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Abstract

Neurocognitive impairment is present in cirrhosis and may be more severe in cirrhosis with overt hepatic ence-
phalopathy (OHE). Liver transplantation (LT) can restore liver function, but how it reverses the impaired brain
function is still unclear. MRI of resting-state functional connectivity can help reveal the underlying mechanisms
that lead to these cognitive deficits and cognitive recovery. In this study, 64 patients with cirrhosis (28 with
OHE; 36 without OHE) and 32 healthy control subjects were recruited for resting-state fMRI. The patients were
scanned before and after LT. We evaluated presurgical and postsurgical neurocognitive performance in cirrho-
sis patients using psychomotor tests. Network-based statistics found significant disrupted connectivity in both
groups of cirrhotic patients, with OHE and without OHE, compared with control subjects. However, the presur-
gical connectivity disruption in patients with OHE affected a greater number of connections than those without
OHE. The decrease in functional connectivity for both OHE and non-OHE patient groups was reversed after LT to
the level of control subjects. An additional hyperconnected network (i.e., higher connected than control subjects)
was observed in OHE patients after LT. Regarding the neural–behavior relationship, the functional network that
predicted cognitive performance in healthy individuals showed no correlation in presurgical cirrhotic patients. The
impaired neural–behavior relationship was re-established after LT for non-OHE patients, but not for OHE patients.
OHE patients displayed abnormal hyperconnectivity and a persistently impaired neural–behavior relationship after

Significance Statement

After liver transplantation, brain functional impairment induced by cirrhosis shows some recovery in terms
of both brain functional connectivity and cognitive task performance. However, cirrhotic patients with and
without OHE present different recovery paths. We show that a hyperconnected network emerges for OHE
patients only after liver transplantation, within which the connectivity is abnormally higher than that in
healthy control subjects. Furthermore, the predictive power of the neuromarkers for cognitive task perform-
ance returns to normal in non-OHE patients only, but not in OHE patients. These findings suggest that OHE
patients may exhibit functional reorganization in brain functional MRI after liver transplantation. That is, the
brain connectivity responsible for cognitive task performance alters, and the brain–behavior relationship is
reshaped.
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LT. Our results suggest that patients with OHE may undergo a different trajectory of postsurgical neurofunctional
recovery compared with those without, which needs further clarification in future studies.

Key words: connectome-behavior predictive mapping; functional network; liver transplantation; neuropsycholog-
ical assessment; overt hepatic encephalopathy

Introduction
Overt hepatic encephalopathy (OHE) is one of the most

prominent complications in cirrhotic patients. It decreases
a patient’s quality of life, in addition to lowering the
survival rate. Neurocognitive impairment is present in cir-
rhosis and occurs along a continuous spectrum. These
impairments are accelerated by episodes of OHE (Bajaj et
al., 2010), which can often irreversibly impair attention,
learning ability, and executive function (Campagna et al.,
2014). Studies have demonstrated (Bajaj et al., 2010;
Umapathy et al., 2014) poorer neurocognitive perform-
ance in patients with OHE than in those without.
Liver transplantation (LT) is the only effective treatment

for end-stage cirrhosis (Cárdenas and Ginès, 2011).
Successful LT can restore liver function completely.
However, to what extent cognitive dysfunction can be re-
covered, and to what extent OHE can impact the recovery
process, is still unclear (Sotil et al., 2009; Ahluwalia et al.,
2016; Cheng et al., 2017).
Neurocognitive deficits and recovery are usually as-

sessed by extensive psychometric neurocognitive testing
for cirrhosis studies. Previous studies (Bajaj et al., 2009;
Sotil et al., 2009; Campagna et al., 2014) consistently
demonstrate that patients with cirrhosis, both with and
without OHE, produce low performance in the Mini-
Mental State Exam, the Number Connection Test (NCT),
and the Digit Symbol Test (DST). This suggests that the
impairment led by cirrhosis is not limited to a specific
functional domain, but rather includes a wide range of
cognitive functions including short-term memory (recall),
attention, language, comprehension, motor skill, as well
as executive functions. These impairments were reflected
by brain atrophy and decreased functional connectivity
(FC; Chen et al., 2012). Functional MRI, particularly rest-
ing-state functional connectivity (Qi et al., 2012, 2014;
Chen et al., 2016; Cheng et al., 2017; Zhang et al., 2017a,
b), could help to further unravel the underlying

mechanisms that lead to these cognitive deficits and re-
covery. Several studies have investigated the association
between impaired cognitive functions and the functional
connectivity related to these functions using hypothesis-
driven approaches (Qi et al., 2012; García-García et al.,
2018). However, which localized functional connectivity
corresponds to which cognitive functions is still not well
established (Poldrack, 2010; Barch et al., 2013; Poldrack
and Yarkoni, 2016). Furthermore, studies of patients with
various brain injuries have shown evidence that functional
hyperconnectivity or brain reorganization may occur in
response to the initial brain injury, leading to broader
connectivity changes beyond the changes in the rele-
vant brain regions (Castellanos et al., 2010; Grefkes and
Ward, 2014; Bharath et al., 2015; Bernier et al., 2017).
This makes it difficult for investigators to arrive at a
clear conclusion for their neuroimaging data when ap-
plying hypothesis-driven approaches, where only hypo-
thetically relevant functional regions are investigated.
Hence, searching for possible biomarkers across the
whole brain network, via data-driven approaches, with-
out restriction within known brain functional regions,
connections, and functional networks, is critical to
understanding the cirrhosis-associated neurocognitive
impairments and recovery.
Associated brain biomarkers can often make inferring be-

havior from functional connectivity difficult (Woo et al.,
2017). The biomarkers are typically found using a hypothe-
sis driven approach, based on findings from previous related
studies (Yarkoni et al., 2011). To circumvent these potential
problems, further analyses need to be conducted that re-
quire a technique to understand intrinsic network properties,
an approach that is capable of isolating unique patterns
characterizing cognitive performance.
In this study, we used a data-driven approach that com-

bined a cognitive task with whole-brain FC to provide a
new perspective on cognitive deficits and recovery for
OHE and non-OHE cirrhotic patients before and after
transplant surgery. We evaluated neurocognitive deficits
in cirrhotic patients and recovery after LT using a standard
psychomotor cognitive task that is reliant on a variety of
functional neural components like sensorimotor, atten-
tion, memory, and executive functions (Miyake et al.,
2000). To avoid limiting our study to the analysis of brain
regions, connections, and functional networks hypo-
thetically related to neurocognitive impairment in pa-
tients with cirrhosis, we used “connectome predictive
mapping” (CPM) to identify unique patterns characteriz-
ing cognitive performance. The CPM searches for all
possible pairs of brain regions and their associated
connectivity values, consequently constructing a con-
nectome model that optimizes the association with be-
havioral scores (Finn et al., 2015; Rosenberg et al.,
2017; Shen et al., 2017). The predictive power and the
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robustness of the connectome was further validated
using cross-validation on novel/unseen subjects. As
such, CPM is a data-driven prediction method that can
identify what aspects of network properties character-
ize cognitive task performance in individuals. Using
CPM, we address questions such as the following. (1)
Compared with healthy control subjects (HCs), are the
disrupted or altered functional connections in cirrhotic
patients with OHE, or in both cirrhotic groups regard-
less of OHE? (2) Are these connections recovered, re-
versed, or reorganized after LT treatment? (3) Are the
re-established connections after LT the same as for
control subjects or are they different from control sub-
jects because of brain reorganization? (4) Is the normal
relationship that is observed between a healthy brain
and cognitive performance impaired in presurgical cir-
rhotic patients, and is this recovered after LT?

Materials and Methods
Subjects
In this prospective study, approval was obtained from

the Ethics Committee of institutional review board from
Tianjin First Center Hospital. All subjects providedwritten in-
formed consent before being included in the study. From
November 2013 to January 2018, 64 patients with end-stage
cirrhosis (28 patients with a history of OHE episodes; 36 pa-
tients without a history of OHE episodes) scheduled to under-
go LT were recruited from the Department of Transplantation
Surgery in Tianjin First Center Hospital. Thirty-two of the 64

patients have been previously reported (Cheng et al., 2015;
Zhang et al., 2017b) investigating regional functional activity,
whereas in this study we evaluated functional connectivity
and specifically its predictive power for behavior (i.e., the
psychomotor cognitive performance score). LT candidates
who completed all necessary laboratory examinations, neu-
ropsychological tests, and baseline MRI were included.
Participants were excluded if they reported the follow-
ing: (1) a history of drug or alcohol abuse; (2) the pres-
ence of any noticeable brain lesions on conventional
MR, such as a tumor or stroke; (3) any major neurologic
or psychiatric disorders; (4) history of liver cancer; (5)
previous liver or other organ transplantation; and (6)
head motion of 1.5 mm or 1.5° during MRI. The etiology
of the cirrhotic patients included type B hepatitis (n=35),
type C hepatitis (n=15), primary biliary cirrhosis (n=8), and
cryptogenic cirrhosis (n=6). Thirty-six of these patients
eventually received successful LT and completed the 1-
month follow-up examination. Included patients had no
complications such as acute transplant rejection, liver fail-
ure, severe biliary complications, or any neurologic compli-
cations, such as alterations in mental status, seizures, and
focal motor deficits. A detailed flowchart of this study is pro-
vided in Figure 1.
Thirty-two age- and sex-matched HCs were recruited

from the local community. All HCs had no diseases or his-
tory of liver or neurologic diseases. All HCs were self-
identified as right handed, with normal sight, and had
completed neuropsychological tests (see details in
Neuropsychological tests).

Figure 1. Subjects involved in this study. Sixty-eight cirrhotic patients were enrolled in this study, and a subset of patients was re-
moved from the subject pool for the following reasons: unavailable baseline MR data, not undergoing LT, postoperative complica-
tions, incomplete biomedical examination, dropping out, or having excess head movement (see panels for exact numbers). In total,
28 patients with OHE and 36 without OHE were analyzed before LT; 13 patients with a history of OHE and 23 patients without a his-
tory of OHE participated in the study after the LT operation.
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Laboratory examinations
All patients completed blood laboratory tests to evalu-

ate liver function 1 week before their MRI scan, both be-
fore and 1 month after LT. These tests included
prothrombin time, albumin, and total bilirubin. For the pre-
operative patients, their Child–Pugh score was used to
assess liver dysfunction. Venous blood ammonia was
also tested for cirrhotic patients. No blood laboratory
tests were performed for HCs.

Neuropsychological tests
All patients and HCs underwent two typical neuropsy-

chological tests to evaluate cognitive function before the
MRI scan. These tests included the NCT type A (NCT-A;
abbreviated as NCT in all text below) and the DST
(Weissenborn et al., 2001). The NCT and DST are part of
the Psychometric Hepatic Encephalopathy Score (Ferenci
et al., 2002; Weissenborn et al., 2005) and are ideal for
this study as they are supported by a variety of functional
neural components given their reliance on different sen-
sorimotor, attention, memory, and executive functions
(Miyake et al., 2000). The DST and NCT have undergone
repeated and rigorous psychometric validation such as
test–retest reliability and discriminant validity in a range of
patient samples (Matarazzo and Herman, 1984; Jaeger,
2018; Zeng et al., 2020). In the NCT task, participants
were required to connect randomly placed figures in order
as quickly as possible to measure psychomotor speed
and attention (Bajaj et al., 2009). Completion time is indic-
ative of performance, and worse performance is indicated
by a longer completion time. The DST is a measure of
complex visuomotor tracking and learning, which empha-
sizes sustained attention, response speed, and visuomo-
tor integration (Bajaj et al., 2011). Digits from one to nine
and corresponding symbols are displayed in front of the
subjects, who are then asked to fill in the blanks with the
symbol that matched each digit. Participants have 90 s to
complete this task. The number of correctly transcribed
symbols is used as an indicator of performance—lower
scores indicate underperformance.

MRI data acquisition
The images were collected at Tianjin First Central

Hospital using a 3.0 T magnetic resonance scanner (TIM-
Trio, Siemens Medical Solutions) and an eight-channel
head coil. For functional images, blood oxygen level-de-
pendent single-shot echoplanar sequence parallel to the
anterior commissure–posterior commissure plane [repeti-
tion time, 2500 ms; echo time, 30ms; flip angle, 90°; field
of view, 220� 220 mm2; matrix, 96� 96; iPAT (integrated
parallel imaging technique) factor, 2; number of slices, 40;
slice thickness, 3 mm; intersection gap, 0.3 mm; 200 vol-
umes; acquisition time, 8.5min] was performed. During
the scan, all subjects were instructed to close their eyes
and remain awake, they were asked to think of nothing in
particular. For structural images, a sagittal 3D T1-
weighted MPRAGE (magnetization-prepared rapid acqui-
sition gradient echo) sequence was used with the follow-
ing settings: repetition time, 1900 ms; echo time, 3 ms;

inversion time, 900 ms; flip angle, 9°; number of slices,
176; slice thickness, 1 mm; matrix, 256� 256. During the
whole scanning period, foam pads were used to reduce
head movement and ear plugs were used to reduce scan-
ner noise. All acquired images were visually inspected
and confirmed by an independent radiologist to be free of
any problems occurring during image acquisition and of
any significant structural lesions.

Data preprocessing
Functional imaging data were preprocessed using

SPM12 software (https://www.fil.ion.ucl.ac.uk/spm/). For
each participant, the first 10 volumes were removed to
allow for dynamic equilibrium and adaption to the scan-
ning circumstances. The remaining functional images
were corrected for time delays between slices using slice
timing. A six-parameter rigid body transformation in the
realignment analysis was performed to correct head mo-
tion. Participants with a translation exceeding 3 mm and a
rotation of .1.5° were excluded for further analyses. In
the present study, no such participants were removed.
Each individual subject’s structural image was then seg-
mented into gray matter, white matter (WM), and CSF for
normalization after coregistration to the mean functional
image. All functional images were spatially normalized to
the standard MNI (Montreal Neurologic Institute) space
using the generated parameters at an isotropic voxel size
of 3 mm. Finally, normalized functional images were
smoothed with a 4 mm full-width at half-maximum
Gaussian filter aiming to improve the signal-to-noise ratio.
A linear detrended and temporally bandpass filtered
(0.01Hz , f, 0.08Hz) procedure was performed to re-
duce the effects of low- frequency drift and high-fre-
quency physiological noises (Biswal et al., 1995). Several
sources of spurious variance along with their temporal de-
rivative were used to reduce the physiological noise and
remove artifacts by the following linear regression: aver-
aged signals from WM, CSF, and six head motion
parameters.

Whole-brain functional connectivity analysis
To obtain the whole-brain FC matrix, a prior Anatomical

Automatic Labeling template was used to divide the
whole brain into 116 anatomic regions of interest (ROIs),
including 78 cortical, 12 subcortical, and 26 cerebellar re-
gions (Tzourio-Mazoyer et al., 2002). A representative
time series was extracted by averaging the time series of
all voxels within each ROI. Then, Pearson’s correlation
analyses were performed between each pair of ROIs to
calculate the correlation coefficients, followed by the nor-
malization with a Fisher z score transformation. A sym-
metric functional connectivity matrix (116� 116) was
generated for each subject. The triangular portion of the
adjacency matrix was extracted and transformed to a
vectoral feature space with 6670 dimensions.

Network-based statistic
To localize specific pairs of brain regions between

which functional connectivity was altered in cirrhotic
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patients, we used the network-based statistic (NBS) ap-
proach (Zalesky et al., 2010). We first performed two-
sample one-tailed t tests in an element-by-element man-
ner on those connections that were significantly nonzero
(p,0.05, Bonferroni corrected) in at least one participant.
Then, a primary threshold (p, 1� 10�4 in this study; Wang
et al., 2013) was applied to define a set of suprathreshold
links within which any connected components and their size
(defined as the number of links included in these compo-
nents) were determined. To estimate the significance for
each component, a null distribution of connected compo-
nent size was derived empirically using a nonparametric
permutation approach (10,000 permutations). For each per-
mutation, all subjects were reallocated randomly into two
groups, and two-sample one-tailed t tests were conducted
for the same set of connections mentioned above. The
same primary threshold (p, 1� 10�4) was then used to
generate suprathreshold links within which the maximal
connected component size was recorded. Finally, for a con-
nected component of size M (i.e. number of edges) found in
the right grouping of control subjects and patients, the cor-
rected p value was determined by calculating the proportion
of the 10,000 permutations for which the maximal con-
nected component was larger than M.
NBS was first applied to compare the FC differences be-

tween control subjects and pre-LT patients to show the dis-
rupted connectivity induced by cirrhosis. NBS was then
applied to compare control subjects and post-LT patients to
show whether there was still impaired FC after the LT. Finally,
NBSwas conducted to compare pre-LT and post-LT patients
to investigate the FC recovery and hyperconnectivity.

Connectome behavior predictive mapping
Connectome behavior predictive mapping and all sta-

tistics were assessed using MATLAB. To investigate reli-
able biomarkers in predicting task performance in resting-
state whole-brain FC, a completely data-driven approach
of CPM was used for HCs. CPM searched all possible
pairs of regions and their associated connectivity values,
constructing a model (the “connectome”) that maximally
fitted behavioral scores (Finn et al., 2015; Rosenberg et
al., 2017; Shen et al., 2017) using cross-validation.
Specifically, linear regressions were run between each
edge in the connectivity matrix in the resting state and
DST/NCT scores. The resulting p value for each regres-
sion was recorded in a 116� 116 symmetric matrix,
amounting to 6670 different linear regression significance
values. To find the most meaningful associations between
specific connectivity and the task performance, the result-
ing r values were held to a statistical threshold of p, 0.01
and separated into positive tails (edges whose connectiv-
ity strength indexed higher performance scores across
subjects) and negative tails (edges whose connectivity
strength indexed lower performance scores across sub-
jects). Positive and negative values in CPM were defined
as a Pearson’s correlation coefficient r value in terms of
their correlation with behaviors, regardless of better or
worse performance. In our psychomotor cognitive tasks,
a higher DST score represented better performance,
whereas a higher NCT score represented worse per-

formance. Therefore, a positive r value in CPM for the
DST score indicates stronger functional connectivity re-
lated to better cognitive performance. Whereas a negative
r value for the NCT score indicates stronger functional
connectivity related to better performance.
A single summary statistic, network strength, was used

to characterize each participant’s degree of connectivity
in the positive and negative tails. Positive network
strength was calculated by averaging the edge strengths
(Fisher-normalized r values) from a participant’s connectivity
matrix in the edges of the positive tail, and negative network
strength was calculated by averaging the r values of the
edges in the negative tail. Finally, network strength was
used to predict performance scores across subjects using
fivefold cross-validation (Rosenberg et al., 2016; Liu et al.,
2021). Specifically, all control participants were randomly
split into five subgroups. Among the five groups, one group
was selected as the test dataset and the remaining four
groups were used to train a CPM model to search for pre-
dictive functional connectivity for each of the cognitive task
scores (DST, NCT). For the training, a linear regression
model was used to fit the average value of obtained func-
tional connectivity with each cognitive performance score.
This trained model was then applied to predict performance
scores in the test dataset. This process repeated 5 times
until all 5 groups were tested. To validate the predictive ac-
curacy and the robustness of the functional connectivity
identified by CPMmodels, we correlated predicted perform-
ance scores with the observed performance scores for all
participants. If the correlation was reported to be significant,
then the consensus of functional connectivity maps ob-
tained from all of the five CPM models was collected as the
connectome predictor.
Meaningful connectivity-based neuromarkers discov-

ered by CPM in control subjects were then applied in cir-
rhotic patients before and after LT as a post hoc analysis
to evaluate whether the network can still predict subjects’
task performance, which subsequently evaluates the re-
covery of brain–behavior relations.

Data availability
Anonymized data will be shared by request from any

qualified investigator who provides a methodologically
sound proposal, or for the purpose of replicating proce-
dures and results presented in the present study. The
code/software described in the article is freely available
online at https://github.com/bigting84/Cirhosis.

Results
Demographics and clinical data
Demographics and clinical data for all subjects are

summarized in Table 1. There were no meaningful differ-
ences in sex, age, or education level among OHE, non-
OHE, and HC groups (two-way t test, p values. 0.05).
For both the non-OHE and OHE groups, liver function im-
proved significantly (albumin, total bilirubin, blood ammo-
nia, p� 0.01) or showed a tendency toward restoration
(prothrombin time) 1 month after LT (Table 1).
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Behavior score comparison
As expected, OHE and non-OHE groups before LT

underperformed compared with HCs—patients took lon-
ger to complete NCT tasks (p values, 0.009) and had
lower scores in DST tasks (p values , 0.01). One month
after LT, compared with HCs, both the OHE and non-OHE
patients showed comparable performance in both DST
(p values .0.25) and NCT (p values .0.20) tasks. The in-
creased performance in DST scores and decreased per-
formance in NCT scores suggests an enhancement of
cognitive capability. Also, they may indicate cognitive re-
covery after LT for cirrhotic patients regardless of a his-
tory of OHE (Table 1).

Disrupted functional connectivity in cirrhosis
NBS was first applied to compare the FC differences

between control subjects and pre-LT cirrhosis. For pa-
tients without OHE, using the cluster-defining threshold of
p, 1� 10�4 (explained in Materials and Methods), a sin-
gle network of 17 connections among 16 brain regions
was revealed, showing decreased functional connectivity
in the non-OHE group (p=0.037, corrected). We found
that the decreased connectivity was mostly found in the
connections among subcortical nuclei such as amygdala,
putamen, and pallidum as well as cortical regions includ-
ing orbital fontal, insular, and cingulate cortices (Fig. 2A).
For OHE patients, a single network of 65 connections

linking 47 brain regions was revealed with decreased
functional connectivity (p=0.006, corrected). The con-
nectivity was mostly found in the connections involving
the following structures: subcortical nuclei (amygdala,

putamen, pallidum), limbic system (temporal cortex, cin-
gulate cortex, parahippocampal gyrus), orbital frontal cor-
tex, and other frontal, parietal cortex and cerebellum brain
regions (Fig. 2B).
NBS was then applied to compare the FC differences

between control subjects and post-LT cirrhosis. There
were no significantly different connections found in both
OHE and non-OHE patients.

Reversed functional connectivity after LT
Furthermore, using the cluster defining threshold of

p, 1� 10�4, one additional network of 19 connections
between 17 brain regions was revealed, showing in-
creased functional connectivity in the OHE group (p= 0.009,
corrected) after LT relative to the connectivity found before
LT. We found that this increased connectivity was not in-
volved in the disrupted network seen before LT, but mostly
found in the connections between cerebellum subregions,
and between cerebellum and occipital cortex, orbital-frontal
cortex, and limbic systems (Fig. 3A). A post hoc analysis
using two-sample t test revealed that the network strength
of this network in OHE post-LT scans was significantly high-
er than healthy control subjects (p=0.008; Fig. 3B), suggest-
ing an LT-induced hyperconnectivity for OHE patients only.

Brain–behavior model establishment in healthy
control subjects: cross-group validation
A fivefold cross-validation was applied to evaluate

whether the networks selected from CPM could be gener-
alized to predict unseen subjects. This step was critical
because the CPM used was constructed using healthy

Table 1: Demographic, neuropsychological, and biochemical information from the dataset

Protocols
HCs
(n=32)

Pre-LT (n=64) Post-LT (n=36)

p Value
non-OHE
(n=36)

OHE
(n=28)

non-OHE
(n=23)

OHE
(n=13)

Sex 0.841a

Male 21 24 20 16 10
Female 11 12 8 7 3
Age (years) 51.26 7.2 48.16 9.9 49.16 8.6 47.469.4 49.169.3 0.272b

Education (years) 12.76 2.6 11.76 2.8 12.46 3.0 12.262.5 12.663.9 0.436b

NCT (s) 40.46 10.2 56.56 32.1 59.86 22.8 44.5621.8 45.0615.6 0.009c/0.007d

0.357e/0.253f

DST (score) 47.86 10.5 39.26 13.7 34.96 16.5 48.3615.0 42.3617.4 0.010c/0.006d

0.897e/0.200f

Prothrombin time (s) 17.86 6.3 17.46 4.5 14.867.7 13.366.4 0.105g/0.022h

Albumin (mg/dl) 33.26 8.3 31.96 5.8 40.566.0 39.365.5 0.000g/0.001h

Total bilirubin (mg/dl) 78.26 104.0 64.96 54.5 16.3610.5 15.168.1 0.001g/0.000h

Blood ammonia (mmol/l) 61.86 21.9 84.606 29.5 37.0610.0 48.2622.4 0.000g/0.000h

Child–Pugh score
Class A 5 0 4 0
Class B 14 6 9 2
Class C 17 22 10 11

Data are presented as the mean 6 SD.
a The p value was obtained by the Pearson x2 test (two-tailed).
b The p value was obtained by the one-way ANOVA test among the three groups (two-tailed);.
c The p value was obtained by the two-sample t test between pre-LT in non-OHE group and HCs (two-tailed).
d The p value was obtained by the two-sample t test between pre-LT in OHE group and HCs (two-tailed).
e The p value was obtained by the two-sample t test between post-LT in non-OHE group and HCs (two-tailed).
f The p value was obtained by the two-sample t test between post-LT in OHE group and HCs (two-tailed).
gThe p value was obtained by the two-sample t test between post-LT and pre-LT in non-OHE group (two-tailed).
h The p value was obtained by the two-sample t test between post-LT and pre-LT in OHE group (two-tailed).
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individuals. Once established, the selected functional
connectivity would be used as a biomarker to evaluate the
relationships between functional connectivity and behav-
ioral outcomes before and after LT for the cirrhotic patient
group. To this end, the positive and negative network

models described in the Materials and Methods section
were used.
In healthy control subjects, our results showed that the

CPM models trained on positive networks predicted the
DST task scores of unseen individuals (correlation

Figure 3. The restored resting-state functional network for post-LT OHE patients detected by NBS. A, The region pairs showing in-
creased functional connections in OHE patients after LT compared with pre-LT scans. These connections formed a single con-
nected network with 19 nodes and 17 connections, which was significantly (p=0.009, corrected) higher after LT. The increased
connectivity was mostly found in the connections between cerebellum subregions, and between cerebellum and occipital cortex, or-
bital-frontal cortex, and limbic systems. B, Post hoc analysis comparing the strength of the network detected in post-LT OHE pa-
tients in three groups. The strength of the network after LT was significantly higher than that in control subjects (two-sample t test,
p=0.008, corrected), suggesting an LT-induced hyperconnectivity within the detected network.

Figure 2. The disrupted resting-state functional networks for pre-LT non-OHE and OHE patients detected by NBS. A, The region
pairs showing significantly decreased functional connections in non-OHE patients compared with control subjects. These connec-
tions formed a single connected network with 16 nodes and 17 connections, which was significantly (NBS, p=0.037, corrected) ab-
normal in the patients. The decreased connectivity was mostly found in the connections among subcortical nuclei such as
amygdala, putamen, pallidum, and orbital frontal cortex. B, The region pairs showing decreased functional connections in OHE pa-
tients. These connections formed a single connected network with 47 nodes and 65 connections, which was significantly (NBS,
p=0.006, corrected) abnormal in the patients. The connectivity was mostly found in the connections involving the following struc-
tures: subcortical nuclei (amygdala, putamen, pallidum), limbic system (temporal cortex, cingulate cortex, parahippocampal gyrus),
orbital frontal cortex, and other frontal, parietal cortex and cerebellum brain regions. Functional connectivity was visualized using
the BrainNetViewer toolbox in MATLAB (Xia et al., 2013), and an MNI-ICBM152 brain template (http://www.bic.mni.mcgill.ca/
ServicesAtlases/ICBM152NLin2009) was used to show the brain coordinates.
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between predicted and observed DST scores: r=0.501,
p=0.005), and the models trained on negative networks
predicted NCT scores (correlation between predicted and
observed: r=0.446, p=0.012; Fig. 4). Therefore, the posi-
tive network model predicting DST scores and the nega-
tive network model predicting NCT scores were further
used to explore brain–behavior relationships in OHE and
non-OHE patients.
Because the connections selected in each training cycle

(among the five folds) were not completely identical, we ex-
tracted the connections that consistently predicted cogni-
tive test performance in all cycles. In this manner, 6
connections from the positive network predicting DST and
12 connections from negative network predicting NCT were
selected (Fig. 5B). The DST and NCT represented similar
cognitive functions, and we found that their values signifi-
cantly correlated with one another (r = �0.781, p, 0.0001).
Thus, we constructed a network that combined connections
that were included in both NCT negative networks and DST
positive networks, and we called this network the “psycho-
motor network” (PMN). The PMN was then used to predict
cognitive performance in patients before and after LT.

Brain–behavior relationships in patients before and
after LT
For each patient, we first computed network strength by

averaging the edge strengths within the PMN, and then con-
ducted linear models relating the PMN network strength to
NCT and DST scores. The PMN strength did not predict cog-
nitive performance for pre-LT scans of either OHE or non-
OHE patients (p values. 0.319). However, after LT, the cog-
nitive performance scores in non-OHE patients were pre-
dicted by PMN strength when analyzing their post-LT scans
(DST: F(1,21) =7.67, p=0.011, r=0.517, b =12.58; NCT:
F(1,21) =4.174, p=0.049, r = �0.424, b = �21.33; Fig. 5), but
the scores in OHE patients were not (p values . 0.354).

OHE impacts the neural–behavior relationship after LT
Previously, we found that the PMN strength significantly

predicted cognitive performance only in healthy control
subjects and non-OHE patients after LT. Accordingly, we
further assessed whether OHE played a moderative role
in the predictive relationship between resting-state con-
nectivity and cognitive performance in post-LT scans.
Moderated regression analyses assessed the association
of PMN strength with DST and NCT scores, including
OHE as a moderator. These analyses used unstandar-
dized regression coefficients and 95% bias-corrected
confidence intervals (CIs) from 10,000 bootstrap esti-
mates (Hayes, 2017, model 3). Results revealed a signifi-
cant interaction between OHE and non-OHE groups
regarding the relationship between resting-state network
strength and behavioral performance (p=0.029; 95% CI,
1.9423, 23.2147). No such relationships between OHE
and non-OHE groups were found before LT.
Similarly, moderated mediation analyses also assessed

the association of network strength with NCT scores, in-
cluding OHE as a moderator. Results revealed a trend of
the interaction effect between OHE and non-OHE groups
(p=0.061) in post-LT scans. No effect was found in pre-
LT scans.

Discussion
In this study, we investigated the impairment of func-

tional connectivity in cirrhotic patients and the recovery
of impaired functional connectivity after LT by strategically
using whole-brain functional connectivity comparisons and
connectome–behavior predictive-mapping approaches. We
found that the transplant surgery facilitated a recovery of
the disrupted functional connectivity in cirrhotic patients.
Furthermore, it was shown that OHE patients became ab-
normally hyperactive in a specific functional network after
LT, which was not part of the initially disrupted network,

Figure 4. Cross-validation for the CPM. Functional connectivity models predicting cognitive task performance in healthy individuals.
Scatter plots show correlations between observed performance scores and predictions by positive (left, for DST) and negative
(right, for NCT) networks. Network models were iteratively trained on resting-state data from training subjects in the control group
and tested on resting-state data from the individuals that were left out. For negative networks in the DST task and positive networks
in the NCT network, no meaningful correlations were found.
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suggesting a reorganization of the brain network in OHE pa-
tients in response to the surgery. Exploring functional con-
nectivity in relation to psychomotor behavioral performance,
we observed that the predictive relationship between
functional connectivity and behavioral performance
seen in control subjects was impaired in cirrhotic pa-
tients. This impaired relationship was recovered after
LT in patients without OHE history only. The moderator
role of OHE suggested that the presence of OHE may
hinder normal brain connectivity recovery after LT in
cirrhotic patients.

Neural and cognitive recovery difference between
OHE and non-OHE patients after LT
Several interesting findings were obtained from the

NBS-based comparison and post hoc analysis among
groups, as follows: (1) OHE patients exhibited a larger
number of, and more widely distributed, disrupted FC
than non-OHE patients, suggesting more serious brain

impairment by OHE; (2) no significantly decreased FC
was found in post-LT scans compared with control sub-
jects (i.e., disrupted networks for OHE and non-OHE both
recovered); and (3) hyperconnectivity was found in post-
LT scans for OHE patients only, indicating the most signif-
icantly increased connections after LT were actually ab-
normal (higher than those in control subjects). Note that
neither OHE nor non-OHE patients exhibited significantly
disrupted connectivity after LT compared with control
subjects. However, the NBS revealed the significantly in-
creased connectivity in OHE patients only after LT, com-
pared with before LT. It is not clear whether the recovery
of the initially disrupted functional connectivity occurs
partially or fully (for both OHE and non-OHE patients) be-
cause NBS is a relatively rigorous statistical approach
and may not capture the connectivity difference between
preoperative and postoperative scans. The enhanced
functional connectivity identified in OHE patients was un-
likely to be naturally recovered connectivity, as it was not
part of the network that was initially disrupted in the

Figure 5. The connectivity-based neuromarkers obtained using connectome–behavior predictive mapping. A, Connectome–
behavior predictive mapping found every single connection that had a meaningful relationship (p, 0.01) to NCT/DST
scores in HCs using cross-validation. This meaningful connectivity was then used to predict NCT/DST performance for pa-
tients before and after LT. B, The region pairs with functional connections negatively predicting NCT scores and positively
predicting DST scores in control subjects. These connections formed a single connected network with 19 nodes and 18
connections, and we call this network the PMN. The predictive connectivity in PMN was mostly found in the connections
linked to cerebellum subregions and paracentral cortex. C, Post hoc analysis comparing the predictive power of PMN net-
work strength for NCT and DST scores in both pre-LT and post-LT scans. Before LT, network strength in PMN did not pre-
dict NCT/DST scores for both OHE and non-OHE patients. After LT, however, the cognitive test scores were predicted by
PMN network strength when analyzing non-OHE patients only (DST: r = 0.517, p = 0.011; NCT: r = �0.424, p = 0.049), but
not OHE patients.
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patients before LT. Rather, it could be an abnormally es-
tablished or reorganized network in response to LT under
severe brain impairment because of the presence of OHE.
Since hyperconnectivity in response to brain injury or

insult has become common in clinical brain network stud-
ies (Hillary et al., 2015; Jones et al., 2016; Kim et al.,
2020), it might be inappropriate to simply assume that the
hyperconnectivity after LT as a means of better recovery
for OHE. Instead, hyperconnectivity might represent a re-
organization of the functional network in response to the
initial damage (probably irreversible) of OHE, or another
source of brain insults, as an adverse surgical effect
(Filippini et al., 2009; Hillary and Grafman, 2017). In other
words, OHE might induce adaptive and deformed neuro-
plastic changes or functional reorganization during the
brain recovery process following LT. However, it remains
necessary to investigate the persistence of the observed
hyperconnectivity and its long-term consequences, given
the chronic engagement of additional neural resources
(Hillary and Grafman, 2017).
Psychomotor neurocognitive tests revealed impaired

behavioral performance for cirrhotic patients compared
with healthy individuals, and performance improvement
after LT. Additionally, our investigation of brain–behavior
predictions for cirrhotic patients sheds light on the mech-
anism of cognitive recovery using a generalized PMN
model. For example, the PMN was not a good predictor of
performance before the LT surgery for cirrhotic patients
regardless of OHE. After LT, the PMN became signifi-
cantly associated with cognitive performance for patients
without OHE, but not for those with OHE. Given that
the OHE patients also showed better behavioral per-
formance after LT while the association between PMN
and cognitive performance was impaired, it is possible
that their post-LT behavioral performance was driven
by the newly established hyperconnectivity or the net-
work reorganization induced by the possibly severe
and irreversible damage of OHE. Furthermore, we
found that one of the key regions in PMN—cerebellum
—was largely involved in the hyperconnected network
for OHE after LT, suggesting that the hypercerebellar
network established in OHE patients after LT may
dissociate the relationship between the PMN and be-
havioral performance that was observed in healthy in-
dividuals. However, hyperconnectivity after LT was
not observed for non-OHE patients, possibly because
the brain damage because of non-OHE cirrhosis was
milder. Accompanied by the recovery of functional
connectivity after LT, the functional role of PMN in re-
lation to NCT and DST tasks could therefore be recov-
ered, which in turn drove the behavioral performance
for non-OHE patients.

Functional decoding of PMN
Psychomotor ability refers to a wide range of actions in-

volving physical movement related to conscious cognitive
processing (Ackerman and Cianciolo, 2000; Kahol et al.,
2008). It measures the coordination of multiple cognitive
abilities (e.g., attention, visual, executive function, with
motor movement). The main hubs (degree � 5 within

PMN) found in the PMN include paracentral cortex and
posterior cerebellum (cerebellum lobe X). Paracentral cor-
tex is located on the medial surface of the cerebral hemi-
sphere and is the medial continuation of the precentral
and postcentral gyri. Its main role is motor and sensory
functions related to the contralateral lower limb. The cere-
bellum is mainly involved in the control and coordination
of motor movement through multiple mechanisms (e.g., tim-
ing, spatial evaluation, and sensory acquisition; Stoodley
and Schmahmann, 2010). Thus, paracentral cortex and
cerebellum in PMN are indicative of motor regulation,
which is required in psychomotor tasks. In addition, we
also found the following two hubs with relative high de-
gree (degree � 2 within PMN): inferior temporal cortex
and the orbitofrontal cortex. The inferior temporal cor-
tex has been reported as an important region associ-
ated with visual functions (Woloszyn and Sheinberg,
2012), in particular, playing an important role in visual–
motor coordination. The activity in the orbitofrontal cor-
tex is associated with some higher-order cognitive
functions like emotion and emotion regulation (Rolls et
al., 2020), executive function (Nejati et al., 2018), re-
ward learning (Izquierdo, 2017), and decision-making
(Du et al., 2020). Particularly, a recent study also
indicated that the OFC encodes decision variables and
instructs sensory areas to guide adaptive behavior
(Banerjee et al., 2020). In the PMN, it is possible that the
OFC plays an important role in guiding adaptive behav-
ior to achieve a cognitive task goal in an indirect and
sophisticated way. Notably, recent anatomic and func-
tional studies also demonstrated that the cerebellum is
involved in a broad range of cognitive functions in addi-
tion to its historically well known association with sen-
sorimotor control (Strick et al., 2009; King et al., 2019).
For example, the cerebellum is involved in executive
function (Koziol et al., 2012), attention (Osaka et al.,
2004), and emotion process (Guell et al., 2018a).
Particularly, the cerebellum lobe X, which is one of the
main hubs in the PMN, has been suggested to be a non-
motor functional area in several recent studies (Guell et
al., 2018b; Guell and Schmahmann, 2020). Rather, it is
considered to be associated with visual working memo-
ry and visual recognition (King et al., 2019). The exact
role of the cerebellum in the recovery of OHE still needs
to be further addressed in future studies.

Data-driven approachmay find novel and robust
neuromarkers
The data-driven approach based on NBS and CPM

used in this study identified novel connections that were
used for group comparison and predicting cognitive test
outcomes. Previously, hypothesis-driven approaches (Qi
et al., 2012; García-García et al., 2018) have limited the
selection of the region of interest to the brain regions that
are known to be associated with the given cognitive task.
Data-driven feature selection methods (Zalesky et al.,
2010; Rosenberg et al., 2016) like the approach adopted
in the current study, do not have such a limitation. In this
regard, our approach found that the neural mechanisms
for the processing of cognitive tasks in healthy subjects
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become impaired in cirrhotic patients and can be recov-
ered after LT in the absence of OHE. This finding implies
that specific, but novel brain connections might be in-
volved in cognitive tasks of interest for patients with cir-
rhosis. This is more frequently encountered in cognitive
tasks that are more taxing (e.g., tasks that demand multi-
ple cognitive resources like attention, working memory,
motor, and visual-spatial components, like psychomotor
neurocognitive tasks).

Limitations and future directions
There are several limitations in the current study. The

cerebellum plays an important role in fMRI studies for
OHE and cirrhosis. Although the recent literature has
reported that the cerebellum facilitates successful
psychomotor task performance (Medina et al., 2010;
Shiroma et al., 2016), the complete role of the cerebel-
lum in the recovery of OHE still needs to be addressed
further. The current investigation of the brain function-
al recovery process is conducted based on patients 1
month after LT. To answer whether the recovery of
cognitive function, the recovery of connectivity, the
observed hyperconnectivity or functional reorganiza-
tion in cognitive recovery is temporary or persistent,
an extended study that includes longitudinal data with
a longer follow-up after LT is needed. Our data-driven
method also has its own problems: it is difficult to clari-
fy the role of the identified functional network or brain
regions when their original function is not associated
with the target cognitive function. Because of the mod-
est sample size, it is possible that some of the reported
effect sizes are inflated, particularly given the high-di-
mensional feature space; and some of the reported re-
sults may have a higher false-positive rate (Button et
al., 2013). Future studies should focus on replicating
the current findings with a larger sample size.
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