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Abstract
Background

Hepatic encephalopathy (HE) is a common neurocognitive complication of cirrhosis, but how
macroscale cortical hierarchy is reorganized across the cirrhosis—HE spectrum remains incompletely
understood. We characterized functional connectome gradient alterations across clinically defined
cirrhosis stages and examined their clinical correlates.

Methods

This cross-sectional study included 104 participants: 35 patients with HE, 33 with cirrhosis without HE
(NHE), and 36 healthy controls. Resting-state functional MRI was used to derive the first three
connectivity gradients (G1-G3). Group differences were assessed at global, network, and cortical-parcel
levels, and associations with blood ammonia, liver disease severity, and cognition were examined in
patients with cirrhosis.

Results

Both NHE and HE showed reduced G1 range and variance versus healthy controls, indicating
compression of the sensorimotor-to-transmodal hierarchy. Both groups showed higher somatomotor G1
and lower control and default mode G1, whereas HE additionally showed lower limbic G1. The only
significant HE-NHE parcel-level difference involved the right temporal pole. Higher ammonia was
associated with higher somatomotor G1 and lower control and default mode G1, while greater liver
disease severity was associated mainly with lower limbic and default mode G1. Poorer cognition showed
broadly corresponding associations. G2 and G3 did not differ among groups, and the main findings
remained robust in sensitivity analyses.

Conclusion

NHE and HE showed largely shared compression of the sensorimotor-to-transmodal hierarchy, with more
selective HE-associated alterations, particularly in temporolimbic regions. These abnormalities were
associated with ammonia burden, liver disease severity, and cognitive impairment, supporting altered
cortical functional hierarchy as a clinically relevant systems-level phenotype across the cirrhosis—HE
spectrum.

Introduction

Hepatic encephalopathy (HE) is a neurocognitive syndrome arising in the setting of hepatic insufficiency
or portosystemic shunting and represents a clinically important complication of cirrhosis [1-3]. Its
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manifestations span impaired attention, psychomotor slowing, and executive dysfunction to behavioral
abnormalities, altered consciousness, and coma [1, 4]. Covert HE, including minimal HE and West Haven
grade | HE, is clinically relevant because it is associated with subsequent overt HE, hospitalization, and
adverse outcomes [5]. Importantly, cognitive and brain functional abnormalities may already be present
in patients with cirrhosis who do not meet diagnostic criteria for HE [6, 7]. Characterizing brain
alterations across the cirrhosis—HE spectrum may therefore provide insight into the neural organization
underlying cognitive dysfunction in cirrhosis.

Resting-state functional magnetic resonance imaging (rs-fMRI) has revealed widespread functional
abnormalities in cirrhosis, involving sensorimotor, visual association, frontal, and posterior parietal
regions [6—8]. At the network level, abnormalities have been reported in the default mode, somatomotor,
and cognitive control systems [6, 7, 9], while whole-brain analyses further indicate disrupted coordination
among large-scale functional networks [10]. Together, these findings suggest that cirrhosis-related brain
dysfunction involves coordinated alterations across distributed functional systems rather than isolated
regional abnormalities. However, conventional approaches based on regional activity, pairwise
connectivity, or discrete network boundaries do not fully capture the continuous organizational
architecture linking these systems.

The cerebral cortex is organized not only into discrete functional networks but also along continuous
hierarchical axes extending from primary sensorimotor regions to transmodal association cortex [11,
12]. Functional connectivity gradient analysis summarizes similarities in whole-brain connectivity profiles
into low-dimensional axes, providing an integrated representation of macroscale cortical organization
[12-14]. The principal gradient (G1) typically extends from primary sensorimotor systems to the default
mode network, whereas subsequent gradients capture additional distinctions among sensory and
higher-order systems [12, 13]. This framework has revealed hierarchical reorganization across a range of
neurological, psychiatric, and systemic disorders [15-19], providing a systems-level perspective that
complements conventional regional and network-based analyses. Previous studies have identified
reproducible abnormalities of the principal functional gradient in cirrhosis and suggested stage-related
disruption of cortical hierarchy [20]. Nevertheless, how these abnormalities are organized across the
broader clinically defined cirrhosis—HE spectrum, and how they relate to clinical burden and cognitive
dysfunction, remains incompletely understood. We therefore compared functional connectivity gradients
among healthy controls (HCs), patients with cirrhosis without HE (NHE), and patients with HE at the
global, functional-network, and cortical-parcel levels, and further examined their associations with blood
ammonia levels, liver disease severity, and cognitive performance. We hypothesized that cirrhosis would
be associated with disruption of the principal sensorimotor-to-transmodal hierarchy, with additional
alterations in HE, and that these abnormalities would be associated with greater disease burden and
poorer cognitive performance.

Materials and methods

Study design and participants
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The study protocol was approved by the institutional review board of the participating hospital (approval
no. 2025-087) and registered with the Chinese Clinical Trial Registry (ChiCTR2500106101). Written
informed consent was obtained from all participants, and the study complied with the Declaration of
Helsinki.

Patients aged 18-75 years with cirrhosis were consecutively recruited from the outpatient clinic and
inpatient service between January 2025 and March 2026. Cirrhosis was diagnosed according to clinical
practice guidelines [21]. Two hepatologists independently assessed eligibility and assigned West Haven
grades [2, 3]. HCs without liver or systemic diseases were recruited from the same hospital and
frequency-matched by age, sex, and education. Exclusion criteria included alcohol-related cirrhosis or
heavy alcohol consumption within the previous 6 months (> 60 g/day for men and > 40 g/day for women)
[22]; psychoactive substance use disorder or related treatment within 6 months (except nicotine use);
MRI contraindications; hepatic malignancy or rapidly progressive liver failure; West Haven grade 3 or 4
HE; and incomplete MRI data or rs-fMRI data failing predefined quality control. The final sample included
104 participants: 35 HE patients (57.5 + 6.4 years; 23 men), 33 NHE patients (55.7 + 7.2 years; 19 men),
and 36 HCs (55.4 + 7.9 years; 24 men).

Clinical and psychometric assessments were performed on the day of MRI. Patients were classified into
the HE group if they had covert or overt HE at enroliment or a documented overt HE episode (West
Haven grade = 2) within the previous month. A documented overt HE episode was verified from
hepatology records, including West Haven grading and HE-directed treatment. At enrollment, covert HE
included minimal HE and West Haven grade 1 HE, whereas overt HE was defined as West Haven grade 2
HE. Minimal HE was defined as West Haven grade 0 with PHES < - 4. NHE was defined as no
documented history of overt HE based on medical record review and patient/caregiver interview, West
Haven grade 0, and PHES > - 4 [23, 24]. Medication use before and at enrollment, including HE-directed
therapy, was recorded for all patients. Lactulose use at the time of MRI was confined to the HE group
and reflected secondary prophylaxis in patients with recent overt HE. PHES obtained on the MRI day was
used for classification because minimal HE status may fluctuate.

Clinical and neuropsychological assessments

On the day of MRI, trained researchers administered the Mini-Mental State Examination (MMSE) and
Montreal Cognitive Assessment (MoCA) [25, 26], together with the PHES [23], in a quiet, standardized
setting. The PHES was calculated using Chinese norms adjusted for age and education [23]. In patients,
peripheral venous blood was collected within 3 days before MRI for measurement of blood ammonia,
serum sodium, and estimated glomerular filtration rate (eGFR). Liver disease severity was assessed
using the Child-Pugh and Model for End-Stage Liver Disease (MELD) scores [27, 28].

MRI data acquisition and preprocessing
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MRI data were acquired on a 3.0-T United Imaging uMR 770 scanner equipped with a 32-channel head
coil. The protocol included high-resolution T1-weighted imaging, rs-fMRI, T2-weighted imaging, and T2-
FLAIR to assess structural abnormalities. Foam padding and earplugs were used to reduce head motion
and scanner noise. During rs-fMRI, participants were instructed to keep their eyes closed, remain awake
and relaxed, and avoid deliberate mental activity. Detailed MRI acquisition parameters are provided in the
Supplementary Methods.

The rs-fMRI data were preprocessed using the Data Processing & Analysis for Brain Imaging toolbox,
which is based on Statistical Parametric Mapping [29]. Detailed preprocessing procedures are provided
in the Supplementary Methods. Field-map- or reversed-phase-encoding-based susceptibility distortion
correction was not performed because the required acquisitions were unavailable. Data were excluded
due to poor image quality, preprocessing failure, excessive head motion, or insufficient remaining
volumes after motion correction.

Functional connectivity gradient analysis

Individual functional connectivity gradients were generated using BrainSpace (Fig. 1). Based on the
Schaefer 400-parcel seven-network atlas [30, 31], Pearson correlations between parcel-wise time series
were calculated to generate 400 x 400 connectivity matrices, followed by Fisher r-to-z transformation.
Diagonal and negative values were set to zero to obtain a non-negative connectivity representation
before sparsification and diffusion embedding. For each parcel, the strongest 10% of connections were
retained, and cosine similarity was used to construct the affinity matrix [12, 14]. Diffusion map
embedding was applied to derive low-dimensional connectivity gradients [32]. Parameters were set as
recommended (a = 0.5, diffusion time = 0, random seed = 42), and 10 components were retained for
alignment [14].

A cohort-specific HC reference was generated by averaging connectivity matrices from 36 HCs. This
reference was aligned to the BrainSpace group-average Schaefer-400 template using 10-dimensional
orthogonal Procrustes rotation, and individual gradients were subsequently aligned to this reference to
ensure consistent component ordering and orientation across participants [14]. The first three aligned
gradients (G1-G3) were analyzed, explaining 46.8% of variance.

For each gradient, parcel-wise mean, range, and variance were calculated. Network-level gradient values
were obtained by averaging parcels within seven Yeo networks. Parcel-level analyses were performed to
identify regional gradient alterations.

Statistical analysis

Statistical analyses were performed using R 4.4.2. Demographic, clinical, and cognitive variables were
compared using one-way analysis of variance or the Kruskal—-Wallis test, as appropriate, followed by
pairwise comparisons when the omnibus test was significant. Gradient measures were compared using
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analysis of covariance, with age, sex, and years of education included as covariates. Partial Pearson
correlations were used to assess associations between gradient measures and clinical or cognitive
variables in the pooled cirrhosis cohort (HE and NHE), controlling for the same covariates.

The Benjamini—Hochberg false discovery rate (FDR) procedure was used to control for multiple
comparisons. For global analyses, FDR correction was performed separately within each gradient across
the three global metrics (mean, range, and variance). For network-level group comparisons, FDR
correction was performed separately within each gradient across the seven Yeo networks. Post hoc
pairwise comparisons following significant omnibus effects were also FDR-corrected. Parcel-level group
comparisons were FDR-corrected across 400 Schaefer cortical parcels within each contrast. For clinical
association analyses, only G1 networks and cortical parcels showing significant between-group
differences were examined. At the network level, FDR correction was applied across 32 tests (4
significant networks x 8 clinical measures). At the parcel level, FDR correction was applied across 656
tests (82 significant parcels x 8 clinical measures).

Sensitivity analyses were performed by reconstructing gradients at 5.0%, 10.0%, and 15.0% connectivity
sparsity thresholds and by repeating the primary models with mean Jenkinson framewise displacement
(FD) included as an additional covariate. All tests were two-sided, with statistical significance defined as
P < 0.05 or FDR-adjusted P < 0.05, as appropriate.

Results

Clinical and demographic characteristics

Figure 2 illustrates the participant screening, exclusion, and final inclusion process. Table 1 summarizes
the demographic, clinical, and neuropsychological characteristics of the HE, NHE, and HC groups. A total
of 104 participants were included in the final analysis: 35 in the HE group, 33 in the NHE group, and 36 in
the HC group. No significant differences were observed among the three groups in age, sex, years of
education, or mean framewise displacement (mean FD). Compared with the HC group, both the HE and
NHE groups had lower MoCA, MMSE, and PHES scores (all P <0.001). In addition, the HE group had
lower PHES scores and higher Child—Pugh scores and blood ammonia levels than the NHE group (all P <
0.001). MELD scores, serum sodium levels, and eGFR did not differ significantly between the HE and
NHE groups.
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Table 1

Demographic, Clinical, and Neuropsychological Characteristics of Participants in the HE, NHE, and HC

Groups

Characteristic HE group (n= NHE group (n = HC group (n= P

35) 33) 36)
Age (y)? 57.49+6.42 55.67+7.24 55.42+7.88 0.427
Sex, n (%) 0.695
Male 23 (65.7) 19 (57.6) 24 (66.7)
Female 12 (34.3) 14 (42.4) 12 (33.3)
Education (y)? 7.79+2.16 8.05+3.00 7.94+2.39 0.913
Etiology, n (%) 0.886
Viral hepatitis 27 (77.1) 26 (78.8) NA
Autoimmune 7 (20.0) 7 (21.2) NA
Mixed (viral hepatitis + 1(2.9) 0(0.0) NA
autoimmune)
Lactulose use at MRI, n (%) 5(14.3) 0(0.0) NA 0.054
Mean FD3(mm) 0.11+0.05 0.12+0.05 0.12+0.04 0.312
MoCAP %g:gg)(zs.oo, 38:88)(27.00, 38:88)(29.00, <0.001¢
MMSEP %:88)(26.00, %8:88)(28.00, 38:88)(29.75, <0.001¢
PHESP :2:88)(—7.00, 01000(; (-2.00, 8:88)(0.00, <0.001¢
MELD score? 12.74 £ 4.66 10.82+3.80 NA 0.068
Child-Pugh? 213008(§)700 6.00 (5.00,7.00) NA <0.001

@ Data are presented as mean * SD.

b Data are presented as median (IQR).

¢ Pairwise comparisons showed significant differences between HE and NHE, between HE and HC,
and between NHE and HC groups; Mann—Whitney U tests with Holm correction.

Abbreviations: HE, hepatic encephalopathy; NHE, cirrhosis without hepatic encephalopathy; HC,
healthy control; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment;
PHES, Psychometric Hepatic Encephalopathy Score; MELD, Model for End-Stage Liver Disease; eGFR,
estimated glomerular filtration rate; FD, framewise displacement.
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Characteristic HE group (n= NHE group (n = HC group (n= P
35) 33) 36)

: b 92.40 (60.75, 35.30 (26.60, NA <0.001
Ammonia (umol/L) 123.35) 68.80)
Sodium? 140.11 +3.35 141.45 +2.90 NA 0.082
b 98.83 (82.34, 104.23 (8522,  NA 0.191
eGFR 110.62) 113.75)

4 Data are presented as mean + SD.
b Data are presented as median (IQR).

¢ Pairwise comparisons showed significant differences between HE and NHE, between HE and HC,
and between NHE and HC groups; Mann—Whitney U tests with Holm correction.

Abbreviations: HE, hepatic encephalopathy; NHE, cirrhosis without hepatic encephalopathy; HC,
healthy control; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment;
PHES, Psychometric Hepatic Encephalopathy Score; MELD, Model for End-Stage Liver Disease; eGFR,
estimated glomerular filtration rate; FD, framewise displacement.

Functional connectivity gradient alterations

G1-G3 together explained 46.8% of the variance in connectome organization, with G1, G2, and G3
accounting for 24.6%, 13.6%, and 8.6%, respectively. G1 extended from the primary visual and
somatomotor networks to the transmodal DMN, with the Dorsal Attention, Salience/Ventral Attention,
Limbic, and Control networks in intermediate positions, consistent with a sensorimotor-to-transmodal
cortical hierarchy.

Gradient alterations at the global and network levels

G1 range and variance differed among groups. The range was lower in NHE and HE than in HCs (F =
11.939, P <0.001, n,* = 0.196; both pairwise P < 0.001), without a difference between the patient groups.
Variance was likewise lower in NHE and HE than in HCs (F=11.211, P<0.001, Np? = 0.186; pairwise P =
0.001 and P < 0.001, respectively), again without a patient-group difference (Fig. 3A, B; Supplementary
Table 1). Both patient groups showed compression at the two ends of G1 and a relative increase in its
intermediate portion (Fig. 3C).

Network-level differences were observed mainly in the Somatomotor, Limbic, Control, and Default Mode
networks (Fig. 4; Supplementary Table 1). Somatomotor G1 was higher in NHE and HE than in HCs (F =
14.186, P < 0.001, n,? = 0.225; pairwise P = 0.002 and P < 0.001), with no difference between the patient

groups. Limbic G1 was lower in HE than in HCs and NHE (F = 6.522, P = 0.004, n,2 = 0.117; pairwise P =
0.013 and 0.004). Control and Default Mode G1 were lower in both patient groups than in HCs (Control:
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F=8.284,P=0.001,n,>=0.145; Default Mode: F = 8.305, P =0.001, Np? = 0.145; both pairwise P = 0.003),
without NHE-HE differences. Hedges’ g values are shown in Supplementary Fig. 1. No global or network-
level G2 or G3 measure survived FDR correction.

Cortical spatial distribution of principal gradient (G1)
alterations

The three groups retained a similar overall G1 topography (Fig. 5A). Within this shared organization, both
patient groups had higher G1 values in bilateral somatomotor and posterior parietal cortices, extending
into the left parietal operculum, than HCs. Lower values were located mainly in bilateral lateral and
medial prefrontal cortex and parietal association cortex related to the DMN (Fig. 5B; Supplementary
Table 2).

Spatial overlap analysis identified 40 parcels with concordant alterations in both patient groups:
increased G1 values occurred mainly in bilateral somatomotor and posterior parietal cortices, whereas
decreased values occurred in frontoparietal association cortex. NHE-specific changes were
concentrated in lateral and medial prefrontal cortex, left parietal association cortex, and the right
temporo-occipito-parietal junction. HE-specific changes were more widely distributed and additionally
involved bilateral lateral temporal cortices and temporal poles, posterior parietal and frontal association
cortex, and medial Salience/Ventral Attention regions (Fig. 6A; Supplementary Tables 2—-4). The direct
HE-NHE comparison identified one significant parcel in the right temporal pole of the Limbic network
(RH_Limbic_TempPole_4; difference = - 1.649, t = - 4.060, FDR-adjusted P = 0.040; Fig. 6B;
Supplementary Table 5).

Associations of principal gradient alterations with disease
severity and cognitive function

In the pooled patient sample, higher blood ammonia was associated with higher Somatomotor G1 (r =
0.510, P <0.001) and lower Control and Default Mode G1 (r = - 0.499 and - 0.488, respectively; both P <
0.001). Higher Child-Pugh scores were associated with lower Limbic and Default Mode G1 (r=-0.282, P
<0.05;and r=-0.364, P<0.01), and higher MELD scores with lower Default Mode G1 (r=- 0.304, P <
0.05) (Fig. 7A).

Lower PHES scores were associated with higher Somatomotor G1 (r= - 0.326, P = 0.019) and lower
Limbic, Control, and Default Mode G1 (r = 0.414, 0.336, and 0.419, respectively; P<0.01,P<0.05,and P =
0.002). Lower MoCA scores were associated with lower G1 in these three higher-order networks (r =
0.279, 0.355, and 0.410; all P < 0.05), and lower MMSE scores with lower Default Mode G1 (r=0.354, P <
0.01). Representative partial correlation plots are shown in Fig. 7B-E.

Regional correlations were consistent with the network-level findings. Higher ammonia and greater liver
disease severity were associated mainly with higher somatomotor values and lower values in DMN-

Page 10/24



related prefrontal, parietal, and temporal association cortices and bilateral temporal poles. Better
cognition showed the opposite pattern. Complete parcel-level results are provided in Supplementary
Table 6.

Robustness analyses

The principal differences in global G1 range and variance, network-level G1 values, and parcel-level
spatial patterns remained after additional adjustment for mean FD (Supplementary Tables 7-11). The
main global and network findings were also consistent across 5%, 10%, and 15% connectivity sparsity
thresholds (Supplementary Table 12).

Discussion

In this study, functional connectivity gradients were used to characterize cortical organization across the
cirrhosis—HE spectrum. Compared with HCs, both NHE and HE showed reduced G1 range and variance,
with preserved gradient mean and no significant changes in G2 or G3, indicating predominant
abnormalities along the sensorimotor-to-transmodal axis. At the network level, both groups showed
higher somatomotor G1 and lower control and default mode G1, whereas HE additionally showed lower
limbic G1. At the parcel level, NHE and HE exhibited widespread and directionally consistent
abnormalities relative to HCs, while the direct HE-NHE difference was localized to the right temporal
pole. These alterations were associated with blood ammonia, liver disease severity, and cognitive
performance. Overall, the findings indicate a predominantly shared disruption of the principal cortical
hierarchy across NHE and HE, accompanied by more selective HE-associated alterations.

The cortical functional hierarchy is a fundamental principle of large-scale brain organization, supporting
the progressive integration of information from primary sensorimotor processing to higher-order
transmodal cognitive systems [11, 12]. In the present study, reduced G1 range and variance, together
with preserved gradient mean and unchanged G2 and G3, suggest preferential compression of the
principal hierarchical axis rather than a generalized shift across gradient space. Network-level findings
further clarified this pattern: higher somatomotor G1 together with lower control and default mode G1
brought the two ends of the principal gradient closer together. Because gradient position reflects
similarities in whole-brain connectivity profiles across cortical regions [12, 14], this convergence is
consistent with reduced functional differentiation between primary sensorimotor and higher-order
transmodal systems. Previous studies have reported abnormalities in somatomotor, cognitive control,
and default mode networks in cirrhosis [6—9], while stage-related changes in sensorimotor- and visual-
related connectivity have also been observed with HE progression [33]. Similar contraction of the
principal functional hierarchy has been reported in other clinical conditions, including Cushing's disease
and subthreshold depression [17, 18]. Previous gradient work in cirrhosis has likewise demonstrated
stage-related disruption of macroscale cortical hierarchy [20]. Together, these findings suggest that
reduced differentiation between primary and transmodal systems may represent a systems-level feature
of cirrhosis-related brain dysfunction.
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Within this broader hierarchical disturbance, HE-associated alterations were concentrated in the
temporolimbic system. Limbic G1 was lower in HE than in both HCs and NHE, and the direct parcel-level
HE-NHE comparison identified a significant difference in the right temporal pole. Although HE showed
more spatially extensive abnormalities relative to HCs, the direct HE-NHE differences were regionally
selective rather than broadly distributed. The limbic network mainly encompasses orbitofrontal and
anterior temporal regions [30], while the temporal pole is a higher-order association area broadly
connected with sensory, language, paralimbic, and default-semantic systems and contributes to
semantic and socioemotional integration [34-37]. Previous work has similarly implicated right temporal
pole dysfunction in the progression from cirrhosis to MHE and linked it to poorer PHES performance
[10]. Thus, the temporolimbic findings may represent a more selective component of HE-associated
cortical reorganization superimposed on the broader hierarchical abnormalities observed across
cirrhosis.

Clinical correlations further supported the relevance of these gradient abnormalities. Across patients
with cirrhosis, higher blood ammonia levels were associated with higher somatomotor G1 and lower
control and default mode G1, whereas greater liver disease severity was mainly associated with lower
limbic and default mode G1. Poorer PHES, MoCA, and MMSE performance showed broadly
corresponding associations. At the parcel level, these relationships mainly involved the sensorimotor
cortex, default mode-related association cortex, and temporal pole. The right temporal pole parcel that
differed between HE and NHE was associated with PHES performance, while a neighboring temporal
pole parcel was also related to blood ammonia, liver disease severity, and multiple cognitive measures.
Previous studies have likewise linked functional network abnormalities in MHE to PHES performance
and altered cerebral metabolism [38, 39]. Mechanistically, impaired hepatic detoxification and
portosystemic shunting [40] may promote the accumulation of ammonia and other neurotoxic
substances, which can interact with systemic inflammation to disrupt large-scale brain networks through
astrocytic dysfunction, neuroinflammation, and neurotransmitter imbalance [1, 41-43]. Nevertheless,
these cross-sectional associations do not establish causality, and pooled patient correlations may partly
reflect between-group differences.

This study has several limitations. First, this was a single-center, cross-sectional study with relatively
small numbers within individual HE subtypes. The HE group included patients with covert HE, overt HE,
and a recent history of overt HE, limiting subtype-specific interpretation and preventing inference about
longitudinal progression. Second, HE-related treatment may affect blood ammonia levels, cognitive
performance, and resting-state brain function, and medication-related confounding could not be fully
excluded. Moreover, because the HE and NHE groups differed in liver disease severity, additional
alterations observed in HE cannot be attributed exclusively to HE itself. Third, systemic inflammation and
portosystemic shunt burden were not systematically assessed. Fourth, field-map- or reversed-phase-
encoding-based susceptibility distortion correction was unavailable; therefore, the right temporal pole
finding should be interpreted cautiously given the susceptibility of anterior temporal regions to EPI-
related signal loss and geometric distortion. Finally, the Schaefer atlas is restricted to the cerebral cortex
and does not include subcortical or cerebellar regions. Larger multicenter longitudinal studies with
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refined clinical stratification and multimodal imaging are needed to determine how these hierarchical
abnormalities evolve across the course of cirrhosis and HE.

Conclusion

NHE and HE were characterized by a predominantly shared disruption of the sensorimotor-to-transmodal
cortical hierarchy, indicating that large-scale hierarchical abnormalities are already evident in cirrhosis
without HE and remain prominent in patients with HE. Additional HE-associated alterations were more
selectively distributed, particularly within temporolimbic regions. These findings support altered cortical
functional hierarchy as a clinically relevant systems-level phenotype across the cirrhosis—HE spectrum.
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Figure 2

Participant screening, exclusion, and enrollment. Abbreviations: HC, healthy control; NHE, cirrhosis
without hepatic encephalopathy; HE, hepatic encephalopathy.
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Figure 3

Global G1 characteristics. (A) Global range and (B) variance of G1 across groups. Violin plots show
covariate-adjusted individual values; black dots and error bars indicate estimated marginal means and
95% confidence intervals. (C) Distribution of covariate-adjusted parcel-wise G1 scores; bars and lines
indicate probability density and kernel density, respectively. Models were adjusted for age, sex, and
education, with FDR-corrected pairwise comparisons. *P < 0.05, **P < 0.01, ***P < 0.001. Abbreviations:
G1, first functional connectivity gradient; HC, healthy control; NHE, cirrhosis without hepatic
encephalopathy; HE, hepatic encephalopathy.
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Network-level G1 differences. (A-D) Covariate-adjusted G1 scores in the Somatomotor, Control, Default
Mode, and Limbic networks across groups. Violin plots show individual values; black dots and error bars
indicate estimated marginal means and 95% confidence intervals. Models were adjusted for age, sex,

and education, with FDR-corrected pairwise comparisons. *P < 0.05, **P < 0.01, ***P < 0.001.

Abbreviations: G1, first functional connectivity gradient; HC, healthy control; NHE, cirrhosis without
hepatic encephalopathy; HE, hepatic encephalopathy.
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Figure 5

Cortical distribution of G1 and patient-control differences. (A) G1 topography in the HC, NHE, and HE
groups. (B) FDR-corrected differences for NHE versus HC and HE versus HC (P < 0.05); blue and red
indicate lower and higher G1 in patients, respectively. Models were adjusted for age, sex, and education.
Abbreviations: G1, first functional connectivity gradient; HC, healthy control; NHE, cirrhosis without
hepatic encephalopathy; HE, hepatic encephalopathy.
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Figure 6

Shared and group-specific cortical G1 alterations. (A) Parcels altered only in NHE (blue), in both patient
groups (purple), or only in HE (red), relative to HC. (B, C) Right temporal pole parcel
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(RH_Limbic_TempPole_4) showing the significant HE-NHE difference and its magnified location. (D)
Covariate-adjusted G1 scores for this parcel; black dots and error bars indicate estimated marginal
means and 95% confidence intervals. Models were adjusted for age, sex, and education, with FDR

correction across parcels. *P < 0.05. Abbreviations: G1, first functional connectivity gradient; HC, healthy

control; NHE, cirrhosis without hepatic encephalopathy; HE, hepatic encephalopathy.
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Associations of network-level G1 with clinical and cognitive measures. (A) Partial correlation matrix. (B)
Positive correlation of blood ammonia with Somatomotor G1. (C) Negative correlation of blood ammonia
with Control G1. (D) Negative correlation of PHES with Somatomotor G1. (E) Positive correlation of PHES
with Default Mode G1. Analyses were adjusted for age, sex, and education and FDR-corrected. Solid lines
and shaded areas indicate pooled regression fits and 95% confidence intervals; dashed lines indicate
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group-specific fits. Abbreviations: G1, first functional connectivity gradient; HE, hepatic encephalopathy;
NHE, cirrhosis without hepatic encephalopathy; PHES, Psychometric Hepatic Encephalopathy Score;
MoCA, Montreal Cognitive Assessment; MMSE, Mini-Mental State Examination; MELD, Model for End-
Stage Liver Disease; eGFR, estimated glomerular filtration rate.
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