognitive performance in MHE. This study extended our understanding about the neurophysiology of
MHE and may assist for its diagnosis.

Keywords Minimal hepatic encephalopathy - Insula - Cognition - Resting-states functional magnetic resonance
imaging - Functional connectivity

Introduction deficits, such as impairments in visuospatial perception,

response inhibition, attention, and delayed information

Minimal hepatic encephalopathy (MHE) is the first stage of
hepatic encephalopathy (HE). This neurological syndrome
occurs in patients with cirrhosis (Stinton & Jayakumar,
2013), with a prevalence of 30% ~ 84% (Mina et al., 2014).
Although patients with MHE do not have recognizable
clinical symptoms of HE, they experience mild cognitive
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processing (Dhiman & Chawla, 2009). The cognitive dys-
function in MHE negatively affects the patients’ ability to
perform daily life activities that require attention or fine
coordination (e.g., driving vehicles) (Felipo, 2013), and
contributes to poor work performance (Ortiz et al., 2005).
In fact, MHE leads to social and economic burden for health
providers and care givers (Agrawal et al., 2015). In addi-
tion, MHE has the potential to progress into overt hepatic
encephalopathy, worsening the prognosis and increasing
the risk of overall mortality (Moran et al., 2021). The early
diagnosis and treatment of patients with MHE can enhance
quality of life and improve lifespan as well as slow the
progression of neurological impairments (Felipo, 2013).
Therefore, it is essential to further elucidate the mechanism
underlying MHE, which contributes to the identification of
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diagnostic biomarkers and early preventative treatments
(Cheng et al., 2021).

Located deep within the lateral sulcus of the brain, the
insula is a critical hub of the brain network (Uddin et al.,
2017). It includes several subregions that are involved in
distinct functions, such as response inhibition, decision
making, attention, and interoception (Uddin et al., 2017). To
date, studies using functional magnetic resonance imaging
(fMRI) have identified three insular subregions that have
distinct patterns of functional connectivity (FC) (Deen et
al., 2011): (1) the ventral anterior insula (vAI), the dorsal
anterior insula (dAI), and the posterior insula (PI). The vAI
is primarily connected with pregenual anterior cingulate
cortex and limbic cortex and is involved in cognitive control
(Wang et al., 2022). The dAI has primary connections with
frontal, anterior cingulate, and parietal areas, and is essen-
tial in high-level cognitive processes, including response
inhibition and attention (Nomi et al., 2016). The PI has pri-
mary connections with parietal and posterior temporal areas
and is associated with interoception (Tian & Zalesky, 2018).
In fact, the insula can be subdivided into three cytoarchi-
tectonic regions: an agranular region of vAl, a dysgranular
region of dAI, and a granular region of PI. These subdivi-
sions reflect a gradual change in cytoarchitectonic complex-
ity in insular cortex (Mesulam & Mufson, 1982).

Insular impairment in MHE has been shown consistently
in previous studies (Bajaj et al., 2010). For example, one
MHE study histopathologically showed neuronal degen-
eration and cell death in the insula (Butterworth, 2007). A
previous in vivo neuroimaging study based on diffusion
kurtosis imaging reported that the microstructural complex-
ity in the insular cortex (especially the right insula) was
decreased in patients with cirrhosis and MHE (Chen et al.,
2017). Furthermore, the resting-state fMRI study has dem-
onstrated that functional connectivity density in right insula
was decreased in patients with MHE (Cheng et al., 2021).
In addition, a '®F-fluorodeoxyglucose positron emission
tomography study demonstrated a decrease in glucose utili-
zation in the right insula of patients with MHE (Zhang et al.,
2019). Collectively, the insula represents a critical patho-
logical node of MHE, exhibiting structural, functional, and
metabolic abnormalities that are associated with reduced

performance in cognitive processes, such as execution and
attention (Chen et al., 2017; Cheng et al., 2021; Zhang et
al., 2019).

FC alterations have been widely described in MHE
(Zhang et al., 2014). One study used resting-state fMRI
and found that cirrhotic patients with MHE suffered from
disrupted FC, which involved the anterior cingulum gyrus,
thalamus, and frontal cortex (Ni et al., 2012). The decreased
basal ganglia-thalamo-cortical FC was also found in
patients with MHE (Zhang et al., 2012). Furthermore, in
patients with MHE, FC reduction has been observed in mul-
tiple brain intrinsic networks, including the default mode
and dorsal attention networks. In addition, the progressive
impairment of dynamic FC has been identified as the MHE
disease advances (Lin et al., 2021). These FC changes cor-
respond to the severity of cognitive dysfunctions, includ-
ing visuo-motor slowing, deficits of cognitive control, and
attention decline (Lin et al., 2021; Ni et al., 2012; Qi et al.,
2012a; Qi, Zhang, Xu, Qietal.,2012a, b, ¢). In spite of these
efforts, however, changes in the insular FC among patients
with MHE have not been fully clarified. Therefore, in this
study, we investigated abnormal FC patterns of insular sub-
regions in patients with MHE using resting-state fMRI and
examined their relationships with cognitive dysfunction.

Materials and methods
Subjects

The Research Ethics Committee of Fujian Medical Uni-
versity Union Hospital, China, approved this study. Before
inclusion in the study, all participants provided written
informed consent. The participants recruited for this study
included 54 patients with cirrhosis [20 with MHE, 34 with-
out MHE (NHE)] and 25 healthy control (HC) subjects.
Table 1 provides the clinical and demographic information
for the participants. On the basis of the psychometric hepatic
encephalopathy score (PHES) examination, we diagnosed
patients with MHE (who have PHES < -4 points). We used
the PHES examination, which includes number connection
tests A and B, a digit symbol test, line tracing test, and serial

Table 1 Clinical and demo-

graphic characteristics of
participants

MHE, minimal hepatic encepha-
lopathy; NHE, cirrhotic patients
without MHE; HC, healthy con-

HC group NHE group MHE group P value
Age (years) 54.60+7.90 55.71+10.49 53.65+9.44  0.736
Sex (male/female) 19/6 28/6 16/4 0.835
Years of education 6.40+2.24  6.38+3.37 6.05+4.17 0.924
Etiology of cirrhosis (HBV/Alcoholism/HBV - 19/3/7/5 16/3/1/0 -
and alcoholism/Cryptogenic)
Child-Pugh score - 6.88+1.89 7.85+£2.06 -
Blood ammonia level (umol/L) - 2949+15.7 40.99+2645 -
Psychometric Hepatic Encephalopathy Score 040+144  —-0.06+1.67 -7.00+3.09 <0.001

trols; HBV, hepatitis B virus
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dotting test, to assess neurocognitive function. PHES test,
which is widely used as the “gold standard” for the diagno-
sis of MHE, is discussed in other work (Chen et al., 2015).

The criteria for exclusion were (1) diagnosis of a neuro-
psychiatric disorder such as current overt hepatic encepha-
lopathy (defined by West Haven criteria (Ferenci et al.,
2002), Alzheimer’s disease, and Parkinson disease, (2) cur-
rently being treated with psychotropic drugs, (3) current
diagnosis of an uncontrollable endocrine or metabolic disor-
der (e.g., thyroid dysfunction), and (4) alcohol abuse within
the six months before the study.

MRI data acquisition

We acquired MRI data on a 3 T MRI scanner (Siemens,
Prisma, Germany). During the resting-state fMRI exami-
nation, we asked participants to keep their eyes closed but
be awake, hold still, and not to think of anything in par-
ticular. To reduce the head motion of participants, we
used a foam pad. We used three-dimensional T1-weighted
magnetization-prepared rapid gradient echo (MPRAGE)
images, which we gathered according to the following
parameters: repetition time (TR)=1610 ms, echo time
(TE)=2.25 ms, field of view (FOV)=224 mm X 224 mm,
matrix =224 x 224, flip angle =8°, slice thickness = 1.0 mm,
and 176 sagittal slices. To capture resting-state functional
images, we used the multiband slice acquisition technique.
The parameters for the echo-planar imaging sequence were
as follows: multiband factor=4, TR =700 ms, TE=30 ms,
acquisition matrix =76 X 76, FOV =228 mm X 228 mm, flip
angle=50°, 48 axial slices, slice thickness =3 mm (no inter-
slice gap), and 600 volumes.

MRI data processing

We performed data preprocessing using the Data Processing
and Analysis for Brain Imaging tool (DPABI v6.0, http://
rfmri.org/dpabi) and included the following steps: (1) dis-
carding the initial 30 volumes; (2) realignment; (3) spatial
normalization; (4) smoothing with 4 mm Gaussian kernel;
(5) linear detrend; (6) temporal filtering (0.01-0.08 Hz); and
(7) regressing out nuisance covariates, including the esti-
mated motion parameters based on the Friston-24 model
and the mean signals of the cerebrospinal fluid, white mat-
ter, and global brain.

We conducted the seed-based connectivity analyses for
six insular subregions, including left and right ventral ante-
rior insula (L-vAI and R-vAlI), left and right dorsal ante-
rior insula (L-dAI and R-dAl), and left and right posterior
insula (L-PI and R-PI) (Deen et al., 2011). The six spheri-
cal (radius=6 mm) centered on these insular subregions
were taken as seeds, whose given MNI coordinates were as
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follows: L-vAI (—33, 13, —7), R-vAI (32, 10, —6), L-dAI
(—38, 6, 2), R-dAI (35, 7, 3), L-PI (- 38, —6, 5), and R-PI
(35, —11, 6). For each seed, we generated an individual
FC map by calculating Pearson’s correlation coefficients
between the mean time series of this seed and the time series
of all other voxels within the entire brain. Thereby, six FC
maps were generated for each subject. To enhance normal-
ity, we normalized the individual correlation map to z-map
by using Fisher’s Z transformation.

Statistical analysis

The statistical module in DPABI software was adopted for
the analyses about FC. For every group, the z-maps were
entered into a random effect one-sample #-test to determine
the regions that presented significant connectivity with each
insular subregion seed. The threshold was set at P<0.01
and was corrected by the false discovery rate (FDR)
approach. Then, we extracted and combined the FC maps of
each insular subregion in three groups to produce the masks
for the subsequent intergroup comparison. To determine the
intergroup difference in FC of each insular subregion, we
performed Analysis of Variance (ANOVA) in a voxel-wise
manner, controlling for the sex, age, and year of education.
The multiple comparisons were corrected by FDR approach
and the threshold was set at P<0.05. After that, we selected
the areas showing significant intergroup difference in FC as
the regions of interests (ROIs), which we used for the sub-
sequent analyses.

For each ROI, we calculated its FC strength with insular
subregion seed and correlated it against clinical parameters
(including venous blood ammonia level, Child-Pugh score
that reflects hepatic function, and PHES that reflects cog-
nition level) using the Pearson correlation analysis among
the cirrhotic patients. The statistical significance level was
set at P<0.05 (with Bonferroni correction). For each ROI,
we used its FC strength with insular subregion seed as the
indices for the receiver operating characteristic (ROC)
curve analysis. We estimated the area under the ROC curve
(AUC) to evaluate the discrimination performance between
NHE and MHE group. The statistical threshold was set at
P<0.05. The above statistical processes were conducted
using the SPSS 22.0 software (SPSS, Inc., Chicago, IL,
USA).

Results

Participant demographics and PHES performance

The clinical and demographic characteristics of the partici-
pants are given in Table 1. Among the three groups, we did
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not observe any significant differences in sex (P=0.835),
age (P=0.736), or years of education (P=0.924). Com-
pared with HC and NHE groups (both P <0.001), patients
with MHE had lower PHES, which suggest significantly
worse neurocognitive performance.

Fig. 1 Functional connectivity pattern of insular subregions within
three groups. MHE, minimal hepatic encephalopathy; NHE, cirrhotic
patients without MHE; HC, healthy controls; L, left; R, right; L-vAl

Within-group FC of the insular subregions

Figure 1 illustrates the FC pattern of insular subregions
within the three groups. In HC, the vAI has predominant
functional connection with the insula, rolandic operculum,
superior frontal gyrus (dorsolateral part), middle frontal

321 T 3361

and R-vAl, left and right ventral anterior insula; L-dAI and R-dAl, left
and right dorsal anterior insula; L-PI and R-PI, left and right posterior
insula
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gyrus, inferior frontal gyrus (opercular part), supplemen-
tary motor area, anterior cingulate and paracingulate gyrus,
median cingulate and paracingulate gyrus, supramarginal
gyrus, superior temporal gyrus, temporal pole, and putamen.
The dAI showed functional connectivity primarily with the
insula, rolandic operculum, middle frontal gyrus, inferior
frontal gyrus (opercular and triangular part), supplementary
motor area, precentral gyrus, anterior cingulate and parac-
ingulate gyrus, median cingulate and paracingulate gyrus,
supramarginal gyrus, superior temporal gyrus, temporal
pole, putamen, and thalamus. The PI exhibited functional
connectivity primarily with the insula, rolandic operculum,
supplementary motor area, paracentral lobule, precentral
gyrus, postcentral gyrus, median cingulate and paracingu-
late gyrus, supramarginal gyrus, precuneus, angular gyrus,
superior temporal gyrus, temporal pole, and putamen. Rela-
tive to HC, NHE patients exhibited similar FC patterns of
insular subregions, whereas patients with MHE displayed
reduced FC extent and strength (see below).

Intergroup differences in FC of the insular
subregions

As shown in Table 2; Fig. 2, we observed significant differ-
ences in FC of four insular subregions across three groups
(FDR corrected P<0.05). These differences involved the
FC between L-vAl seed and the ROI 1-2 (ROI 1, bilat-
eral anterior and middle cingulate gyrus and medial fron-
tal gyrus; ROI 2, bilateral middle and posterior cingulate
gyrus). These observed differences also included the FC
between L-dAl seed and the ROI 3—4 (ROI 3, right insula
and superior temporal gyrus; ROI 4, bilateral anterior and
middle cingulate gyrus). In addition, intergroup differ-
ences involved the FC between R-dAl seed and the ROI
5-9 (ROI 5, left insula and superior temporal gyrus; ROI 6,

left insula and superior temporal gyrus; ROI 7, right insula
and superior temporal gyrus; ROI 8, bilateral middle and
anterior cingulate gyrus; ROI 9, right supramarginal gyrus).
The FC between L-PI seed and the ROI 10-11 (ROI 10,
left insula, postcentral gyrus, and superior temporal gyrus;
ROI 11, right insula, postcentral gyrus, and superior tem-
poral gyrus) also revealed intergroup differences. Addition-
ally, we observed progressive reductions in FC from NHE
to MHE.

Results of correlation analysis

The FC between the L-vAI and the ROI 1 exhibited a posi-
tive correlation with the PHES among the cirrhotic patients
(Table 3). There was also a positive correlation with PHES
and the connectivity joining L-dAl and the ROI 3—4. More-
over, the PHES showed a correlation with the FC between
the R-dAI and the ROI 7-9, as well as the FC between the
L-PI and the ROI 11 (P < 0.05 with Bonferroni correction).

Additionally, we found the higher blood ammonia level
to be significantly correlated with decreased FC of insular
subregions, including the FC between the L-dAI and the
ROI 3 as well as the FC between the R-dAI and the ROI 67
(P<0.05 with Bonferroni correction) (Table 3). Also, the
blood ammonia level was significantly correlated with the
FC between the L-PI and the ROI 10 in cirrhotic patients.
There was no correlation (P> 0.05 after Bonferroni correc-
tion), however, between the Child-Pugh score and the FC of
insular subregions.

Diagnostic performance based on ROC analysis
Several FC measures showed the discriminant potential

between NHE and MHE, including the FC between L-vAl
and ROI 1, the FC between L-dAI and ROI 3, the FC

Table 2 Brain regions showing significant intergroup difference in FC of insular subregion

ROI index Seed Brain regions Cluster ~ Brodmann MNI coordinates Peak
size area X y z F
(voxel) value
ROI'1 L-vAI Bilateral anterior and middle cingulate gyrus and medial 262 32/24/9 0 15 39 1471
frontal gyrus
ROI 2 L-vAl Bilateral middle and posterior cingulate gyrus 52 24/31 -3 -12 39 11.66
ROI 3 L-dAI Right insula and superior temporal gyrus 51 13/22 45 3 -3 1297
ROI 4 L-dAI Bilateral anterior and middle cingulate gyrus 54 32/24 -3 18 30 1233
ROI'S R-dAI Left insula and superior temporal gyrus 85 13/22 -42 -15 -6 1336
ROI 6 R-dAI Left insula and superior temporal gyrus 181 13/22 -42 3 3 16.61
ROI17 R-dAI Right insula and superior temporal gyrus 297 13/22 45 3 14.73
ROI 8 R-dAI Bilateral middle and anterior cingulate gyrus 204 24/32 -3 18 30 1574
ROI 9 R-dAI Right supramarginal gyrus 184 40 60 -36 39 1030
ROI 10 L-PI Left insula, postcentral gyrus, and superior temporal gyrus 69 13/43/22 —48 -9 12 10.59
ROI 11 L-PI Right insula, postcentral gyrus, and superior temporal gyrus 117 13/42/43 45 -24 18 15.01

ROI, regions of interest; L-vAl and R-vAl, left and right ventral anterior insula; L-dAl and R-dAl, left and right dorsal anterior insula; L-PI

and R-PI, left and right posterior insula
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Fig. 2 The intergroup differences in functional connectivity of insu-
lar subregions. Violin and box plots depict the intergroup differences
and distribution of functional connectivity. MHE, minimal hepatic
encephalopathy; NHE, cirrhotic patients without MHE; HC, healthy

between R-dAI and ROI 5-9, and the FC between L-PI and
ROI 11 (Fig. 3; Table 4). The corresponding AUC ranged
from 0.696 to 0.809; and the P values varied between less
than 0.001 and 0.017. In contrast, the FC between the L-vAI
and ROI 2 (AUC=0.588, P=0.282), the FC between the
L-dAI and ROI 4 (AUC=0.660, P=0.051), and the FC
between the L-PI and ROI 10 (AUC=0.640, P=0.089)
showed no significant potential in distinguishing between
these two groups.

I
ROIG ROI7 R018 ROI9

controls; L, left; R, right; L-vAl, left ventral anterior insula; L-dAI and
R-dAl, left and right dorsal anterior insula; L-PI, left posterior insula.
The regions with functional connectivity differences are shown in red
color. The details of ROIs see Table 2

Discussion

This study represents a pioneering effort in applying rest-
ing-state FC analysis to detect functional synchronization
between the insular subregions and the whole brain in
MHE. The findings are as follows: (1) The observed FC
differences involved four insular subregions, including the
L-vAl, L-dAl, R-dAI, and L-PI. (2) The FC of these four
insular subregions were progressively attenuated from NHE
to MHE. (3) According to the FC, the insular subregion
function was negatively correlated with blood ammonia
levels and positively correlated with cognitive performance.
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Table 3 Correlation coefficient between clinical parameters and functional connectivity of insular subregion

Child-Pugh score

PHES

ROI index Seed Blood ammonia level (umol/L)
ROI1 L-vAl —0.300 (P=0.028)
ROI12 L-vAl —0.174 (P=0.207)
ROI3 L-dAI —0.418 (P=0.002) *
ROI4 L-dAI —0.267 (P=0.051)
ROI5 R-dAI —0.307 (P=0.024)
ROI6 R-dAI —0.417 (P=0.002) *
ROI7 R-dAI —0.510 (P<0.001) *
ROI8 R-dAI —0.373 (P=0.005)
ROI9 R-dAI —0.311 (P=0.022)
ROI10 L-PI —0.385 (P=0.004) *
ROI11 L-PI —0.284 (P=0.038)

—0.120 (P=0.388)
0.063 (P=0.651)

—0.231 (P=0.092)
—0.082 (P=0.555)
—0.081 (P=0.561)
—0.201 (P=0.145)
—0.130 (P=0.347)
—0.164 (P=0.237)
—0.098 (P=0.479)
—0.311 (P=0.022)
—0.291 (P=0.033)

0.487 (P<0.001) *
0.171 (P=0.217)
0.518 (P<0.001) *
0.381 (P=0.005) *
0.379 (P=0.005)
0.358 (P=0.008)
0.491 (P<0.001) *
0.407 (P=0.002) *
0.426 (P=0.001) *
0.347 (P=0.010)
0.399 (P=0.003) *

ROI, regions of interest; L-vAI and R-vAl, left and right ventral anterior insula; L-dAI and R-dAl, left and right dorsal anterior insula; L-PI and
R-PI, left and right posterior insula; PHES, Psychometric Hepatic Encephalopathy Score. Bold indicates P value < 0.05. The symbol * indicates
P value < 0.05 with Bonferroni correction. The details of ROIs see Table 2; Fig. 2

(4) The hypoconnectivity of insular subregions emerged as a
moderate differentiating index in distinguishing MHE form
NHE. The findings of this study verify that insular FC is a
promising neuroimaging biomarker for patients with MHE.

Hypoconnectivity of insular subregions in MHE may
be associated with the excessive neuroinhibition, which
is attributed to the increase in inhibitory neurotransmis-
sion (e.g., y-amino butyric acid) observed in patients with
MHE (Ahboucha et al., 2005; Cauli et al., 2009; Jones,
2000). Another explanation about FC disruption of insular
subregions may be associated with the decrease of glucose
utilization (Lockwood et al., 2002), which means reduced
energy metabolism and negatively affects neurotransmis-
sion activities (Keiding & Pavese, 2013). In addition, the
neuronal loss of in insula, which can result in the loss of
neurotransmission receptor sites and the impairment of the
receptor-mediated neural pathway (Butterworth, 2007),
may also contribute to hypoconnectivity in patients with
MHE (Chen et al., 2012).

The decreased FC observed in the left anterior insula
(including the ventral and dorsal parts) in patients with
MHE is consistent with the previous findings, which have
demonstrated aberrant neural functional activity in the left
anterior insula (Qi et al., 2012) and left insular atrophy
among cirrhotic patients with MHE (Liu et al., 2019). The
vAl and dAI have been shown to be involved in emotion-
related tasks (including decision making and emotional
working memory) and attention-demanding tasks (Smith et
al., 2017). Therefore, one of the neural substrates for MHE-
related deficits in working memory, attention, and decision
making may be attributed the weaker connectivity of L-vAI
and L-dAI (Karanfilian et al., 2020).

Patients with MHE also had a significant reduction in
FC of the R-dAI Previous investigations, aligned with
our result, also have identified weaker connectivity and
decreased structural complexity in the right anterior insula

@ Springer

(Qi et al., 2012b; Yang et al., 2018). Moreover, it has been
proposed that R-dAl, anchored in the salient network, is
critical for integrating internal and external stimuli; it fur-
ther mediates many cognitive processes, including saliency
detection, episodic memory consolidation, and attentional
capture (Menon & Uddin, 2010). Therefore, abnormal FC
of R-dAI may be a possible mechanism underlying the
MHE-related impairments in these aforementioned cogni-
tive functions (Karanfilian et al., 2020). According to our
findings, the link between poor cognitive performance and
the deceased FC of R-dAl in cirrhotic patients supports this
speculation.

The present study revealed disturbed FC of L-PI in
patients with MHE, which supports previous studies that
revealed abnormal neural activity in the posterior insu-
lar cortex of patients with MHE (Qi et al., 2012). The FC
disruption of the L-PI may indicate relevant abnormalities
in motor and sensory functions (Karanfilian et al., 2020),
which have been observed in patients with MHE, given
that L-PI processes primary sensory information related to
motor and somatosensory control (Cauda et al., 2011).

A negative correlation between insular FC disruption and
hyperammonemia was identified in cirrhotic patients, which
suggested that insular dysfunction may be associated with
ammonia neurotoxicity that can disturb the neural communi-
cation (Cordoba & Minguez, 2008; Haussinger & Schliess,
2008). Consistently, several previous investigations have
identified the correlation between FC in brain network and
the blood ammonia level in the case of cirrhosis (Qi et al.,
2014; Qi, Zhang, Xu, Qi et al., 2012a, b, c). In addition,
moderate performance has been obtained using insular FC
as the index for diagnosing MHE. These results were com-
patible with earlier studies that showed the promising value
of FC measurement in identifying cirrhotic patients with
MHE (Lin et al., 2019). Meanwhile, the stepwise attenu-
ation of insular FC was found from NHE to MHE, which
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Fig. 3 The results of receiver operating characteristic curve analysis
between NHE and MHE groups. The discrimination indices are func-
tional connectivity of insular subregion seeds: (a) left ventral anterior

aligns with previous observations that have shown a pro-
gressive FC disruption in brain network with HE disease
development (Lin et al., 2019, 2021). Thus, the potential
of insular FC measurement severing as the biomarker for
diagnosing MHE and monitoring disease development was
demonstrated by our study. However, these results may be
restricted by relatively small study population; therefore, it
would be valuable to conduct further multicenter clinical

insula (L-vAl); (b) left dorsal anterior insula (L-dAl); (c) right dorsal
anterior insula (R-dAl); (d) left posterior insula (L-PI). The details of
ROIs see Table 2; Fig. 2

investigations with larger sample sizes to further validate
these findings.

This study had several limitations. First, we adopted
three seeds of insular subregions according to the recom-
mendations derived from previous studies (Deen et al.,
2011), to date, however, there is no gold standard on insu-
lar parcellation and, therefore, controversial about the opti-
mal number of insula subregions remains (Tian & Zalesky,
2018). Second, this study was cross-sectional. To observe
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Table4 Areaunder the receiver operating characteristic curve obtained
in the analyses using functional connectivity indices

ROI index Seed Area 95% Confidence P value

under Interval

curve
ROI1 L-vAI 0.696 0.548-0.843 0.017
ROI2 L-vAI 0.588 0.423-0.754 0.282
ROI3 L-dAI 0.803 0.674-0.932 <0.001
ROI4 L-dAI 0.660 0.504-0.816 0.051
ROI5 R-dAI 0.747 0.602-0.893 0.003
ROI6 R-dAI 0.734 0.584-0.884 0.004
ROI7 R-dAI 0.806 0.671-0.941 <0.001
ROI8 R-dAI 0.732 0.584-0.881 0.005
ROI9 R-dAI 0.809 0.688-0.930 <0.001
ROI10 L-PI 0.640 0.491-0.789 0.089
ROI11 L-PI 0.699 0.557-0.840 0.016

ROI, regions of interest; Bold indicates P value < 0.05. The details of
ROIs see Table 2; Fig. 2

the insular FC changes after treatment and verify the causal
relationship between FC disruption and cognitive dysfunc-
tion, a longitudinal study is warranted. Third, because we
only used PHES to assess general neurocognitive function,
it is necessary to profile more detailed cognition domains in
future studies. Fourth, the issue about overfitting should be
concerned during assessing diagnostic performance based
on ROC analysis, since the ROIs were aforehand selected
by intergroup comparison. Meanwhile, an independent
dataset is warranted to further validate the diagnostic per-
formance of insular FC measures in the future study. Fifth,
the sample size in current study was relatively small, result-
ing in the limited statistical power and preventing the more
comprehensive evaluation about the potential influence of
distinct etiology of cirrhosis on the insular FC.

In summary, this study applied resting-states fMRI, for
the first time, to explore abnormal FC patterns of insular
subregions in patients with cirrhosis and MHE. Our findings
suggested that the disturbed insular FC may contribute to
poor cognitive performance in MHE and the FC alteration
may serve as a promising biomarker for MHE. This study
extended our understanding of the pathophysiology of MHE
and may assist for its diagnosis.
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