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Abstract: Purpose: Porto-systemic shunting (PSS) in patients with Abernethy malforma-
tion (AM) or obstruction of the portal vein (OVP) is often associated with normal liver
parenchyma and hepatic function. This association provides an interesting natural model
for studying the brain functional connectivity changes secondary to PSS but independently
from hepatic (dys)function. Because PSS can be eliminated with appropriate interventions,
these particular conditions offer a unique physio-pathological model where the same pa-
tient can be studied in both “active PSS” and “absent PSS” conditions (pre- and post-cure
analyses). Methods: Four children (<18 years) who were evaluated for Abernethy malfor-
mation (n = 2) or portal cavernoma (n = 2) and underwent corrective surgery (living-donor
liver transplantation for AM, or Meso-Rex bypass for OPV, respectively) were included
in the study. Brain magnetic resonance imaging and resting-state functional magnetic
resonance imaging (rest-fMRI) were acquired in all patients before and after the corrective
surgery. A functional connectome analysis was performed before (“active PSS” condition)
and after (“absent PSS”—physiological condition) the cure of PSS. Results: As a result of
the cancelation of PSS, rest-fMRI connectomics revealed a statistically significant (p < 0.05
family-wise error) improvement in global brain functional connectivity in both groups
following each surgical procedure. Conclusions: In this clinical model of isolated PSS (with
absence of hepatic dysfunction), brain functional connectivity was altered even in young
patients and in the absence of hyperammonemia; moreover, specific interventions to cancel
out PSS consequently significantly improved brain functional connectivity.

Keywords: minimal hepatic encephalopathy; non-cirrhotic portal hypertension; Abernethy
malformation; Meso-Rex bypass; magnetic resonance imaging; resting-state functional
magnetic resonance imaging; connectomics

1. Background
In the vast majority of patients presenting with porto-systemic shunting (PSS), the

primary cause is liver disease with cirrhosis and secondary portal hypertension: they
thus present with a combination of hepatic dysfunction (HD) and PSS. Both HD and PSS
alter the brain metabolism and activity—a potent synergistic association resulting in a
spectrum of neurological dysfunctions that is complex to study, such as of mixt etiology.
A typical neuro-clinical presentation is “hepatic encephalopathy” (HE)—a condition that
co-exists in a variable manner (quantitatively and qualitatively) with impairment of cog-
nitive functions, attention disorders, gross disorientation, motor system abnormalities,
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and possible neuropsychiatric disturbances [1–3]. The presence and the magnitude of PSS
is a key factor for the development of HE. It is a common clinical observation and also
suggested by (1) the impairment of brain function after the medical creation of PSS [4–6],
and (2) the rapid improvement of brain activity and of cognitive functions after closure of
PSS by liver transplantation, for example [7,8]. Although recent findings support the role
of inflammation (systemic or cerebral) as a complementary or synergistic processus [9,10],
hyperammonemia has been pointed out for decades as a key factor for the development of
HE, and still remains the first metabolic element in the chain of pathological events [11–13].
Ammonia easily crosses the blood–brain barrier, passively or via transporters, and is pref-
erentially captured by astrocytes; though astrocytes are equipped precisely for ammonia
detoxification, excess of ammonia leads rapidly to oxidative stress, mitochondrial fragmen-
tation, cell dysfunction, and neurotransmitter imbalance. These alterations in turn lead to
astrocyte swelling and senescence, microglial cell activation, neuronal damage and death,
and osmotic gliopathy [13–16].

In the majority of cases, PSS is secondary to portal hypertension due to liver disease,
but there are a few specific conditions combining PSS and normal liver parenchyma/hepatic
function. This is found in most patients with (1) a congenital malformation known as
Abernethy malformation (AM) (the latter consists of a large communication between the
portal system and the systemic venous circulation), and (2) extrahepatic portal hypertension
secondary to the obstruction of the portal vein (OPV) (Figure 1) [17–20].
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Figure 1. Graphical representations of Abernethy malformation (left column) and portal cavernoma
(middle column): the lower figures show the condition after a surgical cure (liver replacement in
Abernethy patients, and Meso-Rex bypass in cases with portal cavernoma). The normal physiologic
condition is represented in the right column. The arrows indicate the direction of main portal flow
(normal flow: green arrows; porto-systemic shunting: red arrows).
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OPV [17–20] is a prevalent cause of chronic portal hypertension in infants. Throm-
bosis of the portal vein results in a cavernous transformation of the hepatic hilum, also
known as portal cavernoma [17] (Figure 1). In the absence of hepatic dysfunction (the
liver parenchyma is usually normal), the natural progression of the disease is character-
ized by repeated hemorrhage in childhood and the development of splenomegaly and
hypersplenism [1]. As portal hypertension progresses, there is increasing porto-systemic
shunting (PSS) due to the development of retro-peritoneal, parietal, and para-esophageal
venous neo-collaterals. AM is a serious condition characterized by a congenital PSS and its
collateral effects [21,22] (Figure 1). The shunts can be located within or outside the liver
and can reroute either part or the whole splanchnic blood flow into the systemic circulation;
though the liver can be altered histologically with time, patients typically do not experience
liver dysfunction in the pediatric age range [21,22].

The presence of a PSS in patients with normal hepatic function brings an interesting
natural model to study the collateral effects of PSS on the functioning of the brain, in the
absence of hepatic dysfunction. More interesting is that in these conditions (AVM and
OPV), the PSS can be closed by precise interventions—which eventually restores a normal
physiology. This is a unique opportunity for studying the physio-pathology of PSS in
a natural human model, comparing the condition both before and after the cure, in the
same patient. Because of the absence of associated liver dysfunction in both AM and OVP,
ammonia blood levels are minorly or mildly elevated [3,6,10–12]. Although overt HE is rare
in infants of these groups, they may present a less aggressive form of HE, called “covert”
or “minimal hepatic encephalopathy” (MHE) [22–24].

While HE has been well studied in cirrhotic patients for decades, MHE in OPV is
just starting to attract interest for clinical research, with studies confirming that MHE is a
clinical reality that may affect overall quality of life and even patients’ ability to perform
daily tasks [25–27]. Although MHE is usually clinically subtle (neurological examination
may be normal), it may be characterized by a range of quantifiable cognitive impairments,
psychomotor sluggishness, attention deficits, and reduced fine motor skills [17,18,24]. The
condition impacts often on quality of life, and may alter to various degrees the neurocog-
nitive development, scholar and academic performance, and even the carrying out of
long-term problems of socio-professional integration and psychiatric condition. Psychome-
tric and electrophysiological evaluations are often unable to diagnose MHE in otherwise
asymptomatic patients. Incidence is high, with MHE conditions affecting 30 to 50% of OVP
and AM cases [23–26].

The standard brain imaging may be normal or showing only slight abnormalities
such as low-grade edema, or a T1-weighted-hyperintense globus pallidus [27]. The precise
physio-pathology of T1-weighted hyperintensity is not clear: though the deposition of
manganese, lipids, or other compounds that possess paramagnetic properties has been
evoked [28], hyperintensity may be secondary to a toxic-ischemic insult or metabolic disor-
der and reflect only local edema or inflammation—both processes being considered key
elements of the HE physio-pathological mechanism. In that, T1-weighted hyperintensity
of the globus pallidus may be easy imaging suggesting some brain alteration relating to
PSS. Interestingly, it has been clearly shown that this anomaly is reversible after a PSS
cure, by liver transplantation, for example [7,8]. Although neurological symptoms may be
minimal or absent, microstructural brain abnormalities and low-grade edema have been
evidenced by standard MR in patients with MHE, but these findings are far too little for
modern research on HE/MHE [29,30].

Advanced MRI techniques have been used to capture more minor changes or study
the metabolism (MR spectroscopy, metabolite study, diffusion tensor imaging, 3D-T1, . . .),
but the research in that matter has remained limited with little new relevant conclu-
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sions [4,15,31–33]. Most of the latter studies differ from our research in that most studied
(1) the progression of HE/MHE before and after PSS creation, and not the contrary; (2) cir-
rhotic patients with severe hepatic dysfunction, not MHE in patients with normal hepatic
function; and (3) using MR spectroscopy and metabolite changes rather than functional
connectivity. In a recent study, Yadav et al. studied both cirrhotic and OPV patients (in-
cluding MR diffusion tensor imaging and spectroscopy, but no MR connectivity study),
and confirmed that OPV patients have less severe MHE compared to cirrhotic patients—a
predictable conclusion [32].

Rest-fMRI has been used extensively in the last decade to study brain functionality,
showing that it can identify MHE/HE, and possibly detect anomalies even before the
onset of true MHE [4,34,35]. However, Wang et al. confirmed the limit of these rest-fMRI
studies [31], as their conclusions are based on the assumption that functional connectivity
is stable—when the current opinion is, on the contrary, that (1) it is highly dynamic and
(2) MHE features are precisely alterations of the dynamics. Wang et al. concluded that
further research should be towards dynamic functional connectivity [31].

At a similar but higher level, the “Human connectome project” was launched in 2010
and, aiming at studying brain connectivity from the nematode to the human, has been
challenged by the vastness of the field and the magnitude of the task [36]. Even the simple
rest-fMRI studies have been limited in number and application. Assessment of brain
connectivity by rest-fMRI has not until now, as far as we know, been used to study children
with PSS.

Interestingly, for both AM and OPV, there is a possible cure by rerouting the splanchnic
venous blood towards the liver and closing the PSS: this allows the restoration of the
hepatic clearance of ammonia and reinstates a normal hepatic and systemic physiology.
Restoring the portal blood flow to the liver and eliminating the PSS has been shown by
Chiu et al. and Mack et al., being able to reverse hyperammonemia and HE and improving
neurocognitive impairment in patients with OPV; similarly, Franchi-Abella et al. mention
that HE secondary to AM is cured by closure of PSS [37,38].

For OVP children, the Meso-Rex bypass (MRB) procedure [19,20] (Figure 1) restores
the portal flow towards and through the liver by interposing a vascular conduit between
the superior mesenteric vein and the recessus of Rex (intrahepatic left portal vein). It
is a physiological cure of OPV, restoring normal portal pressure and normal splanchnic
venous physiology, with the disappearance of esophageal varices and PSS; it has thus
become the preferred method of treatment for OPV when feasible. For AM children,
the preferred approach consists of closing the PSS early in life (Figure 1) in order to
prevent the systemic effects of PSS on the developing brain of the infant (alteration of
neurocognitive development, minimal encephalopathy). For those cases that cannot benefit
from closure, liver transplantation with closure of the PSS is indicated when they develop
complications [22].

The objective of this research was thus to investigate the feasibility of using rest-fMRI
for assessment of the brain connectivity dysfunction secondary to PSS. This has never been
tried in similar clinical settings, as far as we know. The hypothesis was that this tool would
be more sensitive, and specific, compared to other, currently available, assessment tools.
Moreover, because the patients were exposed to closure of PSS, a unique opportunity was
given to study the brain functioning in a longitudinal manner (same patients)—thereby
possibly confirming the reversibility of initial functional alterations.
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2. Material and Methods
2.1. Patient Population and Selection Criteria

All children (<18 years) who were assessed for OPV or AM in the past 5 years at our
center were considered for the study. Of these children, only those who had undergone a
brain rest-fMRI before and after a corrective procedure were then selected for the study.

2.2. Study

The study was conducted retrospectively and written informed consent was obtained
from the parents or legal guardians of all selected children, for the retrospective use of
clinical and radiological data. All clinical, laboratory, and radiological data and procedures,
including MRI imaging, were acquired for clinical purposes and as part of the usual
assessment or follow-up.

Rest-fMRI was performed only in patients who had an independent clinical indication
for standard MRI before the intervention (i.e., studying the venous drainage of the brain
before the resection of one internal jugular vein in OVP patients, or assessing signs of
HE in neurologically pauci-symptomatic AM cases). Functional MRI was performed as a
complementary study during MRI. In the latter patients, a brain rest-fMRI was repeated
after the operation: consent was obtained, based on the indication of re-assessing the brain
function after the preoperative fMRI showed lower-than-expected activity.

Based on their diagnosis and the surgical procedure used to correct the condition,
patients were divided into two groups: group 1 consisted of AM children undergoing
living-donor liver transplantation (LDLT), and group 2 consisted of children with OPV
undergoing Meso-Rex bypass correction.

The primary endpoint was to determine if there was a statistically significant difference
in functional connectivity between baseline and post-treatment assessments in each of the
two groups within one year after surgery.

2.3. Statistical Analysis

Statistical analyses were carried out using the CONN toolbox’s built-in statistical
functions [21].

2.4. Imaging Analysis

MRI examinations were performed on a 3T MRI scanner (Discovery 750w, General
Electric Medical System, Milwaukee, WI, USA) utilizing a 32-channel head coil. Participants
were positioned in the scanner with their heads comfortably restrained by foam padding to
reduce head movement. Earplugs were used to reduce the noise of the scanner. During the
resting-state scans, participants were instructed to keep their eyes closed and remain as
motionless as possible and were asked not to think about any specific thoughts or perform
any specific, rhythmic mental activity.

Standard multi-parametric MR imaging protocol:
MR imaging was performed with fast spin echo (FSE) T1-weighted and T2-weighted

MR images, fluid-attenuated inversion recovery (FLAIR), T2*-weighted gradient-recalled
echo (GRE), susceptibility weighted imaging (SWI), and standard 3-direction diffusion
weighted imaging (b = 0, b = 1000). Additionally, isotropic T1-weighted volumetric imaging
(3D-SPGR) was used to assess cortical gray matter volume changes. To assess cerebral net-
work connectivity (functional MRI), rest-fMRI with the blood oxygenation level-dependent
(BOLD) echo-planar imaging (EPI) technique was performed to assess spontaneous neu-
ronal activity within the resting-state networks (RSNs), resulting in a total of 210 volumes.
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2.5. Data and Functionnal Image Pre-Processing

Data pre-processing was conducted using a dedicated Linux-based workstation
[https://ubuntu.com/ accessed on 12 February 2022] and using various software tools
for connectomics computation, including Freesurfer [http://surfer.nmr.mgh.harvard.edu/
accessed on 12 February 2022], fMRIPrep [https://fmriprep.org/en/0.6.6/index.html ac-
cessed on 12 February 2022], Statistical Parametric Mapping (SPM 12) [https://www.fil.
ion.ucl.ac.uk/spm/ accessed on 12 February 2022], and CONN toolbox [https://web.conn-
toolbox.org/ accessed on 12 February 2022] [39] (running under MatLab (MATLAB version:
9.13.0 (R2022b), MathWorks Inc, Natick, MA, USA)).

For signal stabilization, the initial 10 volumes of the functional time series were
discarded, with the first volume recorded to account for head movement. All participants’
rotations and movements were within 2 mm in the x, y, and z planes. Volumes were
normalized to the standard EPI template in Montreal Neurological Institute (MNI) space
[https://brainmap.org/training/BrettTransform.html accessed on 12 February 2022] and
restored to 3 × 3 × 3 mm3. Spatial smoothing was obtained using a Gaussian kernel with
a full width at half maximum of 8 mm. Subsequently, the CompCor function [40] was
utilized for spatial and temporal pre-processing to reduce the influence of motion and
physiological noise factors, as well as to identify and eliminate confounds in the BOLD
signal. Additionally, first-order derivative terms for the whole brain, ventricular, and white
matter signals were regressed as part of the correlation pre-processing to reduce the impact
of spurious variance on neuronal activity. The rest-fMRI post-processing and analysis
pipeline utilized was previously described [41].

The analysis of graph theory was used to create a mathematical model of the brain’s
complex network functions. RSNs are represented by groups of nodes connected by
edges [42]. As a result, the graph theory analysis illustrates the relationship between nodes
and edges and depicts these interactions using various graph parameters (such as the
clustering coefficient). Various RSNs in the brain, including the salience network, auditory
network, basal ganglia network, higher visual network, visuospatial network, default
mode network, language network, executive network, pre-cuneus network, primary visual
network, and sensory-motor network, can be identified using these functional connectivity
analysis techniques [42].

2.6. Seed Selection and Functional Connectivity Analysis

Assessment of the functional connectivity matrix in selected seed areas in RSNs
was carried out by a region of interest (ROI) to ROI connectivity matrix comparison and
by testing hypotheses [39]. Data visualization was obtained using the CONN toolbox.
Functional connectivity measures were computed between seed areas for ROI-to-ROI
analysis to identify patterns of ROI-to-ROI connectivity. Specifically, threshold-free cluster
enhancement (TFCE) analyses [42,43] were used to make inferences at the cluster level. This
was carried out within the framework of ROI-to-ROI connection matrices. TFCE analyses
employ an automated hierarchical clustering method that utilizes optimal leaf ordering for
hierarchical clustering [43,44]. This method is based on anatomical proximity or functional
similarity metrics between regions of interest (ROIs). The analysis involves calculating a
TFCE score for each T or F statistic associated with all voxels within the ROIs.

The TFCE score combines the strength of the statistical effect for each connection
with the extent of all clusters or groups of neighboring connections that exhibit areas of
functional activity. The objective of this method is to improve signal regions that indicate
spatial continuity by eliminating the need for an arbitrary threshold to define the cluster.

Due to the extremely small number of patients and observations in this study, the
distribution functions of the population from which the sample is drawn were unknown.

https://ubuntu.com/
http://surfer.nmr.mgh.harvard.edu/
https://fmriprep.org/en/0.6.6/index.html
https://www.fil.ion.ucl.ac.uk/spm/
https://www.fil.ion.ucl.ac.uk/spm/
https://web.conn-toolbox.org/
https://web.conn-toolbox.org/
https://brainmap.org/training/BrettTransform.html
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To address this, a permutation method predicated on the assumption of interchangeability
was used [42–44]. This method involves computing a test statistic by subjecting all subjects
to multiple random permutations. Statistical inference is then conducted on the spatial
maps associated with the various subjects using a non-parametric permutation statisti-
cal test [42–44] as previously described in a precedent study based on a single-subject
analysis [45]. This test integrates the threshold-free cluster enhancement (TFCE) algorithm.

Functional connectivity between the two groups at baseline and follow-up after LDLT
or Meso-Rex surgery was assessed using two-tailed paired t-tests. The resulting statistical
maps were set with p < 0.05 at the cluster level, family-wise error (p-FWE) [46] being
corrected. For maps that did not meet this criterion, a p < 0.001 threshold level was used.

2.7. Behavioral Correlations

To investigate changes in functional connectivity in the two groups before and after
treatment (LDLT or Meso-Rex bypass), we conducted a correlation analysis using graph
theory-based methodologies. Data were considered statistically significant if p-FWE cor-
rected < 0.05. The data are presented as mean differences in effect size for RSN connectivity
before and after each treatment for both groups.

The correlation coefficients, specifically the correlation matrix [39], were used to ex-
amine the increase in functional connectivity among the two groups of patients. The
Conn toolbox utilizes Fisher transformed correlation coefficients, also known as Fisher
transformed z values. The values provided are the inverse hyperbolic tangent values corre-
sponding to the correlation coefficient. As a result, it is expected that the transformation
will improve the normality of the data, thereby increasing the robustness of subsequent
statistical analyses.

3. Results
Out of a cohort of around 70 children who were followed for portal hypertension

and AM in the last decade in our unit, 4 patients complied with the selection criteria
and were included in this analysis. In all four patients, surgery was indicated on the
basis of conventional strategies: in the first group, AM was complicated by HE in one
child and by an unresectable malignant tumor (hepatoblastoma) in the other case—and in
the second group, both patients had portal hypertension and a favorable anatomy for a
Meso-Rex bypass.

Two children (7 and 8 years of age, 20 and 24 Kg of weight) had AM, while two
other children (7 and 9 years of age, 20 and 33 Kg of weight) had OPV. The preoperative
ammonium blood level was normal in three cases, and was moderately increased in a
single case—being 58 mic.mole/L (normal: 11–32 micr.mole/L). Only one child (AM) had
a history of HE before the intervention; although the neurological examination was normal,
he was referred after he had episodes of clinical encephalopathy in the past months, in the
context of hyperammonemia.

Brain rest-fMRI was fully acquired in all four subjects within 3 months before their
operation; the postoperative MRI was performed at a mean follow-up of 12.5 months after
the procedure (interval: 5 to 22 months). Before the operation, hyperintensity of the globi
pallidi was observed in the T1-weighted sequence in all four cases; this hyperintensity was
still observable in two patients (one in each group) who had the postoperative control MRI
within the first year, but was not seen any more in the two other patients who repeated the
MRI within the second year (Figure 2).
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Figure 2. Axial T1-weighted MR image at the level of the basal ganglia of the brain (A) before
surgery and (B) after surgery. (A) Bilateral symmetric hyperintensity in the globus pallidus on the
T1-weighted MR image was observed in all cases in this series. (B) Bilateral symmetric hyperintensity
in the globus pallidus on the T1-weighted MR image disappeared in the two patients who had
follow-up >12 months.
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A statistically significant (p < 0.05 FWE) increase in functional connectivity was
observed in the default mode, frontoparietal, salience, and sensorimotor networks as
compared to the pre-treatment functional connectivity in the same networks, in group
1 following LDLT (Figure 3), and in group 2 after the Meso-Rex bypass (Figure 4). All
children showed a highly significant improvement in the salience network after operation.
Figures 5 and 6 show comprehensive visual representations of the observed increase in
correlation coefficients (z values transformed using Fisher) and functional connectivity
across the salience network for both groups following each surgical treatment.
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network in patient’s group 1 after LDLT compared to the presurgical condition. The graphs show-
increased mean value correlation coefficients (z values transformed using Fisher) in patient (B)
after LDLT procedure (mean value 0.40) compared to (A) presurgical condition (mean value 0.15).
(C,D) ROI-to-ROI color coded circular connectomes show increased functional connectivity through-
out the salience network for patients in group 1 after LDLT (D) compared to the presurgical condition
(C). (ROI = Region of interest, LDLT = living-donor liver transplantation, In the color coded circular
graph, the edges represent connectivity changes between regions; red connections mean positive
T-values indicating increase in functional connectivity; blue color connections mean negative T-values
indicating decrease in functional connectivity.
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Figure 6. Visual representations of increased functional connectivity throughout the salience network
for patients in group 2 after the Meso-Rex bypass compared to the presurgical condition. The
graphs show increased median value correlation coefficients (z values transformed using Fisher)
throughout the salience network (B) after the Meso-Rex bypass (median value 0.35) compared to
the (A) presurgical condition (median value 0.22). (C,D) Color coded circular connectomes show
increased functional connectivity throughout the salience network after the Meso-Rex bypass (D)
compared to the presurgical condition (C). (In the circular graph, the edges represent connectivity
changes between regions, the colors correspond to the network affiliation).
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4. Discussion
The observations in this short series are original as no previous study in the literature

has described similar findings. It is, as far as we know, the first research using rest-fMRI for
studying brain connectivity in children with PSS.

The key findings were

1. Pre-intervention rest-fMRI showed low functional connectivity in all patients, though
three of four were asymptomatic and were as young as 7 to 9 years old. It suggests
that the brain functional alteration starts very early in the story of PSS or portal
hypertension, much earlier than it has ever been thought.

2. Pre-intervention low functional connectivity was evidenced even in children with
a normal ammonia blood level and normal liver function: this suggests that other
factors or metabolites—not identified clearly until now—may play a role in the physio-
pathogenesis of HE.

3. The functional connectivity did improve significantly after the correction of PSS, in all
four patients—each case showing improvement compared to their own preoperative
examination. This may impose revisiting our management strategies and opting for
early cures rather than palliative or conservative management.

4. Though the phenomenon was slower, MRI evidenced the disappearance of the hy-
perintensity of the globus pallidus on T1-weighted sequences (in two cases that had
follow-up >1 year). This needs further studying.

Some of these observations may have profound implications, for example, the obser-
vation that brain connectivity was significantly altered in patients with a normal ammonia
blood level. It suggests that ammonia may not be the key element, but a second event: its
potent toxicity against astrocytes and neuronal networks may be amplified by the fact that
it acts as a second cellular hit, possibly synergistically. One candidate for the role of a “first
hit” when hyperammonemia is absent could be—as evoked frequently in the literature
recently—a neuroinflammatory process induced by peripheral inflammation [9,47]. One
of the current hypotheses for the peripheral inflammatory signaling is a gut microbiome
alteration secondary to portal hypertension, and induction of a pathological gut–brain
axis signaling [48,49]. The observation by Zhand et al., and by Gitto et al., that an altered
microbiome did improve after decreasing portal pressure in patients with severe portal
hypertension is interesting but might be a new egg–chicken challenge [50,51].

There are several limitations to our study. First is the small number of pediatric cases
in this series, which is a result of the rarity of these diseases. Although our unit is part of a
tertiary hospital dedicated to complex surgery and transplantation, and although the unit
follows a relatively large cohort of children with either AM or OVP, only four cases could
be selected as the criteria imposed not only having a cure of the PSS, but also having a rest-
fMRI before the procedure—which is not part of our standard assessment. Secondly, the
results of rest-fMRI in this series could not be compared to that of healthy subjects, as this
information is currently not available in the literature, or in our center. The latter limitation
was, however, overcome, as all four patients were studied before and after the correction
of PSS and each one was used as his own control. The statistical analysis method was
based on mutual information and surrogate analysis, as described in a previous study [27],
with an additional permutation method based on the assumption of interchangeability
to compensate for the small number of pediatric cases and the lack of controls [24–26].
As a result, each patient serves as a self-reference for longitudinal connectomics analysis
as a member of the group. A third limitation is that fMRI was performed with no other
advanced study methodology such as metabolic MRI, MRI spectroscopy, or ultra-high-field
MRI: this was not intended at all, as using fMRI in this study was allowed since it is a rapid



Life 2025, 15, 290 13 of 16

and non-invasive technology that was added to an MRI examination for other purposes.
The study was explorative in its concept, but it now opens the way to other research.

The rapid development of neuroscience in the last decades led to an increasing under-
standing of how the brain develop in infants and children, consisting not only of a major
growth within the first 18–24 months of life, but also and more importantly of a slower
maturation of the functional brain connectome from birth to adolescence, in relation to
the neurocognitive development [52,53]. Moreover, there are specific times in a child’s
development when certain functions are active but later disappear, with no possibility
of reacquiring them later. Overall, this emphasizes how crucial it is to reconsider some
of the medical strategies, with the priority of protecting at best the brain modeling and
neurocognitive acquisitions during the first 10 years of life. In line with this objective, it
is critical to provide early intervention for curing any condition that may affect the brain
development in children [29]. In the context of natural or congenital PSS, this means priori-
tizing early intervention to cure the condition whenever possible in infancy. In the same
line of thinking, these observations should stimulate rethinking the role of elective PSS
creation (i.e., in the context of the management of chronic portal hypertension in children),
in order to minimize the risk of favoring MHE. This would mean postponing indications to
older age [54], and/or considering earlier pre-emptive liver replacement instead of opting
for a palliative PSS.

5. Conclusions
As the primary objective of this research, the study confirmed the feasibility of using

RS-fMRI for evidencing alterations of functional connectivity relating to HE or MHE. It also
shows that it can be used in relatively young children, aged less than 10 years old. These two
observations, per se, open a vast space for research in the future, and considering rs-fMRI
as a new tool for early diagnoses, enable fine assessment of neurological collateral effects
and monitoring the effects of the clinical management in children with portal hypertension
and/or PSS.

Further studies are needed to confirm these observations. While they are preliminary
observations, they cannot be ignored and could stimulate revisiting current strategies and
approaches for managing OBV and AM patients, possibly also for dealing with a larger
spectrum of PSS in the context of liver diseases causing chronic portal hypertension.
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Abbreviations

AM Abernethy malformation
AUROC Area under the receiver operating characteristic curve
fMRI Functional magnetic resonance imaging
FSE Fast spin echo
FOV Field of view
FEW Family-wise error
HE Hepatic encephalopathy
LDLT Living-donor liver transplantation
MELD Model for end-stage liver disease
MHE Minimal hepatic encephalopathy
MR Magnetic resonance
MRB Meso-Rex bypass
MRI Magnetic resonance imaging
OVP Obstruction of the portal vein
PSS Porto-systemic shunting
rest-fMRI Resting-state functional magnetic resonance imaging
ROI Region of interest
ROC Receiver operating characteristic
RSN Resting-state network
SD Standard deviation
TFCE Threshold-free cluster enhancement
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