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Abstract

Purpose Abnormal brain intrinsic functional connectivity
(FC) has been documented in minimal hepatic encephalopa-
thy (MHE) by static connectivity analysis. However, changes
in dynamic FC (dFC) remain unknown. We aimed to identify
altered dFC within the default mode network (DMN) associ-
ated with MHE.

Methods Resting-state functional MRI data were acquired
from 20 cirrhotic patients with MHE and 24 healthy controls.
DMN seed regions were defined using seed-based FC analysis
(centered on the posterior cingulate cortex (PCC)). Dynamic
FC architecture was calculated using a sliding time-window
method. K-means clustering (number of clusters = 2—4) was
applied to estimate FC states.

Results When the number of clusters was 2, MHE patients
presented weaker connectivity strengths compared with con-
trols in states 1 and 2. In state 1, decreased FC strength was
found between the PCC/precuneus (PCUN) and right medial
temporal lobe (MTL)/bilateral lateral temporal cortex (LTC);
left inferior parietal lobule (IPL) and right MTL/left LTC; right
IPL and right MTL/bilateral LTC; right MTL and right LTC;
and medial prefrontal cortex (MPFC) and right MTL/bilateral
LTC. In state 2, reduced FC strength was observed between
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the PCC/PCUN and bilateral MTL/bilateral LTC; left IPL and
left MTL/bilateral LTC/MPFC; and left LTC and right LTC.
Altered connectivities from state 1 were correlated with pa-
tient cognitive performance. Similar findings were observed
when the number of clusters was set to 3 or 4.

Conclusion Aberrant dynamic DMN connectivity is an addi-
tional characteristic of MHE. Dynamic connectivity analysis
offers a novel paradigm for understanding MHE-related
mechanisms.
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Abbreviations

MHE minimal hepatic encephalopathy

HE hepatic encephalopathy

FC functional connectivity

DMN default mode network

dFC dynamic functional connectivity

HCs healthy controls

PHES psychometric hepatic encephalopathy score

MNI Montreal Neurological Institute
PCC posterior cingulate cortex
FWE family-wise error

ROI region of interest

PCC/PCUN  posterior cingulate cortex/precuneus
MPFC medial prefrontal cortex

IPL inferior parietal lobule

MTL medial temporal lobe
LTC lateral temporal cortex
ICA independent component analysis
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Introduction

Minimal hepatic encephalopathy (MHE), which is considered
the initial phase in the spectrum of hepatic encephalopathy
(HE), is characterized by mild neuropsychological and neuro-
physiological alterations that are not detectable by routine
clinical examination [1]. Despite being a subclinical stage,
MHE is considered clinically relevant since it reduces a pa-
tient’s health-related quality of life, leads to development of
overt HE, and is associated with poor outcome [2—4].

Resting-state fMRI studies have demonstrated that MHE
patients show altered brain intrinsic functional connectivity
(FC), which plays an important role in MHE-related mecha-
nisms. For example, significant FC reduction within the de-
fault mode network (DMN) has been revealed in cirrhotic
patients with MHE and is associated with cognitive impair-
ment as well as HE development [5]. Furthermore, a correla-
tion was observed between disrupted DMN connectivity and
hyperammonemia, which is the core neuropathophysiology of
MHE [6]. In addition to abnormalities in the DMN, altered FC
has been observed in many other brain intrinsic networks such
as attention and visual networks [7]. Also, altered topological
properties of whole-brain networks have been revealed in
MHE [8].

Although these studies have greatly advanced our under-
standing of changes in the large-scale functional organization
of the brain in MHE, it is notable that all previous findings
were obtained using traditional resting-state connectivity anal-
ysis, which is based on the implicit assumption that FC during
the recording period is relatively static. However, this assump-
tion of stationarity is inconsistent with the fact that the brain is
highly dynamic [9]. For example, temporal variations in brain
intrinsic FC have been demonstrated by an increasing number

of task-related and resting-state functional MRI studies [9,
10]. Thus, static connectivity analysis is not sufficient to eval-
uate brain functions in both healthy and diseased cases.
Recently, increasing attention has focused on time-varying
properties of brain FC. These studies have yielded promising
results for extending our understanding of brain function [10,
11] and exploring the neural bases of dysfunction in several
neuropsychological diseases such as Alzheimer’s disease
[12], schizophrenia [13], and epilepsy [14]. However, the dy-
namic FC (dFC) characteristics remain largely unknown in
MHE patients. In this study, we aimed to identify changes in
dFC within the DMN in cirrhotic patients with MHE, which
may provide new insight into MHE-related pathophysiology.

Subjects and methods
Participants

This study included 20 cirrhotic patients with MHE and 24
healthy controls (HCs) (Table 1). The psychometric hepatic
encephalopathy score (PHES) examination, including digit
symbol test, number connection test A, number connection
test B, serial dotting test, and line tracing test, was used for
the diagnosis of MHE. A detailed description of PHES tests
and criteria for defining MHE has been described previously
[15]. The subjects with current overt HE or other neuropsy-
chiatric disorders and those taking psychotropic medications,
suffering from uncontrolled endocrine or metabolic diseases,
or with a history of alcohol abuse during the 6 months prior to
the study were excluded. This study was approved by the local
Medical Research Ethics Committee. All participants provid-
ed written informed consent before the study.

Table 1 Demographic and

clinical characteristics of the HC subjects (n =24)  MHE patients (n =20) P value
subjects
Age (year) 50.9+7.0 494 +9.1 0.540
Gender (male/female) 18/6 15/5 NS
Education level (year) 87+£2.6 85+28 0.768
Etiology of cirrhosis - 12/3/1/4 -
(HBV/alcoholism/HBV + alcoholism/other)
Child-Pugh stage (A/B/C) - 4/12/4 -
PHES tests
Final PHES (score) 0.6+2.1 -75+2.0 <0.001
Number connection test A (seconds) 362+122 57.0+14.9 <0.001
Number connection test B (seconds) 61.8+28.9 120.3 £47.8 <0.001
Serial dotting test (s) 427+£73 59.2 £8.8 <0.001
Digit symbol test (raw score) 449+89 28.8 £8.5 <0.001
Line tracing test (raw score) 1134 +£16.6 183.4+37.1 <0.001

MHE minimal hepatic encephalopathy, HC healthy control, NS not significant, PHES psychometric hepatic
encephalopathy score, HBV hepatitis B virus
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MRI data acquisition

All MRI data were acquired on a 3.0 T scanner (Siemens,
Verio, Germany). Resting-state functional images were ac-
quired using an echo planar imaging sequence with the fol-
lowing parameters: 35 contiguous axial slices, TR = 2000 ms,
TE =25 ms, FOV =240 mm % 240 mm, matrix = 64 x 64, flip
angle = 90°, and slice thickness = 4 mm. Participants were
instructed to keep their eyes closed, not think of anything in
particular, and keep their heads still. In addition, three-
dimensional T1-weighted magnetization-prepared rapid gra-
dient echo (MPRAGE) sagittal images were collected using
the following parameters: TR = 1.9 ms, TE = 2.48 ms,
FOV =256 mm x 256 mm, matrix =256 x 256, flip angle = 9°,
slice thickness = 1.0 mm, 176 slices.

Functional image preprocessing

Functional data were preprocessed using SPM software and
the Data Processing Assistant for Resting-State fMRI
(DPARSF, http://www.restfmri.net/forum/DPARSF) tool.
The first 10 volumes were discarded to allow for scanner
calibration and adaptation of the participants to the
scanning environment. Slice-timing adjustment and realign-
ment for head-motion correction were performed. Subjects
with more than 2-mm maximum displacement in any of the
x-, y-, or z-directions or more than 2.0° angular rotation
about any axis would have been excluded from the study;
however, no participant was excluded. There were no sig-
nificant differences regarding translational or rotational
movements in any direction between the two groups. The
individual structural image (T1-weighted MPRAGE
images) was coregistered to the mean functional image af-
ter motion correction. The transformed structural images
were then segmented into gray matter, white matter, and
cerebrospinal fluid using a unified segmentation algorithm.
The motion corrected functional volumes were spatially
normalized to the Montreal Neurological Institute (MNI)
space and resampled to 3-mm isotropic voxels using the
normalization parameters estimated during unified segmen-
tation. Finally, the functional images were smoothed using
a Gaussian filter with full-width at half-maximum of 8 mm.
Any linear trend was then removed. The resulting fMRI
data were band-pass filtered (0.01-0.08 Hz) to reduce
low-frequency drift as well as high-frequency physiological
respiratory and cardiac noise. Considering the possible ef-
fects of head motion as well as global, white matter, and
cerebrospinal fluid signals on the results, we also removed
several sources of spurious variance by linear regression,
which included six head motion parameters and average
signals from cerebrospinal fluid, white matter, and the
whole brain.

Definition of DMN seed regions

A seed-based connectivity analysis was performed to identify
the DMN pattern. The seed was centered on the bilateral pos-
terior cingulate cortex (PCC; MNI coordinates: x =0, y =—53,
z=26) [6] with a radius of 6 mm. The mean time series of the
PCC seed was extracted as the reference time course, and
cross-correlation analysis was then conducted between the
mean time course of the PCC and the time series of every
voxel of the whole brain. Finally, a Fisher’s z-transform was
applied to improve normality of the correlation coefficients.

The individual correlation maps from the control group
were subjected to a random-effect analysis by using a one-
sample ¢ test. The threshold was set at P < 0.05, family-wise
error (FWE) corrected. The major nodes of the DMN map
from the control group were then defined as the DMN seed
regions (region of interest, ROI), which included the PCC/
precuneus (PCUN), medial prefrontal cortex (MPFC), bilater-
al inferior parietal lobule (IPL), medial temporal lobe (MTL),
and lateral temporal cortex (LTC). The selection of DMN seed
regions was based on previous studies on DMN anatomical
and functional locations [6, 16]. Characteristics of the DMN
seed regions are presented in Fig. 1 and Table 2.

Computation of dFC within the DMN

The dynamic brain connectome analysis toolbox (http://
restfmri.net/forum/DynamicBC) was used to compute dFC
within the DMN. We initially extracted representative
signals of DMN ROIs for each subject and then calculated
dFC changes using a sliding time-window correlation

Z=+30

I56.8

6.1

Y=-20 T value

Fig. 1 Eight regions of interest (ROIs) within the DMN. These ROIs
were derived from the DMN map of healthy controls and include the
posterior cingulate cortex/precuneus, medial prefrontal cortex, bilateral
inferior parietal lobule, bilateral medial temporal lobe, and bilateral
lateral temporal cortex
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Table 2 Characteristics of the

seed regions within the DMN DMN regions Cluster size (voxels) Brodmann’s area MNI coordinates (mm) Peak ¢ value
map of healthy controls
x y z
PCC/PCUN 1473 31/7/23/30/29 3 —54 27 56.88
I-IPL 448 39/40 —45 —57 30 17.46
r-IPL 285 39/40 48 =57 27 15.24
I-MTL 57 35/36 —21 -33 -12 9.39
r-MTL 33 35/36 27 -18 -18 7.85
I-LTC 481 20/21 —60 -9 -18 12.88
r-LTC 333 20/21 54 12 -33 12.28
MPFC 1834 10/9/8/32 -3 63 18 15.45

PCC/PCUN posterior cingulate cortex/precuneus, /PL inferior parietal lobule, MTL medial temporal lobe, LTC
lateral temporal cortex, MPFC medial prefrontal cortex

The letters “1” and “r” indicate left and right side, respectively. These brain regions were selected as the regions of
interest (ROIs) within the DMN during dynamic connectivity analysis

(SWC) method. We computed correlations between every pair
of ROIs using a sliding temporal window, with a width of 20
TRs (40 s) slid in steps of 1 TR (2 s). We set the width of each
window to 20 TRs according to previous studies [9, 11,
17-20]. For each sliding window, we obtained a correlation
matrix (across 8 DMN ROIs), which was then converted to z-
scores using the Fisher r-to-z transformation. To test the effect
of different time-window length on the result, we also set
window size at 50 TRs (100 s) and investigated the dynamic
functional connectivity in DMN across two groups, given that
recent studies have suggested that the spurious correlations of
the SWC result are reduced when the size of the window is
greater than 1/fiin (fmin = minimum frequency) [21]. The
SWC results (with time-window length = 100 s) see supple-
mentary materials.

Identification of connectivity states

Given that FC patterns reoccur across windows and subjects,
we initially applied K-means clustering to extract the common
(group-level) FC states [22] and then estimated the subject-
specific FC states. In each state, we then examined between-
group differences with respect to connectivity strength based
on subject-specific FC states. K-mean clustering was per-
formed over a range of cluster sizes (K = 2—4) and revealed
similar FC states (see Supplementary Fig. 1 and
Supplementary Fig. 2). We displayed the results of the K-
means clustering method with the number of clusters = 2.
Based on the subject-specific states corresponding to the same
group-level state, two-sample two-tailed ¢ tests were per-
formed to test group differences in connectivity strength.
Also, we examined between-group difference with respect
to the dwell time in each state and the transition times between
states, by using two-sample two-tailed ¢ tests. For each sub-
ject, the dwell time in each state is regarded as the number of
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windows belonging to this state related cluster [23].
Meanwhile, the transition times between states were recorded
for each subject and compared across two groups.

Correlation between connectivity strength from different
states and cognitive performance

Altered connectivities in states 1 and 2 were extracted. Then,
the Spearman correlation analyses were performed between
connectivity strength and PHES result in MHE patients.
P < 0.05 was considered statistically significant.

Results

Figure 2 shows the common states (matrix) of FC across
DMN regions, which were extracted using the K-means clus-
tering method with cluster size = 2. The visualized network
patterns of the common FC states were obtained at a threshold
of 0.35 to highlight differences in connectivity pattern be-
tween the 2 states. State 1 exhibited stronger connectivity
strengths across 8 DMN regions relative to state 2. In addition,
we set the number of clusters to 3 and 4 when K-means clus-
tering was performed, and similar results were observed (see
Supplementary Fig. 3 and Supplementary Fig. 4).

Figure 3 shows the between-group difference in dFC with-
in the DMN. By comparing subject-specific states, we found a
significant reduction in FC of MHE patients during both states
1 and 2, while no increased connectivity was found in MHE
patients. In state 1, MHE patients showed significantly de-
creased connectivity strength along 12 connections, which
included PCC/PCUN, right MTL; PCC/PCUN, left LTC;
PCC/PCUN, right LTC; left IPL, right MTL; left IPL, left
LTC; right IPL, right MTL; right IPL, left LTC; right IPL,
right LTC; right MTL, right LTC; right MTL, MPFC; left
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Fig. 2 The common states (matrix) of functional connectivity within the
DMN, which was extracted using the K-means clustering method, and the
visualized network pattern of the common functional connectivity states

LTC, MPFC; and right LTC, MPFC. Among these 12 connec-
tions, 10 remained significantly reduced connectivity strength
in the MHE group, after the correction for multiple compari-
sons by false-discovery rate (FDR) procedure. Details on de-
creased connectivity in state 1 are summarized in Table 3. In
state 2, reduced connectivity strength was observed along 9
connections, which included PCC/PCUN, left MTL; PCC/
PCUN, right MTL; PCC/PCUN, left LTC; PCC/PCUN, right
LTC; left IPL, left MTL; left IPL, left LTC; left IPL, right
LTC; left IPL, MPFC; and left LTC, right LTC. Among these
9 connections, only 1 remained significantly reduced connec-
tivity strength in the MHE group, after the correction for mul-
tiple comparisons by FDR procedure. Details on decreased
connectivity in state 2 are summarized in Table 4. In addition,
when the number of clusters was set to 3 or 4 (with window
size =40 s), similar results in two-sample 7 tests were observed
(see Supplementary Fig. 3 and Supplementary Fig. 4).

at a threshold of 0.35. The line sizes indicate functional connectivity
strength in the states

Meanwhile, when the window size was set at 100 s (with
cluster number = 2), the similar findings were also obtained
(see Supplementary Fig. 5 and Supplementary Fig. 6). In sum-
mary, compared with HCs, MHE patients presented weaker
connectivity strengths in both states 1 and 2.

Based on the between-group comparison of the dwell time
in states, we found that MHE patients seemed to stay in state 2
(in which the subsystems of DMN were less connected) for
the longer time, compared with healthy controls (Fig. 4). But
this trend did not reach statistically significant level
(P = 0.138). No significant difference in transition times was
found between two groups (P = 0.474), which may suggest
the similarity in the variability of the functional network dy-
namics across two groups, to some extent.

In MHE patients, several altered connectivities in state 1,
including PCC/PCUN, right MTL; left IPL, right MTL; right
IPL, right MTL; right IPL, right LTC; and right MTL, MPFC,
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MPFC r-LTC I-LTC r-MTLI-MTL r-IPL I-IPL PCC

PCC I-IPL r-IPL I-MTLr-MTL I-LTC r-LTC MPFC P value

State 1

MPFC r-LTC I-LTC r-MTL I-MTL r-IPL IHIPL PCC
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State 2

Fig. 3 The two-sample ¢ test results from comparing subject-specific
functional connectivity states between the 2 groups and visualized
aberrant connectivities for states 1 and 2. The line sizes indicate
significance of between-group differences in functional connectivity.

were correlated with PHES result (Table 5). Figure 5 shows
the significant correlation between connectivity strength
(along 4 connections, see Table 5) and PHES result, after the
correction for multiple comparisons by FDR procedure. In
state 2, no significant correlation was observed between con-
nectivity strength and PHES result.

Discussion

Recent studies have highlighted characteristics of dFC in the
human brain, which has attracted increasing attention [9, 10].
Consistent with these reports, we found different FC states of
the DMN in both HCs and MHE patients; a stronger connec-
tivity pattern across DMN regions was clearly observed in

@ Springer

The “*” denotes significantly decreased connectivity (P < 0.05, FDR
corrected) in the patient group. The “I')” denotes significantly decreased
connectivity (P < 0.05, uncorrected) in the patient group

several states when compared with the other states.
Furthermore, by comparing subject-specific FC states, we
found that MHE patients presented weaker DMN connectivity
strengths compared with HCs in all functional states. The
DMN is considered a major contributor to normal cognitive
functions such as attention and executive functions [16, 24].
Therefore, lower DMN connectivity might suggest cognitive
impairment due to MHE. This implication is supported by the
results of correlation analysis, which showed that altered dFC
was significantly correlated with patients’ cognitive perfor-
mance assessed by the PHES test. These findings further con-
firmed the essential role of DMN dysfunction in MHE
mechanisms.

By utilizing various static connectivity analysis methods,
such as independent component analysis (ICA) and seed-
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Table 3  Significant reduction of dynamic functional connectivity
within the DMN (state 1) in MHE patients compared with healthy
controls

Connectivity Connectivity strength (Z value) P value
HC subjects MHE patients

PCC/PCUN-r-MTL 0.236 +0.217 —0.003 +0.204 0.0005#
PCC/PCUN-I-LTC 0.480 + 0.140 0.342 £ 0.205 0.0116#
PCC/PCUN-r-LTC 0.528 £0.173 0.385 +£0.202 0.0154#
I-IPL---MTL 0.121 £0.221 —0.081 £ 0.207 0.0033#
I-IPL-I-LTC 0.696 +0.140 0.555 +£0.215 0.0122#
r-IPL---MTL 0.183 £0.194 0.001 +£0.223 0.0058#
r-IPL-I-LTC 0.532 +£0.175 0.409 £ 0.227 0.0484

r-IPL-r-LTC 0.641 £0.124 0.508 +£0.223 0.0164#
-MTL-r-LTC 0.279 £ 0.205 0.075+£0.221 0.0029#
-MTL-MPFC 0.172 £0.192 —0.086 +0.232 0.0002#
I-LTC-MPFC 0.697 +0.102 0.532 +0.260 0.0065#
r-LTC-MPFC 0.629 +0.130 0.510 +0.230 0.0370

PCC/PCUN posterior cingulate cortex/precuneus, /PL inferior parietal
lobule, MTL medial temporal lobe, LTC lateral temporal cortex, MPFC
medial prefrontal cortex

The letters “1” and “r” indicate left and right side, respectively. The “#”
indicates statistical significance (P < 0.05), after correction for multiple
comparisons by false-discovery rate (FDR) procedure

based connectivity approach, many studies have consistently
revealed a reduction of DMN FC in MHE patients [5, 6, 25,
26]. Our results showed decreased DMN dFC, which extends
existing findings and further verifies loss of DMN integrity in
MHE. According to previous studies, DMN dysfunction

Table 4  Significant reduction of dynamic functional connectivity
within the DMN (state 2) in MHE patients compared with healthy
controls

Connectivity Connectivity strength (Z value) P value
HC subjects MHE patients
PCC/PCUN-I-MTL 0.445 £0.274 0.175 £ 0.263 0.0018
PCC/PCUN-r-MTL 0.436 £ 0.282 0.173 £0.235 0.0019
PCC/PCUN-I-LTC 0.347 £0.276 0.085+£0.310 0.0051
PCC/PCUN-r-LTC 0.397 £0.282 0.114 £ 0311 0.0029
I-IPL-I-MTL 0.329 +0.249 0.042 +0.258 0.0006#
I-IPL-I-LTC 0.594 £ 0.225 0.332+£0.282 0.0013
I-IPL-r-LTC 0.457 £0.267 0.247 £ 0.285 0.0158
I-IPL-MPFC 0.572 +0.206 0.418 £ 0.254 0.0320
I-LTC-r-LTC 0.615+£0.159 0.608 +0.141 0.0071

200+ @ Control
B MHE
150 *
504

State 1

Dwell time
=}
o
1

|

State 2

12 @ Control
B MHE

10

Transition times

24

Fig. 4 The between-group comparison of the dwell time in states and
transition times. The boxplots show the dwell time and transition times in
healthy controls (blue) and MHE patients (red). MHE patients seemed to
spend longer time to stay in state 2, compared with healthy controls. But
this trend did not reach statistically significant level (P = 0.138). No
significant difference in transition times was found between two groups
(P=0474)

Table S  The correlation between cognitive performance and dynamic
functional connectivity within the DMN (state 1) in MHE patients

Connectivity rvalue P value Connectivity rvalue P value
PCC/PCUN--MTL 0.581  0.007# r-IPL--LTC ~ 0.403  0.078
PCC/PCUN-I-LTC  0.203  0.391  r-IPL--LTC  0.674  0.001#
PCC/PCUN--LTC  0.225  0.340  +-MTL-~-LTC 0407  0.075
-IPL--MTL 0.535  0.015# rMTL-MPFC 0.506  0.023
I-IPL-I-LTC 0363  0.115 I-LTC-MPFC  0.269  0.251
r-IPL--MTL 0.571  0.009# r-LTC-MPFC 0315 0.176

PCC/PCUN posterior cingulate cortex/precuneus, /PL inferior parietal
lobule, MTL medial temporal lobe, LTC lateral temporal cortex, MPFC
medial prefrontal cortex

The letters “1” and “r” indicate left and right side, respectively. The “#”

indicates statistical significance (P < 0.05), after correction for multiple
comparisons by false-discovery rate (FDR) procedure

PCC/PCUN posterior cingulate cortex/precuneus, /PL inferior parietal
lobule, MTL medial temporal lobe, LTC lateral temporal cortex, MPFC
medial prefrontal cortex

The letters “1” and “r” indicate left and right side, respectively. The “#”
indicates statistical significance (P < 0.05), after correction for multiple
comparisons by false-discovery rate (FDR) procedure
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Fig. 5 The correlation between functional connectivity strength in state 1 and cognitive test result. The connectivity strength along 4 connections is
found to be correlated with PHES result, after the correction for multiple comparisons by FDR procedure

(reflected by altered FC) may be associated with several path-
ological processes in cirrhosis such as inhibition of cerebral
energy metabolism involving DMN-related regions [27] and
cerebral edema attributed to metabolic disturbance of ammo-
nia [25].

Previous resting-state functional MRI studies have demon-
strated that several DMN regions such as the PCC/PCUN
show remarkably decreased connectivity with other regions
[5, 25, 26]. Consistent with these results, our dynamic con-
nectivity analysis showed significantly reduced connectivity
from the PCC/PCUN to the MTL and LTC, regardless of
whether the data were obtained during functional state 1 or
2. This finding further suggests that the PCC/PCUN is prefer-
entially vulnerable during MHE. This implication is well sup-
ported by structural neuroimaging studies revealing that the
PCC/PCUN region undergoes dramatic morphological atro-
phy due to cirrhosis and its complications (HE) [28, 29]. Of

@ Springer

note, several previous studies have suggested that a disrupted
connection between anterior and posterior DMN components
(e.g., PCC/PCUN to MPFC) is an important characteristic in
cirrhotic patients without overt HE [26, 28]; however, this was
not observed in our study. The conflicting results may be
attributed to different data processing methods: we used a
ROI-wise correlation analysis, while the other studies used a
voxel-wise correlation approach. It is worth noting that anoth-
er study utilizing a ROI-wise correlation method found no
significant change in connectivity between the PCC/PCUN
and MPFC [6], which may verify the reliability of our result.

In studies using static connectivity analysis, the MPFC is
another area that often shows decreased connections with oth-
er DMN regions such as the hippocampal formation, temporal
pole, and inferior parietal cortex [6]. Consistent with these
results, we found decreased connections between the MPFC-
MTL and MPFC-LTC in state 1 and MPFC-IPL in state 2. It is
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notable that our findings may indicate MHE-related changes
in MPFC connectivity patterns associated with different func-
tional conditions of the DMN that cannot be detected by static
connectivity analysis. In addition, reduced connectivity along
the IPL-LTC and IPL-MTL pathways was observed in MHE
patients. These findings are not well described by previous
studies, although group-ICA studies have suggested de-
creased FC in the bilateral angular gyrus and parahippocampal
gyrus [7]. This phenomenon may be attributed to the limited
ability of conventional static connectivity analysis to capture
time-varying properties of brain network connectivity. Based
on the advantage of dynamic FC analysis, we could explore
MHE-related FC alteration more comprehensively.

Several limitations of the current study should be ad-
dressed. First, the relatively small sample size may reduce
the generalizability of our results to some extent. Second, we
only examined alterations of dynamic connectivity within the
DMN. Further studies must examine, in more detail, dFC
changes within or between other brain intrinsic networks, such
as attention and salience networks, that are affected by MHE.
Third, we investigated MHE-related changes in FC strength
(functional coupling between different DMN ROIs) within
distinct states. Other time-varying connectivity metrics (e.g.,
graph metrics) should be examined in future studies to provide
more comprehensive insight into dFC characteristics in MHE.
Fourth, we applied the sliding window correlation, whose
performance depends on the choice of multiple parameters
[30]. For example, the frequency components of the fMRI
signal and the window size interact to affect the introduction
of spurious correlations [18, 20]. Thus, more comprehensive
study is recommended to validate our findings, by using dis-
tinct fMRI data and parameter setting, in the future. Fifth,
future longitudinal studies are recommended to define the
evolution of DMN dynamic connectivity during progression
of HE and following various therapies, to validate the poten-
tial of altered dynamic connectivity as a clinical biomarker.

In conclusion, aberrant dynamic DMN connectivity is an
additional characteristic of MHE. Disruption of DMN integ-
rity in MHE is associated with patient cognitive impairment.
Dynamic connectivity analysis offers a novel paradigm for
understanding mechanisms underlying MHE.
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