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Abstract  
Hepatic myelopathy is a complication seen in patients with chronic liver failure with physiologic or iatrogenic portosystemic shunting. 
The main symptom is progressive lower limb dyskinesia. The role of the brain motor control center in hepatic myelopathy is unknown. 
This study aimed to investigate the gray matter changes in patients with hepatic myelopathy secondary to transjugular intrahepatic por-
tosystemic shunt and to examine their clinical relevance. This was a cross-sectional study. Twenty-three liver failure patients with hepatic 
myelopathy (hepatic myelopathy group), 23 liver failure patients without hepatic myelopathy (non-hepatic myelopathy group) after 
transjugular intrahepatic portosystemic shunt, and 23 demographically matched healthy volunteers were enrolled from March 2014 to 
November 2016 at Xijing Hospital, Air Force Military Medical University (Fourth Military Medical University), China. High-resolution 
magnetization-prepared rapid gradient-echo brain imaging was acquired. Group differences in regional gray matter were assessed using 
voxel-based morphometry analysis. The relationship between aberrant gray matter and motor characteristics was investigated. Results 
demonstrated that compared with the non-hepatic myelopathy group, gray matter volume abnormalities were asymmetric, with decreased 
volume in the left insula (P = 0.003), left thalamus (P = 0.029), left superior frontal gyrus (P = 0.006), and right middle cingulate cortex 
(P = 0.021), and increased volume in the right caudate nucleus (P = 0.017), corrected with open-source software. The volume of the right 
caudate nucleus in the hepatic myelopathy group negatively correlated with the lower limb clinical rating of the Fugl-Meyer Assessment (r 
= –0.53, P = 0.01). Compared with healthy controls, patients with and without hepatic myelopathy exhibited overall increased gray matter 
volume in both thalami, and decreased gray matter volume in both putamen, as well as in the globus pallidus, cerebellum, and vermis. The 
gray matter abnormalities we found predominantly involved motor-related regions, and may be associated with motor dysfunction. An 
enlarged right caudate nucleus might help to predict weak lower limb motor performance in patients with preclinical hepatic myelopathy 
after transjugular intrahepatic portosystemic shunt. This study was approved by the Ethics Committee of Xijing Hospital, Air Force Mili-
tary Medical University (Fourth Military Medical University), China (approval No. 20140227-6) on February 27, 2014. 
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Predictive role of the right caudate nucleus in lower extremity dyskinesia in patients with hepatic 
myelopathy after transjugular intrahepatic portosystemic shunt 
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Introduction 
Hepatic myelopathy is characterized by severe, mostly irre-
versible neurological symptoms. It may occur in patients with 
chronic liver disease with spontaneously portosystemic shunt, 
or after surgical shunting procedures, such as transjugular 
intrahepatic portosystemic shunt (Conn et al., 2006; Zhao et 
al., 2016). The condition is characterized by spastic parapa-
resis and walking difficulties, without sensory or sphincteric 
impairment increased muscle tone, tremor, brisk deep tendon 
reflexes, and extensor plantar responses (Leigh et al., 1949; Le-
fer et al., 1972). It has an insidious onset and slowly progresses 
to the point where the patient requires a wheelchair. 

Early and accurate diagnosis of hepatic myelopathy, after 
excluding other possible spastic paraparesis causes (Caldwell 
et al., 2010), is clinically challenging mostly because of its 
unclear neuropathological mechanisms. 

Extensive portosystemic shunting is strongly associated 
with hepatic myelopathy (Demirci et al., 1992). Most hepatic 
myelopathy patients previously had hepatic encephalopathy 
(Liversedge et al., 1966; Mendoza et al., 1994); paraparesis 
may accompany the hepatic encephalopathy, or may devel-
op after recurrent overt hepatic encephalopathy. However, it 
is unknown why only some post-shunt patients are at risk of 
developing hepatic myelopathy. 

Neuroimaging studies have revealed hyperintensity of 
the putamen and pallidum on T1-weighted magnetic reso-
nance images (T1WI MRI) and increased fluid-attenuated 
inversion recovery signal in the subcortical white matter 
and spinal tracts (Kulisevsky et al., 1992). However, routine 
examinations do not reveal specific findings in hepatic my-
elopathy patients. Motor evoked potentials can detect the 
early asymptomatic stages of hepatic myelopathy (Nardone 
et al., 2002), but its specificity is poor. 

Hepatic myelopathy responds poorly to conservative med-
ical therapy. Treatment options currently include ligation, 
shunt reduction, or occlusion by surgical or interventional 
radiology procedures, but liver transplantation is considered 
to be the best long-term therapeutic approach (Troisi et al., 
1999). Thus, early diagnosis is crucial, because timely liver 
transplantation could improve neurological outcomes.

Pathological studies, such as that of Campellone et al. 
(1996), report demyelination of the corticospinal tract, par-
ticularly the thoracic spinal cord, and proliferation of Alz-
heimer type II cells in the cerebral hemispheres, brainstem, 
and cerebellum, which may partly explain the clinical mani-
festations of the disease. 

The role of the gray matter, and whether changes in specific 
gray matter areas are associated with decreased motor per-
formance, and whether morphological changes in brain gray 
matter can provide specific neuroimaging markers for the 
early diagnosis of hepatic myelopathy, remain unknown. This 
study investigated gray matter changes in the brains of pa-
tients with and without hepatic myelopathy after transjugular 
intrahepatic portosystemic shunt to identify relationships 
between abnormal gray matter and poor motor performance. 

Participants and Methods
Participants 
This was a cross-sectional study. All procedures performed 

in this study were approved by the Ethics Committee of 
the Xijing Hospital, Air Force Military Medical University 
(Fourth Military Medical University), China (approval No. 
20140227-6) on February 27, 2014, and was performed in 
accordance with the 1975 Declaration of Helsinki and its 
later amendments or comparable ethical standards. All par-
ticipants gave written informed consent before the study. All 
data were analyzed anonymously.

The participants included: 23 (21 males and 2 females) 
patients with hepatic myelopathy after transjugular intra-
hepatic portosystemic shunt (hepatic myelopathy group; 
age range: 23–64 years, mean age: 50.4 years), twenty-three 
patients (21 males and 2 females) without hepatic myelop-
athy after transjugular intrahepatic portosystemic shunt 
(non-hepatic myelopathy group; age range: 34–55 years, 
mean age: 45.9 years), and twenty-three healthy control 
subjects (healthy control group; 20 males and 3 females, age 
range: 27–65 years, mean age: 51.8 years). To be included, 
patients (hepatic myelopathy and non-hepatic myelopathy) 
had to have a clear diagnosis of liver cirrhosis, based on clin-
ical criteria (including results of physical, laboratory, and 
imaging examinations) or liver biopsy results. All patients 
had undergone placement of a transjugular intrahepatic 
portosystemic shunt. The diagnostic criteria for hepatic my-
elopathy were as follows (Caldwell et al., 2010): typical clini-
cal features of myelopathy, including hyperreflexia, extensor 
plantar responses, and progressive spastic paraplegia of the 
lower limbs, without obvious atrophy, shallow sensory and 
sphincter dysfunction, and recurrent or transient hepatic 
encephalopathy. Hepatic myelopathy patients had no spinal 
cord space-occupying masses, multiple sclerosis, amyo-
trophic lateral sclerosis, human immunodeficiency virus in-
fection, syphilis, or hepatolenticular degeneration. They had 
normal cerebrospinal fluid examinations. 

Non-hepatic myelopathy patients had to have a diagnosis 
of liver cirrhosis, and had undergone placement of a tran-
sjugular intrahepatic portosystemic shunt. Non-hepatic 
myelopathy subjects had recurrent or transient hepatic 
encephalopathy, but no symptoms of myelopathy. Patients 
with previous overt hepatic encephalopathy had no current 
manifestation of encephalopathy.

Healthy control subjects were enrolled from the local 
community, and the age, sex, and education levels were 
matched with the patient groups. Healthy control subjects 
had no liver disease, and abdominal ultrasound scans re-
vealed no abnormal findings.

Subjects (hepatic myelopathy, non-hepatic myelopathy 
and healthy controls) were excluded if they had psychiat-
ric, neurological, inflammatory, traumatic, cerebrovascu-
lar, or severe organic diseases, such as renal failure; if they 
took psychotropic medications; or had abused alcohol in 
the previous 6 months before the study. All subjects were 
right-handed, had normal vision, and had no magnetic reso-
nance imaging (MRI) contraindications.

Laboratory examinations
No more than 1 week before MRI examination, patients 
with hepatic myelopathy and non-hepatic myelopathy were 
evaluated with prothrombin time, protein metabolism, and 
bilirubin metabolism tests to assess liver function, and to 
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comply with the Child-Pugh grading standards and allow 
Child-Turcotte-Pugh scoring (Pugh et al., 1973). The scoring 
system classified the liver function into class A (scores 5–6), 
B (scores 7–9), or C (scores 10–15), higher scores meaning 
poorer liver function. West-Haven criteria were used for the 
assessment of the severity of hepatic encephalopathy (Ferenci 
et al., 2002), with a higher stage representing more severe 
hepatic encephalopathy. No laboratory tests were performed 
on the healthy control subjects.

The evaluation flow chart is shown in Figure 1. 

Clinical assessments
The Fugl-Meyer assessment (FMA) was performed to as-
sess the motor function of the lower extremities (Berglund 
and Fugl-Meyer, 1986). Lower extremity FMA scores range 
from 0 to 34, with 34 indicating absence of motor deficits 
and lower scores indicating worsening of motor deficits. 
Lovette’s Six Classification (Zhao et al., 2016) was used for 
the assessment of lower extremity muscle strength. 

MRI scans
MRI scans were acquired with a 3.0 T system (Magne-
tom Trio Tim®, Siemens, Munich, Germany) using an 
eight-channel phased-array head coil. Conventional T1WI 
and T2-weighted images (T2WI) of the head and spinal cord 
were acquired, followed by three-dimensional magnetiza-
tion-prepared rapid gradient-echo sequence (sagittal, repeti-
tion time = 1900 ms, echo time = 3.4 ms, flip angle = 7°, field 
of view = 240 × 240 mm2, acquisition matrix = 256 × 256, 
section thickness = 1 mm with no gap, number of sections = 
192, isotropic voxel = 1 × 1 × 1 mm3).

Voxel-based morphometry (VBM) analysis
Data analysis was performed using open-access software 
(VBM8 toolbox, http://dbm.neuro.uni-jena.de/vbm) with 
default parameter settings in the statistical parametric map-
ping (SPM8, http://www.fil.ion.ucl.ac.uk/spm) running 
on Matlab 2012a (Mathworks, Inc., Natick, MA, USA). The 
preprocessing included the following steps: (1) T1-weighted 
images of each individual were aligned to ensure that the 
anterior commissure was located at the origin of the three-di-
mensional Montreal Neurological Institute (MNI) coordi-
nates. (2) Non-brain tissue was electronically removed, and 
brain was segmented into gray matter, white matter, and ce-

rebrospinal fluid. (3) The diffeomorphic anatomical registra-
tion through exponentiated lie algebra algorithm (Ashburner, 
2007; Goto et al., 2013) was applied for spatial normalization. 
(4) A gray matter image of each subject was spatially nor-
malized to the MNI space to yield images with 2 × 2 × 2 mm3 
voxels. (5) Finally, the normalized images were smoothed 
using a 12-mm full-width-half-maximum isotropic Gaussian 
kernel. Considering the effects of age and sex on gray mat-
ter volume, these two factors were removed as covariates in 
SPM8. After spatial preprocessing, the normalized and modu-
lated gray matter images were subjected to statistical analysis. 

Statistical analysis 
All data are expressed as the mean ± SD. Statistical analyses 
were performed using commercial software (SPSS 19.0®, IBM 
Inc., Armonk, NY, USA). Chi-square tests were used to assess 
sex differences. One-way analysis of variance was applied to 
compare the age, education, and FMA score. One-way analy-
sis of variance followed by the Student-Newman-Keuls post-
hoc test was used to compare the gray matter volumes. In-
dependent-samples t-test was applied to compare the Child-
Turcotte-Pugh scores. Nonparametric Kruskal-Wallis H tests 
were applied to compare the Child-Pugh stage, West-Haven 
hepatic encephalopathy grade, and lower extremity muscle 
strength. P < 0.05 was considered statistically significant. 

One-way analysis of variance was performed to examine 
the intergroup differences of gray matter volume. The statis-
tical threshold for significance was set at P < 0.05, corrected 
by using the AlphaSim program (http://afni.nimh.nih.gov/
pub/dist/doc/manual/AlphaSim.pdf), with a cluster size ex-
ceeding 20 voxels.

A partial correlation analysis was used to assess the rela-
tionship between FMA scores and gray matter volume. For 
each hepatic myelopathy patient, we selected the peak voxel 
and the neighboring 20 voxels within each cluster show-
ing different volumes between the hepatic myelopathy and 
non-hepatic myelopathy patient groups: right caudate nucle-
us, left insula, left superior frontal gyrus, left thalamus, and 
right middle cingulate cortex as the regions of interest for 
correlation analysis. Pearson correlation coefficients were cal-
culated between FMA scores and the gray matter volume.

Results
Demographic and clinical data
The demographic data and clinical characteristics of all sub-
jects are listed in Table 1. No significant differences were 
identified in age, sex, education level, Child-Pugh stage, 
Child-Turcotte-Pugh score, or hepatic encephalopathy grade 
between the two patient groups (P > 0.05). Compared with 
the non-hepatic myelopathy and healthy control groups, 
lower extremity motor performance was worse, FMA scores 
were lower, and muscle strength was weaker in the hepatic 
myelopathy group (P < 0.05).

VBM results in hepatic myelopathy patients 
One-way analysis of variance across the hepatic myelopa-
thy, non-hepatic myelopathy, and healthy control groups 
showed significant differences in gray matter volume in 
both thalami, putamina, globi pallidi, parahippocampi, and 

Figure 1 Flow chart of evaluation.
TIPS: Transjugular intrahepatic portosystemic shunt; HM: hepatic my-
elopathy; HC: healthy control; MRI: magnetic resonance imaging. 
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in the cerebellum and vermis (Table 2 and Figure 2). As 
compared with the healthy controls, both hepatic myelopa-
thy and non-hepatic myelopathy patients showed increased 
gray matter volumes in both thalami and parahippocampi, 

with decreased gray matter volumes in the putamina, globi 
pallidi, cerebellum, and vermis (Table 3 and Figure 3A & B). 
Additionally, compared with the non-hepatic myelopathy 
group, gray matter volume was increased in the right cau-

Figure 2 Gray matter volume differences among the hepatic myelopathy, 
non-hepatic myelopathy, and healthy control groups. 
Gray matter volume differed among the three groups in the bilateral thala-
mus, putamen, pallidum, parahippocampus, cerebellum, vermis, left insula, 
left superior frontal gyrus, right caudate nucleus, and right middle cingulate 
cortex (one-way analysis of variance). Comparisons were performed at an 
AlphaSim corrected P < 0.05. R: Right; L: left; F: frontal; P: posterior.

Table 1 Demographic and clinical characteristics of the subjects

Items Hepatic myelopathy (n = 23) Non-hepatic myelopathy (n = 23) Healthy control (n = 23) P value

Age (years) 50.4±10.3 45.9±6.3 51.8±9.9 0.08*

Sex (male/female) 21/2 21/2 20/3 1.00#

Education (years) 9.6±3.8 9.3±3.2 10.3±3.3 0.57*

Handedness (left/right) 0/23 0/23 0/23 —
Liver function

Child-Pugh stage (A/B/C) 4/16/3 10/10/3 — 0.14†

Child-Turcotte-Pugh scores 8±2 7±2 — 0.08$

West-Haven HE grade (0/1/2/3/4) 5/6/8/2/2 0/9/12/2/0 — 0.06†

FMA score 26±5 34±0 34±0 < 0.01*

Lower extremity muscle strength grading 3±1 5±0 5±0 < 0.01†

Data are expressed as the mean ± SD with the exception of sex, handedness, Child-Pugh stage, and West-Haven HE grade (n). *: One-way analysis 
of variance; #: Chi-square test; †: nonparametric Kruskal-Wallis H test; $: independent-samples t test. HE: Hepatic encephalopathy; FMA: Fugl-
Meyer assessment. 

Table 2 Significant differences of gray matter volume among the 
three groups*

Brain regions

MNI coordinates (mm) Cluster 
size 
(voxels)

F 
valueX Y Z

Left pallidum –20 4 –2 121 95.94
Right pallidum 22 4 –4 125 164.63
Left putamen –30 10 2 445 95.94
Right putamen 30 18 0 423 55.13
Left thalamus –8 –10 8 651 77.52
Right thalamus 10 –14 14 628 63.45
Vermis 1 –59 –34 115 107.03
Left cerebellum –26 –62 –34 275 35.96
Right cerebellum 28 –60 –34 425 61.53
Left parahippocampus –24 –21 –11 68 9.42
Right parahippocampus 26 –26 –22 57 12.77
Left insular –42 –14 8 68 19.55
Right caudate nucleus 18 –6 20 62 14.83
Left superior frontal gyrus –20 50 44 28 15.13
Right middle cingulate cortex 6 –36 42 24 12.52

*: One-way analysis of variance; P < 0.05, AlphaSim corrected, cluster 
size > 20 voxels. MNI: Montreal Neurological Institute.

(A) Compared with healthy controls, the hepatic my-
elopathy patients showed remarkably increased gray 
matter volume in both thalami and parahippocampi, 
and decreased gray matter volume in both putamina, 
globi pallidi, as well as in the cerebellum and vermis. (B) 
Compared with healthy controls, the non-hepatic my-
elopathy patients showed markedly increased gray mat-
ter volume in both thalami and parahippocampi, and 
decreased gray matter volume in the both putamina and 
globi pallidi, as well as in the cerebellum and vermis. 
(C) Compared with the non-hepatic myelopathy group, 
the hepatic myelopathy group showed dramatically 
increased gray matter volume in the right caudate nu-
cleus, and decreased gray matter volume in the left in-
sula, left thalamus, left superior frontal gyrus, and right 
middle cingulate cortex. Comparisons were performed 
using one-way analysis of variance (P < 0.05, AlphaSim 
corrected). R: Right; L: left; F: frontal; P: posterior.Figure 3 Gray matter volume differences among the hepatic myelopathy, non-hepatic my-

elopathy and healthy control groups. 
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Table 3 Significant differences of gray matter volume between 
patients and healthy participants*

Brain regions

MNI coordinates (mm) Cluster 
size 
(voxels) t values†X Y Z

Hepatic myelopathy vs. healthy control 
Left pallidum –16 6 4 111 –10.61
Right pallidum 22 4 –4 115 –14.14
Left putamen –30 10 2 336 –10.61
Right putamen 30 18 0 364 –14.14
Left thalamus –8 –10 8 582 11.27
Right thalamus 10 –14 14 554 10.16
Vermis 1 –56 –32 170 –11.89
Left cerebellum –28 –56 –34 157 –6.91
Right cerebellum 28 –60 –34 226 –8.94
Right parahippocampus 28 –20 –28 34 4.04

Non-hepatic myelopathy vs. healthy control
Left pallidum –20 4 –2 65 –10.58
Right pallidum 22 4 –4 85 –13.49
Left putamen 34 6 –2 217 –10.58
Right putamen –32 6 –4 197 –13.49
Left thalamus –8 –10 8 422 9.01
Right thalamus 10 –14 14 358 8.13
Vermis 1 –58 –32 76 –10.98
Left cerebellum –26 –62 –34 40 –6.19
Right cerebellum 28 –60 –34 121 –8.11
Left parahippocampus –30 –40 –8 24 4.33
Right parahippocampus 26 –26 –22 21 4.91

*: One-way analysis of variance, P < 0.05, AlphaSim corrected, cluster 
size > 20 voxels. †: Positive sign represents increase, negative sign 
represents decrease. MNI: Montreal Neurological Institute.

Figure 4 Correlation between abnormal gray matter volume and 
lower limb motor performance in patients with hepatic myelopathy 
(Pearson correlation analysis). 
Gray matter volume of the right caudate nucleus showed significantly 
negative correlations with the lower limb FMA scores in hepatic my-
elopathy patients. FMA: Fugl-Meyer assessment.

date nucleus, and decreased in the left insula, left thalamus, 
left superior frontal gyrus, and middle cingulate cortex in 
the hepatic myelopathy group (Table 4 and Figure 3C).

Correlations between gray matter volume and FMA scores 
in hepatic myelopathy patients
A significant negative correlation was detected between gray 
matter volume index and FMA scores in the right caudate 
nucleus (r = –0.53, P = 0.01) (Figure 4). Gray matter volume 
in other regions of interest did not seem to correlate with the 
FMA scores.

Discussion
High resolution magnetization-prepared rapid gradi-
ent-echo images and VBM analysis were used to investigate 
morphological changes in gray matter, and their relation-
ship to motor performance in patients with hepatic myelop-
athy secondary to transjugular intrahepatic portosystemic 
shunt. As compared with non-hepatic myelopathy patients, 
hepatic myelopathy patients showed increased gray matter 
volume in the right caudate nucleus, and decreased gray 
matter volumes in the left thalamus, insular cortex, supe-
rior frontal gyrus, and right middle cingulate cortex. The 
gray matter volume in the right caudate nucleus correlated 
negatively with the lower limb FMA scores in patients with 
hepatic myelopathy. Previous studies on hepatic myelopathy 

Table 4 Significant differences of gray matter volume between 
hepatic myelopathy and non-hepatic myelopathy patients*

Brain regions

MNI coordinates (mm) Cluster 
size
(voxels) t values†X Y Z

Hepatic myelopathy vs. 
non-hepatic myelopathy

Right caudate nucleus 10 2 4 61 4.98
Left insular –42 –14 8 86 –6.21
Left thalamus –8 –28 12 140 –4.78
Left superior frontal gyrus –22 50 42 33 –5.27
Right middle cingulate 

cortex
6 –28 46 40 –4.79

*: One-way analysis of variance, P < 0.05, AlphaSim corrected, cluster 
size > 20 voxels. †: Positive sign represents increase, negative sign 
represents decrease. MNI: Montreal Neurological Institute.

were mainly case reports. However, a multi-sample study of 
changes in gray matter and its intrinsic association with poor 
motor performance in patients with hepatic myelopathy has 
not been reported. More importantly, in all the patients with 
hepatic myelopathy, the condition was directly associated 
with transjugular intrahepatic portosystemic shunt, and thus 
the patient group had a high level of homogeneity. Moreover, 
to avoid the effect of hepatic failure and hepatic encephalop-
athy on the brain (Guevara et al., 2011; Chen et al., 2012), we 
used a non-hepatic myelopathy control group matched for 
post-transjugular intrahepatic portosystemic shunt hepatic 
function score and hepatic encephalopathy grade. 

Our findings indicated widespread reduction of gray mat-
ter volume in both the hepatic myelopathy and non-hepatic 
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myelopathy groups when compared with healthy control sub-
jects, especially in the basal ganglia and cerebellum. Extensive 
gray matter loss in chronic liver failure and hepatic encepha-
lopathy patients has been reported in many volumetric studies 
(Chen et al., 2012; Zhang et al., 2012). Hyperintensity of the 
globus pallidus and putamen on T1WI has been confirmed 
in patients with liver cirrhosis and hepatic encephalopathy 
(Kulisevsky et al., 1992). Autopsy and conventional MRI in-
vestigations have verified that this is due to the deposition of 
paramagnetic substances in the basal ganglia, especially man-
ganese (Pomier-Layrargues et al., 1995; Rose et al., 1999; Fer-
reira et al., 2017). Maeda et al. (1997) explored the brain metal 
concentration and histopathological changes in patients with 
cirrhosis; they found that the mean manganese concentration 
was remarkably higher than normal values in brain regions 
that showed hyperintensity on T1WI, particularly in the glo-
bus pallidus and putamen. Further histopathological findings 
illustrated that hyperintense brain regions also demonstrated 
marked neuronal atrophy and even necrosis, accompanied 
by proliferation of glial cells and microglia. The presence of a 
portosystemic shunt may exacerbate this damage (Layrargues 
et al., 1998). Our findings are in line with those of early studies 
on nonhuman primates that were exposed to high doses of 
manganese; these animals demonstrated cell loss and gliosis in 
the basal ganglia structures, particularly in the globus pallidus 
(Eriksson et al., 1987). There are also measurable brain volume 
reductions in the globus pallidus and cerebellum of welders 
who are chronically exposed to manganese (Chang et al., 2013). 

Regional differences in the cerebral ammonia metabolism 
in patients with cirrhosis and hepatic encephalopathy have 
also been explored using positron emission tomography (Ahl 
et al., 2004): the cerebellum, thalamus, and lenticular nucleus 
demonstrated the highest levels of regional variance. These 
brain regions are predominantly exposed to ammonia, which 
may influence the morphology and function of the astrocytes. 
Histopathological studies based on autopsies of patients with 
liver cirrhosis showed altered astrocytes—Alzheimer type II 
astrocytes—in the dentate nuclei (Adams et al., 1953). A new 
animal model demonstrated neuronal loss in the cerebellum, 
with ammonia as the precipitating factor (García-Lezana et al., 
2017). Thus, we speculate that neuronal atrophy and necrosis 
induced by manganese and other neurotoxins, especially am-
monia, may be the main cause of the volume reduction of the 
pallidum, putamen, and cerebellum in both hepatic myelopa-
thy and non-hepatic myelopathy groups. 

The left insular cortex was significantly atrophied in hepat-
ic myelopathy patients relative to non-hepatic myelopathy 
patients. The insular cortex is a multimodal integration brain 
region. Resting state MRI-based functional connectivity analy-
sis has recently revealed that the insula has numerous connec-
tions with the cingulate, frontal, motor, somatosensory, and 
temporal cortices (Cauda et al., 2011). It mediates a series of 
activities, including gustatory, visceral sensation, and visceral 
motor responses, and is involved in vestibular, attention, pain, 
emotion, verbal, and motor functions. A meta-analysis of func-
tional neuroimaging data showed that motor tasks involving 
both the upper and lower extremities activated the posteri-
or-superior part of the insular cortex, especially the region 
adjacent to the sulcus centralis insulae (Mutschler et al., 2009). 

Clinical evidence suggests that the insular cortex plays a role 
in motor function recovery of the limbs in post-stroke patients 
(Weiller et al., 1992). These findings indicate that the insular 
cortex is vital in the control of limb movements, and that gray 
matter volume reduction in the insula might contribute to the 
neuropathological basis for motor dysfunction in patients with 
hepatic myelopathy.

This study also observed that the right caudate nucleus 
was enlarged in the hepatic myelopathy group relative to the 
non-hepatic myelopathy group, and this was associated with 
poor lower limb motor performance. The motor and premotor 
areas mediate different aspects of motor behavior, which are in 
turn reflected both anatomically and physiologically in the cau-
date nucleus and putamen (Alexander et al., 1990; Haber et al., 
2016). Volkow et al. (1998) explored the relationship between 
brain dopamine activity and motor function in healthy individ-
uals, using dopamine transporter positron emission tomogra-
phy, and found that a reduction in brain dopamine activity in 
the caudate nucleus was associated with worse performance in 
motor tasks. Dumurgier et al. (2012) discovered that a volume 
reduction in the caudate nucleus was strongly associated with 
a slower walking speed. The caudate nucleus is also important 
in the control of gait (Tian et al., 2017; Wennberg et al., 2017), 
and multiple infarcts of the caudate may lead to gait disorders 
(Finelli et al., 2007). Patients with Huntington’s disease, who 
display an uncoordinated and lurching walk, as well as more 
subtle gait disturbances, predominantly show atrophy of the 
caudate nucleus (Rao et al., 2008). A recent genome-wide asso-
ciation study showed an association between the volume of the 
caudate nucleus and polymorphisms located in two genes that 
are involved in dopaminergic signaling and development relat-
ed to motor control (Stein et al., 2011). 

Correlation analysis demonstrated that an increased caudate 
nucleus volume was associated with poor lower extremity mo-
tor performance in patients with hepatic myelopathy. Since the 
caudate nucleus is key to the control of gait and walking speed, 
a larger caudate nucleus volume, representing more neurons 
and/or glial cells, probably implies dysfunction of its motor 
control (Moreno-Alcázar et al., 2016), and eventually causes 
the puppet gait and walking difficulties seen in patients with 
hepatic myelopathy. This could be used as a neuroimaging 
marker for predicting motor impairment in hepatic myelopa-
thy secondary to transjugular intrahepatic portosystemic shunt.

The gray matter volume of bilateral thalamus was enlarged in 
both hepatic myelopathy and non-hepatic myelopathy patients 
compared with healthy controls. An increased thalamic vol-
ume in cirrhotic patients is considered to be a compensatory 
effect for basal ganglia dysfunction (Maeda et al., 1997; Zhang 
et al., 2012; Tao et al., 2013). The thalamus is a critical compo-
nent of the frontal cortical-basal ganglia-thalamic circuits that 
mediate motivation, cognition, and motor control (McFarland 
et al., 2002; Obeso et al., 2014). Alterations of neurotransmis-
sion within the thalamus therefore may cause impaired cortical 
function. The gray matter volume of the left thalamus was de-
creased in hepatic myelopathy relative to non-hepatic myelop-
athy patients; it seems that the extent of enlargement of the left 
thalamus was less in patients with hepatic myelopathy, which 
may be useful for differentiating between hepatic myelopathy 
and non-hepatic myelopathy individuals. 
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The superior frontal gyrus is considered to be associated with 
error-monitoring in motor tasks (Rudebeck et al., 2008; Navar-
ro-Cebrian et al., 2013; Amiez et al., 2016). A volume reduction 
in this region could be implicated in dysfunctional movement 
monitoring. Alternatively, this might cause disability in mod-
ulating performance in the case of motor errors, resulting in 
progressive motor dysfunction in hepatic myelopathy patients. 
The middle cingulate cortex plays a vital role in premotor func-
tions (Procyk et al., 2016). Separate motor control studies have 
shown that the middle cingulate cortex is engaged during the 
planning and execution of motor function (Amiez et al., 2014). 
Activation of the cingulate cortex has been linked to motor 
recovery (Marshall et al., 2009). Volume reduction of the right 
middle cingulate cortex in hepatic myelopathy patients could 
be considered to be implicated in the impairment of motor 
programming and implementation.

The main limitation of our study was the cross-sectional 
design. Additionally, no postmortem examination could be 
performed to obtain pathological evidence or directly observe 
neuronal projections in the brain in vivo. Ideally, this study 
should be continued further in an appropriate animal model. 
A combination of preclinical and clinical findings may help 
to elucidate the neural underpinnings of hepatic myelopathy; 
future studies adopting a longitudinal design will be informa-
tive to elucidate the changes in neural deficits as the disease 
progresses.

In conclusion, abnormal variation was found in the gray 
matter in patients with and without hepatic myelopathy after 
transjugular intrahepatic portosystemic shunt; motor-related 
regions were predominantly involved, and these alterations 
may be associated with the motor dysfunction seen in patients 
with hepatic myelopathy. Moreover, enlargement of gray mat-
ter volume in the right caudate nucleus was accompanied by 
severe lower limb motor deficits in patients with hepatic my-
elopathy, which may be useful as a predictive marker for assess-
ment of hepatic myelopathy. Traditionally, studies of hepatic 
myelopathy have focused more on the spinal cord and white 
matter, but our study revealed abnormalities in motor-related 
gray matter regions in hepatic myelopathy patients.

Author contributions: Study concept and design: GHH, HY, KL and 
SYR; experiment implementation : GC, KL, SYR, TLY, PT and ZYW; 
data analysis: YQZ and CL; paper writing: KL and GC; paper revision: 
YBX, JJY, and HY. All authors approved the final version of the paper.
Conflicts of interest: The authors declare that the article content was 
composed in the absence of any commercial or financial relationships 
that could be construed as a potential conflict of interest.
Financial support: None.
Institutional review board statement: The study was approved by 
the Ethics Committee of Xijing Hospital, Air Force Military Medical 
University (Fourth Military Medical University), China (approval No. 
20140227-6) on February 27, 2014. The study protocol conformed to the 
ethical guidelines of the 1975 Declaration of Helsinki as reflected in a 
prior approval by the institution’s human research committee. All par-
ticipants gave written informed consent before the study.
Declaration of participant consent: The authors certify that they have 
obtained all appropriate participant consent forms. In the forms, the 
patients or their legal guardians have given their consent for patients’ 
images and other clinical information to be reported in the journal. The 
participant understand that their names and initials will not be pub-
lished and due efforts will be made to conceal their identity. 
Reporting statement: This study followed the STrengthening the Re-
porting of OBservational studies in Epidemiology (STROBE) statement. 
Biostatistics statement: The statistical methods of this study were re-

viewed by the biostatistician of Department of Radiology, Xijing Hospital, 
Air Force Military Medical University (Fourth Military Medical Universi-
ty), Xi’an, Shaanxi Province, China.
Copyright license agreement: The Copyright License Agreement has 
been signed by all authors before publication.
Data sharing statement: Individual participant data that underlie the 
results reported in this article, after deidentification (text, tables, figures, 
and appendices) will be in particular shared. Study protocol form will be 
available. The data will be available immediately following publication 
without end date. Results will be disseminated through presentations at 
scientific meetings and/or by publication in a peer-reviewed journal. An-
onymized trial data will be available indefinitely at www.figshare.com.
Plagiarism check: Checked twice by iThenticate.
Peer review: Externally peer reviewed.
Open access statement: This is an open access journal, and articles are 
distributed under the terms of the Creative Commons Attribution-Non-
Commercial-ShareAlike 4.0 License, which allows others to remix, 
tweak, and build upon the work non-commercially, as long as appropri-
ate credit is given and the new creations are licensed under the identical 
terms.
Open peer reviewer: Lilla Bonanno, IRCCS Centro Neurolesi “Boni-
no-Pulejo”, Italy.
Additional file: Open peer review report 1.

References
Adams RD, Foley JM (1953) The neurological disorder associated with 

liver disease. Res Publ Assoc Res Nerv Ment Dis 32:198-237. 
Ahl B, Weissenborn K, van den Hoff J, Fischer-Wasels D, Kastler H, 

Hecker H, Burchert W (2004) Regional differences in cerebral blood 
flow and cerebral ammonia metabolism in patients with cirrhosis. 
Hepatology 40:73-79.

Alexander GE., Crutcher MD (1990) Functional architecture of basal 
ganglia circuits: neural substrates of parallel processing. Trends 
Neurosci 13:266-271.

Amiez C, Petrides M (2014) Neuroimaging evidence of the anato-
mo-functional organization of the human cingulate motor areas. 
Cereb Cortex 24:563-578. 

Amiez C, Wutte MG, Faillenot I, Petrides M, Burle B, Procyk E (2016) 
Single subject analyses reveal consistent recruitment of frontal oper-
culum in performance monitoring. Neuroimage 133:266-278.

Ashburner J (2007) A fast diffeomorphic image registration algorithm. 
Neuroimage 38:95-113.

Berglund K, Fugl-Meyer AR (1986) Upper extremity function in hemi-
plegia. A cross-validation study of two assessment methods. Scand J 
Rehabil Med 18:155-157.

Caldwell C, Werdiger N, Jakab S, Schilsky M, Arvelakis A, Kulkarni 
S, Emre S (2010) Use of model for end-stage liver disease exception 
points for early liver transplantation and successful reversal of hepatic 
myelopathy with a review of the literature. Liver Transpl 16:818-826. 

Campellone JV, Lacomis D, Giuliani MJ, Kroboth FJ (1996) Hepatic 
myelopathy. Case report with review of the literature. Clin Neurol 
Neurosurg 98:242-246. 

Cauda F, D’Agata F, Sacco K, Duca S, Geminiani G, Vercelli A (2011) 
Functional connectivity of the insula in the resting brain. Neuroim-
age 55:8-23.

Chang Y, Jin SU, Kim Y, Kim Y, Kyung MS, Lee HJ, Kim SH, Ahn JH, 
Park SJ, Jeong KS, Weon YC, Lee H (2013) Decreased brain volumes 
in manganese-exposed welders. Neurotoxicology 37:182-189.

Chen HJ, Zhu XQ, Shu H (2012) Structural and functional cerebral 
impairments in cirrhotic patients with a history of overt hepatic en-
cephalopathy. Eur J Radiol 81:2463-2469.

Conn HO, Rössle M, Levy L, Glocker FX (2006) Portosystemic my-
elopathy: spastic paraparesis after portosystemic shunting. Scand J 
Gastroenterol 41:619-625.

Demirci M, Tan E, Elibol B, Gedikoğlu G, Saribaş O (1992) Spastic 
paraparesis associated with portal-systemic venous shunting due to 
congenital hepatic fibrosis. Neurology 42:983-985. 

Dumurgier J, Crivello F, Mazoyer B, Ahmed, Tavernier B, Grabli D, 
François C, Tzourio-Mazoyer N, Tzourio C, Elbaz A (2012) MRI 
atrophy of the caudate nucleus and slower walking speed in the el-
derly. Neuroimage 60:871-878.



857

Liu K, Chen G, Ren SY, Zhu YQ, Yu TL, Tian P, Li C, Xi YB, Wang ZY, Ye JJ, Han GH, Yin H (2019) Regional gray matter abnormality in hepatic myelopathy 
patients after transjugular intrahepatic portosystemic shunt: a voxel-based morphometry study. Neural Regen Res 14(5):850-857. doi:10.4103/1673-5374.249233

Eriksson H, Magiste K, Plantin LO, Fonnum F, Hedström KG, Theo-
dorsson-Norheim E, Kristensson K, Stalberg E, Heilbronn E (1987) 
Effects of manganese oxide on monkeys as revealed by a combined 
neurochemical, histological and neurophysiological evaluation. Arch 
Toxicol 61:46-52.

Ferenci P, Lockwood A, Mullen K, Tarter R, Weissenborn K, Blei AT 
(2002) Hepatic encephalopathy-definition, nomenclature, diagno-
sis, and quantification: final report of the working party at the 11th 
World Congresses of Gastroenterology, Vienna, 1998. Hepatology 
35:716-721. 

Ferreira CR, Gahl WA (2017) Disorders of metal metabolism. Transl 
Sci Rare Dis 2:101-139.

Finelli PF, Gupta F, Zeevi N (2007) Neuroimaging of bilateral caudate 
infarction manifesting as Parkinsonian gait disorder. Conn Med 
71:149-150.

García-Lezana T, Oria M, Romero-Giménez J, Bové J, Vila M, Genescà 
J, Chavarria L, Cordoba J (2017) Cerebellar neurodegeneration in 
a new rat model of episodic hepatic encephalopathy. J Cereb Blood 
Flow Metab 37:927-937.

Goto M, Abe O, Aoki S, Hayashi N, Miyati T, Takao H, Iwatsubo T, 
Yamashita F, Matsuda H, Mori H, Kunimatsu A, Ino K, Yano K, 
Ohtomo K (2013) Diffeomorphic anatomical registration through 
exponentiated lie algebra provides reduced effect of scanner for cor-
tex volumetry with atlas-based method in healthy subjects. Neurora-
diology 55:869-875.

Guevara M, Baccaro ME, Gomez-Anson B (2011) Cerebral magnetic 
resonance imaging reveals marked abnormalities of brain tissue den-
sity in patients with cirrhosis without overt hepatic encephalopathy. 
J Hepatol 55:564-573. 

Haber SN (2016) Corticostriatal circuitry. Dialogues Clin Neurosci 
18:7-21.

Kulisevsky J, Pujol J, Balanzó J, Junqué C, Deus J, Capdevilla A, Villan-
ueva C (1992) Pallidal hyperintensity on magnetic resonance imag-
ing in cirrhotic patients: clinical correlations. Hepatology 16:1382-
1388. 

Layrargues GP, Rose C, Spahr L, Zayed J, Normandin L, Butterworth 
RF (1998) Role of manganese in the pathogenesis of portal-systemic 
encephalopathy. Metab Brain Dis 13:311-317.

Lefer LG, Vogel FS (1972) Encephalomyelopathy with hepatic cirrhosis 
following portosystemic venous shunts. Arch Pathol 93:91-97.

Leigh AD, Card WI (1949) Hepatolenticular degeneration: a case asso-
ciated with postero-lateral column degeneration. J Neuropathol Exp 
Neurol 8:338-346.

Liversedge LA, Rawson MD (1966) Myelopathy in hepatic disease and 
portosystemic venous anastomosis. Lancet 1:277-279. 

Maeda H, Sato M, Yoshikawa A, Kimura M, Sonomura T, Terada M, 
Kishi K (1997) Brain MR imaging in patients with hepatic cirrho-
sis: relationship between high intensity signal in basal ganglia on 
T1-weighted images and elemental concentrations in brain. Neu-
roradiology 39:546-550. 

Marshall RS, Zarahn E, Alon L, Minzer B, Lazar RM, Krakauer JW 
(2009) Early imaging correlates of subsequent motor recovery after 
stroke. Ann Neurol 65:596-602.

McFarland NR., Haber SN (2002) Thalamic relay nuclei of the basal 
ganglia form both reciprocal and nonreciprocal cortical connections, 
linking multiple frontal cortical areas. J Neurosci 22:8117-8132.

Mendoza G, Marti-Fàbregas J, Kulisevsky J, Escartín A (1994) Hepatic 
myelopathy: a rare complication of portacaval shunt. Eur Neurol 
34:209-212.

Moreno-Alcázar A, Ramos-Quiroga JA, Radua J, Salavert J, Palomar G, 
Bosch R, Salvador R, Blanch J, Casas M, McKenna PJ, Pomarol-Clo-
tet E (2016) Brain abnormalities in adults with attention deficit 
hyperactivity disorder revealed by voxel-based morphometry. Psy-
chiatry Res Neuroimaging 254:41-47.

Mutschler I, Wieckhorst B, Kowalevski S, Derix J, Wentlandt J, Schul-
ze-Bonhage A, Ball T (2009) Functional organization of the human 
anterior insular cortex. Neurosci Lett 457:66-70. 

Nardone R, Buratti T, Oliviero A, Lochmann A, Tezzon F (2006) Cor-
ticospinal involvement in patients with a portosystemic shunt due to 
liver cirrhosis: a MEP study. J Neurol 253:81-85. 

Navarro-Cebrian A, Knight RT, Kayser AS (2013) Error-monitoring 
and post-error compensations: dissociation between perceptual 
failures and motor errors with and without awareness. J Neurosci 
33:12375-12383.

Obeso JA, Rodriguez-Oroz MC, Stamelou M, Bhatia KP, Burn DJ 
(2014) The expanding universe of disorders of the basal ganglia. 
Lancet 384:523-531.

Pomier-Layrargues G, Spahr L, Butterworth RF (1995) Increased 
manganese concentration in pallidum of cirrhotic patients. Lancet 
345:735. 

Procyk E, Wilson CR, Stoll FM, Faraut MC, Petrides M, Amiez C (2016) 
Midcingulate motor map and feedback detection: converging data 
from humans and monkeys. Cereb Cortex 26:467-476.

Pugh RN, Murray-Lyon IM, Dawson JL, Pietroni MC, Williams R 
(1973) Transection of the oesophagus for bleeding oesophageal vari-
ces. Br J Surg 60:646–649.

Rao AK, Muratori L, Louis ED, Moskowitz CB, Marder KS (2008) 
Spectrum of gait impairments in presymptomatic and symptomatic 
Huntington’s disease. Mov Disord 23:1100-1107.

Rose C, Butterworth RF, Zayed J, Normandin L, Todd K, Michalak A, 
Spahr L, Huet PM, Pomier-Layrargues G (1999) Manganese depo-
sition in basal ganglia structures results from both portal-systemic 
shunting and liver dysfunction. Gastroenterology 117:640-644.

Rudebeck PH, Behrens TE, Kennerley SW, Baxter MG, Buckley MJ, 
Walton ME, Rushworth MF (2008) Frontal cortex subregions play 
distinct roles in choices between actions and stimuli. J Neurosci 
28:13775-13785.

Stein JL, Hibar DP, Madsen SK, Khamis M, McMahon KL, de Zubic-
aray GI, Hansell NK, Montgomery GW, Martin NG, Wright MJ, 
Saykin AJ, Jack CR Jr, Weiner MW, Toga AW, Thompson PM 
(2011) Discovery and replication of dopaminerelated gene effects on 
caudate volume in young and elderly populations (N=1198) using 
genome-wide search. Mol Psychiatry 16:927-937.

Tao R, Zhang J, You Z, Wei L, Fan Y, Cui J, Wang J (2013) The thala-
mus in cirrhotic patients with and without hepatic encephalopathy: 
a densitytric MRI study. Eur J Radiol 82:e715-720.

Tian Q, Chastan N, Bair WN, Resnick SM, Ferrucci L, Studenski SA 
(2017) The brain map of gait variability in aging, cognitive impair-
ment and dementia. A systematic review. Neurosci Biobehav Rev 
74:149-162.

Troisi R, Debruyne J, de Hemptinne B (1999) Improvement of hepatic 
myelopathy after liver transplantation. N Engl J Med 340:151.

Volkow ND, Gur RC, Wang GJ, Fowler JS, Moberg PJ, Ding YS, 
Hitzemann R, Smith G, Logan J (1998) Association between decline 
in brain dopamine activity with age and cognitive and motor im-
pairment in healthy individuals. Am J Psychiatry 155:344-349.

Weiller C, Chollet F, Friston KJ, Wise RJ, Frackowiak RS (1992) Func-
tional reorganization of the brain in recovery from striatocapsular 
infarction in man. Ann Neurol 31:463-472.

Wennberg AMV, Savica R, Mielke MM (2017) Association between 
various brain pathologies and gait disturbance. Dement Geriatr 
Cogn Disord 43:128-143.

Yengue P, Adler M, Bouhdid H, Mavroudakis N, Gelin M, Bourgeois N 
(2001) Hepatic myelopathy after splenorenal shunting: report of one 
case and review of the literature. Acta Gastroenterol Belg 64:231-
233. 

Zhang LJ, Qi R, Zhong J, Xu Q, Zheng G, Lu GM (2012) The effect of 
hepatic encephalopathy, hepatic failure, and portosystemic shunt 
on brain density of cirrhotic patients: a voxel-based morphometry 
study. PLoS One 7:e42824.

Zhao H, Liu F, Yue Z, Wang L, Fan Z (2016) Evaluation of mid- and 
long-term efficacy of shunt limiting for hepatic myelopathy after 
transjugular intrahepatic portosystemic shunt. Clin Res Hepatol 
Gastroenterol 40:440-446.

P-Reviewer: Bonanno L; C-Editor: Zhao M; S-Editors: Wang J, Li CH; 
L-Editors: Qiu Y, Song LP; T-Editor: Liu XL


