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Abstract

Aim To evaluate the safety and outcomes of modified Kasai operation combined with autologous bone marrow
mononuclear cell BMMNC) infusion for biliary atresia (BA).

Methods A matched control study was conducted between January 2015 and December 2021. Ten consecutive
children with biliary atresia (BA) who underwent the modified Kasai operation combined with autologous BMMNC
infusion (cell therapy group) and ten children who had only the modified Kasai operation (control group) were
included in the study. The Kasai operation was performed with two modifications: partial exteriorization of the liver,
and encirclement with lateral retraction of two hepatic pedicles to facilitate the removal of fibrotic tissue.

Bone marrow was harvested through anterior iliac crest under general anesthesia then a modified Kasai operation
was performed. After processing, bone marrow mononuclear cells were infused through the umbilical vein at the end
of the operation.

Serum bilirubin, albumin, alanine aminotransferase, aspartate aminotransferase, gamma-glutamyl transferase,

and prothrombin time were monitored at baseline, six months, twelve months, and the last follow-up (4.5 years)

after the operation. In addition, esophagoscopy and liver biopsies were performed on patients whose parents agreed.
Mixed-effects analysis was used to evaluate the changes in Pediatric End-Stage Liver Disease (PELD) scores.

Results There were no intraoperative or postoperative complications related to the operation or cell infusion. The
average infused BMMNC and CD34 + cell counts per kg bodyweight were 85.5+56.0x 10¢/kg and 10.0+3.6x 10°
for the injection, respectively. Following the intervention, all ten patients in the cell therapy group survived,

with a mean follow-up duration of 4.5+ 0.9 years. Meanwhile, three patients in the control group died due to end-
stage liver failure, with a mean follow-up time of 4.3+0.9 years. Liver function of the cell therapy group was main-
tained or improved after the operation and cell infusion, as assessed by biochemical tests. The disease severity
reduced markedly in the CT group compared to the control group, with a significant reduction in PELD scores
(p<0.05).

Conclusion Autologous BMMNC administration combined with Kasai operation for BA is safe and may maintain
or improve liver function in the studied patients.

Trial registration ClinicalTrials.gov Identifier: NCT05517317 on August 26th, 2022.
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Introduction

BA is a progressive obliterative cholangiopathy, rare in
Europe and North America, but common in some coun-
tries in Asia [1-3].

BA is divided into two groups: the curable group and
the incurable group. Before 1958, there was no effective
treatment for the incurable group. In 1959, Morio Kasai
introduced the portoenterostomy technique for incurable
BA [4]. Since then, many patients have been saved [3, 5].
However, the long-term prognosis for patients after Kasai
surgery is still far from satisfactory. According to many
studies, the 5-year survival rate of patients with their
native liver is about 40% [6-8]. This rate decreases fur-
ther over time, dropping to 17.8%—30% after 20 years [6,
8]. Patients who can live with their native liver also fea-
ture many severe complications. A study conducted by
Lee et al. with 52 patients whose mean age was 7.4 years
old demonstrated that portal hypertension was observed
in 40%, cholangitis was 36%, and bleeding varices were
25% [9]. The goal to improve the survival rate for patients
with native livers triggered many modifications in surgi-
cal techniques that have been applied with varying suc-
cess [10—12]. Furthermore, various adjuvant treatments
have also been carried out [13]. Steroids have been used
as postoperative adjuvant therapy to alleviate the inflam-
matory reaction and improve postoperative bile. How-
ever, this treatment may improve bile flow in the short
term but could not sustain long-term results [14—16].

Given the constraints of existing treatment in BA, there
is an urgent need to develop a new and effective treat-
ment. In recent years, cell-based therapy, including bone
marrow mononuclear cells (BMMNCs), has demon-
strated encouraging outcomes in addressing liver fibro-
sis. BMMNCs encompass a varied array of cells, such as
hematopoietic stem cells, mesenchymal stromal/stem
cells, and endothelial progenitor cells [17]. In animals
with hepatic fibrosis, BMMNC transplantation induced
apoptosis of fibrogenic cells and stimulated hepatocyte
proliferation during liver generation leading to improve-
ment of liver function [18]. BMMNC:s also reduced liver
fibrosis associated with downregulation of inflammatory
and the extracellular matrix in CCl,-indcued liver fibrosis
mice [19].

In human, the safety and efficacy of BMMNC trans-
plantation have been demonstrated by many clinical trial
[20-24]. In 2015, Pankaj P et al. reported the outcomes
of BMMNC transplantation in patients with cirrhosis
across eight clinical trials. The findings indicated that
BMMNC transplantation elevated serum albumin levels,

reduced total bilirubin levels, and temporarily decreased
levels of alanine transaminase and aspartate transami-
nase [21]. In 2007, Gupta and colleagues initiated the
injection of BMMNC into eight children with BA,
including five of them underwent simultaneous BMMNC
injection and the Kasai procedure. Researchers adminis-
tered the cells to the liver through one of three different
routes: the hepatic artery route, portal vein route, and
direct injection into the hepatobiliary radicals. However,
determining the results post-intervention is challeng-
ing because BA, choledochal cysts, and cholestasis were
combined into a single group [25]. In 2011, Sharma S
et al. reported the results of BMMNC infusion through
the hepatic artery and/or portal vein for BA patients at
the time of Kasai or after Kasai surgery. Although the
group of patients receiving cell transfusion had bet-
ter early outcome than the control group, the long-term
results were not as expected. Remarked improvement of
biochemical parameters and scintigraphy was recorded,
but the median survival time of treated group was only
181 days [26].

In 2022, we published the results of BMMNC infusion
via the arterial route in 19 BA patients with cirrhosis after
Kasai surgery. Follow-up after 12 months showed that only
one patient died five months after intervention, while 18
patients were still alive and with normal liver functions [27].

Nevertheless, we hypothesize administering cells con-
currently with Kasai surgery might yield superior results
and cell delivery through the umbilical vein is a feasible
and safe approach, offering a less invasive alternative
than the arterial route and potentially delivering a higher
cell quantity to the liver than the peripheral route.

The aim of this study was to evaluate the safety and
preliminary outcomes of modified Kasai operation com-
bined with autologous BMMNC infusion via the umbili-
cal cord vein for patients with BA.

Patients and methods

Study design

A prospective study was performed from January 2015 to
December 2021.

Patients

Twenty patients were enrolled in this study, including 10
patients in the cell therapy (CT) group who underwent
a modified Kasai operation combined with autologous
BMMNC administration at Vinmec Times City Interna-
tional Hospital, Hanoi, Vietnam, and 10 patients in the
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control group who underwent the same Kasai technique at
Vietnam National Children’s Hospital, Hanoi. The match-
ing criteria between the two groups included age at the
time of surgery (with a difference of no more than 14 days),
the same sex, and the use of a similar surgical technique.

Inclusion criteria  Children of both sexes aged <4 months
old with BA at the intervention were included.

Exclusion criteria Patients with coagulation disorders,
allergies to anesthetic agents, or hepatic coma were excluded.

Methods

Bone marrow aspiration and isolation of BMMNCs

Bone marrow was collected via anterior iliac crest punc-
ture under general anesthesia in the operating room just
prior to the Kasai procedure. Based on improved safety
data from our previous studies, the collected volume of
bone marrow was set at 8 ml/kg [22—24]. BMMNCs were
isolated using Ficoll-Paque density gradient centrifuga-
tion (GE Healthcare, Sweden), following the method
described in our previous research (35,287,722). Briefly,
aspirated bone marrow was carefully layered onto Ficoll-
Paque at a 1:1 volume ratio and centrifuged at 1,400x g
for 18 min at 20 °C without braking. After centrifugation,
the plasma layer was retained for resuspending the final
cell product. The mononuclear cell layer was collected
and washed with 1X phosphate-buffered saline (PBS).
Finally, the cell product was resuspended in 10 mL of
autologous plasma for further injection.

The final cell product was subjected to a quality control
process to ensure cell viability, absence of mycoplasma,
endotoxin safety, and sterility. The release criteria
required for the cell product included:>80% cell viabil-
ity as measured by the Trypan blue exclusion method, a
negative result for mycoplasma using the MycoAlert
Mycoplasma Detection Kit (Lonza, Switzerland), endo-
toxin levels below 5.0 EU/kg/infusion hour using the
Endosafe-PTS Kit (Charles River, USA), and a negative
microbiology test verified by the BacT/Alert® 3D micro-
bial detection system (Biomerieux, USA). Additionally,
total blood components before and after Ficoll separation
were analyzed with a Beckman Coulter LH780 hematol-
ogy analyzer (USA). The CD34+hematopoietic stem
cell count was determined using the Stem-Kit"" Reagent
(Beckman Coulter, USA) on a Navios flow cytometer
(Beckman Coulter, USA).

Kasai operation
An incison below the right flank extended to the left was
made. The umbilical vein was identified and divided. The
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#6 catheter was inserted into the proximal umbilical vein
until blood came out.

The liver was mobilized by dividing the falciform
ligament, the left and the right triangular ligaments,
and a part of the coronary ligaments and was then par-
tially exteriorized (Fig. 1A). The left and right hepatic
pedicles were isolated, encircled by vessel loops,
and retracted laterally (Fig. 1B). The gallbladder was
detached from its bed, then the dissection was contin-
ued along the cholecystic duct to the fibrotic mass of
the liver hilar. A stay suture was placed on the fibrotic
tissue to hold it during its removal. The fibrotic mass
was maximally removed. Any small vessel from the
fibrotic mass running to the portal veins was coagu-
lated by bipolar diathermy.

Portoenterostomy was carried out with separate
sutures. The length of the Y limb from the duode-
nal angle to the entero-enterostomy anastomosis was
30 cm while the Y loop from the portoenterostomy
anastomosis to the entero-enterostomy anastomosis
was 20 cm in length. Ten ml autologous plasma con-
taining bone marrow mononuclear cells were infused

Fig. 1 A Exteriorization of the liver. B Isolation and retraction
of the hepatic pedicles



Thanh et al. BMC Surgery (2024) 24:368

through the umbilical vein catheter within a period of
10 min, then the abdomen was closed.

Histopathological analysis

In the CT group, histopathological examination was
executed by pathologists at Vinmec Times City Interna-
tional Hospital, using eosin staining and hematoxylin.
The first liver biopsy was performed intraoperatively,
with staining. An ultrasonography-guided fine-needle
core liver biopsy was performed for the second liver
biopsy. We used 18-gauge core biopsy needles, and the
biopsy target site was the right lobe. Three core biop-
sies were immediately placed in formalin. This was fol-
lowed by tissue block staining with hematoxylin and
eosin and analysis under microscopy.

Four histopathological findings including fibrosis, bile
duct proliferation, cholestasis and portal inflammation
were graded as follows:

Fibrosis was graded from mild to severe [20, 28].

+ Grade I: Mild fibrosis with fibrous expansion affect-
ing less than 50% of portal tracts.

+ Grade II: Moderate fibrosis with Porto-portal
bridging affecting more than 50% of portal tracts,
without liver nodules.

+ Grade III: Severe fibrosis with nodular liver struc-
ture and bridging fibrosis in more than 50% of por-
tal tracts.

Bile Duct Proliferation was scored semi-quantita-
tively [29].

« Mild: 5-9 bile ducts per portal tract.

+ Moderate: 10 or more bile ducts per tract.

« Severe: 10 or more ducts per tract, with ducts elon-
gated, attenuated, and angulated

Cholestasis was classified by bile accumulation [30].

+ Absent.

+ Mild: Bile in centrilobular hepatocytes.

+ Moderate: Bile in both centrilobular and periportal
hepatocytes

+ Severe: Presence of bile infarcts

Portal and periportal inflammation were assessed
based on cell density [31].
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+ Mild: Cells in less than one-third of portal tracts.

+ Moderate: Cells in one-third to two-thirds of tracts.

+ Severe: Dense cell presence in more than two-thirds
of tracts. Duct llate malformation is identified by
unusual bile duct formations around a fibrous or
vascular core, and giant cell transformation is noted
as either present or absent.

In the control group, liver biopsies were performed
by a single pathologist at the National Hospital of Pedi-
atrics, utilizing eosin and hematoxylin staining. Liver
fibrosis was staged according to the METAVIR scoring
system, which includes five stages: FO (normal, no fibro-
sis), F1 (portal fibrosis with mild fibrosis and pericellular
collagen deposits), F2 (fibrosis with few septa, moderate
fibrosis, and early bridging), F3 (numerous septa, severe
fibrosis, and bridging between fibrotic areas), and F4 (cir-
rhosis, indicating advanced scarring) [32].

Outcome measures

+ Monitoring procedure-related adverse events

Safety evaluation: Procedure-related adverse events
(AEs) and serious adverse events (SAEs), such as fever,
pain, intraabdominal bleeding, bile leakage, cholangitis,
and rupture of esophageal varices were recorded during a
48-h post-infusion period as well as after discharge.

+ Monitoring the changes in liver function and the severity

of the disease after the intervention

Biochemical indicators, including serum bilirubin, albu-
min, alanine aminotransferase, aspartate aminotrans-
ferase, gamma-glutamyl transferase (GGT), international
normalized ratio (INR), and prothrombin time, were
evaluated at baseline and six months, 12 months, and the
last follow-up visit after transplantation. In addition, liver
biopsies were performed at baseline and twelve months
after the BMMNC infusion for patients whose parents
agreed to it.

The Pediatric End-Stage Liver Disease (PELD) score,
which consists of age, albumin, total bilirubin, prothrom-
bin time, INR, and growth failure, was calculated at base-
line and six months, 12 months, and the last follow-up
after transplantation to estimate the relative disease
severity. PELD scores in which higher scores indicate a
poorer condition or worse outcomes, were calculated as
follows [33]:

PELDScore = 10x(0.480xIn(bilirubin) + 1.857xIn(INR) — 0.687xIn(albumin) + 0.436(if the patient is under 12 months)

+ 0.667(if the history of growth failure is positive).
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Table 1 Baseline characteristics of the patients

Characteristics CT group Control group P value
N=10(100%) N=10(100%)

Age atKasai Mean+SD 2.6+0.8 2.7+0.8 0.859

operation [Min, Max] [1.7,3.8] [1.9,3.9]

(month)

Height (cm) Mean+SD  59.3+3.1 599+2.1 0.621
[Min, Max] ~ [54.0,62.0] [57.0,63.0]

Weight (kg) Mean+SD 53+0.7 54+0.8 0.656
[Min,Max]  [4.5,7.0] [44,7.0]

Sex Male 5 (50%) 5 (50%) 1.000
(n, %)
Female 5 (50%) 5 (50%)
(n, %)

Mixed-effect analysis was applied to evaluate the
changes in PELD scores at each visit.

Ethics

The study protocol was reviewed and approved by the
Ethics Committee of Vinmec Times City International
Hospital with approval number 150115/2015/QD-
VMEC. The study was registered on ClinicalTrials.gov on
August 26th, 2022, with identity number NCT05517317.
The written informed consent was obtained from all
patient’s parents.

Statistical analysis
Each individual was a unit of analysis. The Wilcoxon
signed-rank test was used to compare the total PELD scores

Page 5 of 11

at six months, 12 months, and the last follow-up with those
at baseline. Mixed-effects analysis was applied to evaluate
the changes in PELD scores. A p-value of less than 0.05 was
considered statistically significant. All statistical analyses
were performed using R software version 3.6.1.

Results

The CT group consisted of five girls and five boys,
with ages at the time of the Kasai operation and
BMMNC infusion ranging from 1.7 to 3.8 months
(mean: 2.6+ 0.8 months) and an average body weight of
5.3+0.7 kg. The control group also included five girls and
five boys, with ages at the time of the Kasai operation
ranging from 1.9 to 3.9 months (mean: 2.7 + 0.8 months)
and an average body weight of 5.4+ 0.8 kg. There were no
significant differences between CT and control groups in
terms of age at Kasai operation, height, weight, and sex.
The basline parameters of the patients in the two groups
are shown in Table 1.

Before intervention, the mean PELD scores for the CT
and control groups were 9.8+2.7 and 8.4+5.2, respec-
tively. In the CT group, 8 (80%) patients had hepatomeg-
aly, 4 (40%) had splenomegaly, and one presented with
collateral circulation at baseline. In the control group, 5
(50%) patients had hepatomegaly and 4 (40%) had spleno-
megaly. In addition, all patients had elevated bilirubine-
mia, elevated transaminase, and elevated GGT before the
intervention.

The liver function indicators an PELD scores at base-
line are presented in Table 2.

Table 2 Liver function and PELD scores of the patients at baseline

Indicator Baseline
Mean+SD
[Min, Max]
CT group Control group P value
(N=10) (N=10)

Albumin (umol/L) 387+3.1 37.8+43 0.594
[34.3;42.7] [30.0; 44.6]

Serum Bilirubine 998+34 530+4.0 0.012

(mg/dL) [6.1;154] [09,13.2]

Aspartate Aminotransferase (AST) (U/L) 340.0+132 290.0+96.0 0.071
[193;581] [99.6, 409]

Alanine Aminotransferase (ALT) (U/L) 283.0+145 166.0+£117 0.068
[122;593] [59.3,456]

Gamma-Glutamyl Transferase (GGT) 496.0+287 504.0+269 0.956
[200; 1090] [257.0,1180.0]

Prothrombin Time (PT) (second) 13.2+2.57 12.1+1.63 0.276
[10.4;18.0] [10.1;14.9]

International Normalized Ratio (INR) 1.08+0.19 1.07+0.09 0.885

[0.9;1.5] [09,1.2]
PELD score 98+27 84+52 0495
[5.00;13.0] [2.00, 18.0]
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Table 3 Histopathological features of CT patients at Kasai
operation and cell infusion

Number (N)  Percentage
(%)
Fibrosis (N=10)
Grade | (mild) 0 0
Grade Il (moderate) 3 30%
Grade lll (severe) 7 70%
Bile duct proliferation (N=10)
Mild: 5-9 bile ducts 3 30%
Moderate: >10 bile ducts 2 20%
Severe: >10 bile ducts 5 50%
Cholestasis (N=10)
Absent 4 40%
Mild 3 30%
Moderate 1 10%
Severe 2 20%
Portal and periportal inflammation
(N=10)
Mild 6 60%
Moderate 2 20%
Severe 2 20%

Liver biopsies were performed on ten CT patients at
baseline; among them two patients’ parents agreed to the
second liver biopsy. The degree of fibrosis, bile duct pro-
liferation, cholestasis, and portal inflammation on liver
biopsies was assessed according to Gunadi et al. [30] and
were presented in Table 3.

In the control group, liver biopsies were performed on
nine patients at baseline, with most classified as having
moderate to advanced liver fibrosis: 22.2% had mild fibro-
sis (F1), 33.3% moderate fibrosis (F2), 33.3% advanced
portal fibrosis (F3), and 11.2% severe liver scarring (F4)
(Table 4).

Each CT patient underwent one BMMNC adminis-
tration, with an average of 44.3 ml of bone marrow col-
lected. The average mononuclear cell and CD34% cell
counts per kg body weight were 85.5+56.0x 10%/kg and
10.0+3.6x10°% The average cell viabilities before the
infusion were 96.7%.

Table 4 Histopathological features of control patients at Kasai
operation

Fibrosis (N =9) Number (N) Percentage (%)
FO (no fibrosis) 0 0

F1 (portal fibrosis without septa) 2 22.2%

F2 (portal fibrosis with rare septa) 3 333%

F3 (mumerous septa without cirrhosis) 3 33.3%

F4 (cirrhosis) 1 11.2%
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There were no severe complications during bone mar-
row collection, Kasai operation, or cell infusion. The
average follow-up duration for children who received
BMMNC infusion after surgery was 4.5 + 0.9 years (rang-
ing from 2.8 to 5.7 years), while the control group had an
average follow-up time of 4.08+1.3 years (ranging from
2.2 to 6.1 years).

Liver function of CT children improved markedly
over the follow-up period. The mean of ALT and AST
decreased from 283 UI/L and 340 UI/L, respectively,
to 106 UI/L and 104 UI/L, at six months and 99.8 UI/L
and 92.8 UI/L at last visit. While in the control group,
the mean of ALT and AST decreased from 166 UI/L
and 290 UI/L, respectively, to 121 UI/L and 198 UI/L
six month and 121 UI/L and 146 UI/L at the last visit.

The GGT mean of children in CT group significantly
reduced after 6 and 12 months, compared to the base-
line and compared to the control group (p=0.033 and
p=0.016).

After 12 months, albumin level of CT patients
showed significant improvement compared to the con-
trol group (»p=0.001).

All CT patients had bilirubinemia at baseline over
2 mg/dL; six months after surgery, five patients had
serum bilirubin lower than 2 mg/dL. This number of
CT patients increased to seven cases after 12 months.
The mean of bilirubinemia decreased from 9.98 mg/dL,
to 4.21 mg/dL at six months and 4.92 mg/dL at the last
visit. While in the control group, the mean of biliru-
binemia increased from 5.3 mg/dL, to 10.6 mg/dL at six
months and 9.66 mg/dL at the last visit. In CT group,
normal coagulation function manifested by INR and
PT was maintained in normal ranges after six months,
12 months, and the last visit. In addition, albumin was
maintained at a normal value in all postoperative visits
among CT children.

The liver functions before and after the surgery are in
Table 5.

Only two of ten CT patients had their parents’ con-
sent to a second liver biopsy 12 months after surgery.
The first liver biopsy showed that both patients have
grade III fibrosis, severe cholestasis in the bile duct,
severe bile duct hyperplasia, severe cholestasis, and
moderate inflammation in the portal and periportal.

The results showed that grade III fibrosis and severe
biliary hyperplasia are still observed in both patients,
but cholestasis has improved (cholestasis was no longer
observed in the biliary canaliculus) and only mild
inflammation in the portal and periportal. The degree
of liver cirrhosis is not exacerbated when compared to
the liver biopsy conducted during the Kasai procedure;
it remained at degree 3 (Fig. 2).
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Table 5 Liver function tests after Kasai operation and cell infusion
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Indicator 6 months Mean + SD [Min; Max] 12 months Mean + SD [Min; Max] At the final follow - up timeMean + SD
[Min; Max]
CTgroup  Control P value CTgroup  Control P value CTgroup Control P value
(N =9) group (compared2 (N =9) group (compared 2 (N=9) group (compared 2
(N=10) groups) (N=10) groups) (N=7) groups)
Albumin 40.1+6.59 36.8+448 0.227 406+520 29.2+726 0.001 409+ 604 42.7+346 0450
(umol/L) [28.6;48.7] [29.7;41.8] [32.0;46.8] [14.9;37.0] [31.9;49.8] [383;46.6]
P*=0400  P*=0.630 P*=0277  P*=0.003 P*=0279  P*=0.528
Serum Biliru- 4.21+478 5.08+540 0.714 341+£170 106+105 0.023 492 +342 966+13.1 0.146
bin (mg/dl) [03;123] [04;15.0] [0.1;4.8] [1.7;30.5] [0.3;9.9] [1.0;34.9]
P*=0.022 P*=0.529 P*< 0.001 P*=0.353 P*=0.001 P*=0523
Aspartate 104+709 198 £84.1 0.017 933+564 1471621 0.062 928+ 753 146+949 0.182
Aminotrans- [364;219]  [88.6;363] [36.2;202]  [53.2;217] [25.6;279] [77.7;343]
ferase (AST) P*<0.001 P*=0.904 P*< 0.001 P*=0.278 P*<0.001 P*=0.095
(U/L)
Alanine 106 + 102 121 +46.7 0.697 945+685 929+ 581 0.956 998+975 121 +59.7 0.567
Aminotrans- [12.6;322] [69.6; 225] [20.2;211]  [31.4;231] [13.3;291]  [50.6;247]
ferase (ALT) P*=0.010 P*=0.549 P*=0.002 P*=0.065 P*=0.0007 P*=0.315
(u/L)
Gamma- 282 + 271 376 + 247 0.033 133+122 257 +239 0.016 188 + 201 262 +197 0.146
Glutamyl [9.10; 883]  [290.0; 740] [9.40;375]  [95.3;1150] [14.0;557]  [122;1070]
Transferase  P*=0.094 P*=0.603 P*=0.0009 P*=0.278 P*=0.011 P*=0.065
(GGT)
Prothrombin 124+142 139+330 0.197 127+£156 133+299 0.597 124+1.13 139+£303 0.175
Time (PT) [11.1;153]  [9.9;214] [109;154] [10.2;20.1] [10.9;14.0] [11.1;21.4]
(second) P*=0.719 P*=0211 P*=0.780 P*= 0447 P*=0.795 P*=0.156
International 1.08+0.16 1.16+0.30 0448 1.01+£0.1 1.18+0.24 0.043 1.04+008 1.20+022 0.055
Normalized [0.9; 1.3] [0.9;1.9] [0.95;1.04] [09;1.7] [0.97;1.20] [0.8;1.6]
Ratio (INR) P¥*=0780  P*=0.29 P*=0842  P*=0.579 P*=0.853  P*=0.075

P* P - value compare with baseline

The mean PELD scores of CT patients decreased
from 9.8 points (range: 5.0 to 13.0) at baseline to —2.6
points (range: —10.0 to 7.0) at the last follow-up, with
an average follow-up time of 4.5+0.9 years (p<0.05).
The mean PELD scores of control patients decreased
from 8.4 points (range: 2.0 to 18.0) at baseline to 0.1
points (range: —3.0 to 7.0) at the last follow-up, with an
average follow-up time of 4.1+ 1.3 years. The progress
of PELD scores for both groups is presented in Fig. 3.

At the baseline, the two groups had similar PELD scores
(9.8 and 8.4, p=0.495). The results of a mixed-effects analy-
ses suggest that each visit was associated with a decrease
in the PELD score of 3.1 points in the PELD score of CT
group compared to the control group, and this change was
statistically significant (Table 6).

A total of 16 episodes of cholangitis in six CT patients
were observed during the follow-up period. All cholangitis
incidences responded to antibiotic treatment. In contrast,
the control group experienced 49 episodes of cholangitis
across ten patients, averaging 5 episodes per patient. One
patient had hematemesis and one patient had melena. At
the last visit, all CT children defecated with colored stools,

whereas three children in the control group presented with
acholic stools.

At the last visit, all CT patients were alive with their
native liver, while three patients in the control group had
died due to end-stage liver failure. The survival times for
both groups are shown in Fig. 4.

Discussion

Kasai portoenterostomy is a standard surgical operation
for BA. However, this procedure is associated with tech-
nical challenges in removing the fibrotic mass and per-
forming the portoenterostomy.

In our surgical operation technique, the liver was exte-
riorized, and the left and the right hepatic pedicles were
encircled and retracted laterally. With these techniques,
the fibrotic mass in the hilar liver is well exposed and
easy to remove completely. Moreover, portoenterostomy
is also performed more easily in comparision with the
standard procedure.

The rate of CT patients with biliary drainage in our
study was high. After the operation, all CT patients had
bile drainage with color stools.
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Fig. 2 Portal and periportal inflammation has disappeared
at 12 months after BMMNC administration. A Moderate portal
and periportal inflammation with dense infiltration of lymphocytes
and plasma cells. B Inflammatory cells can no longer be observed
in the portal and periportal areas

Our results demonstrate that modified Kasai opera-
tion combined with BMMNC infusion is safe for a small,
young infant. We did not observe any surgical compli-
cations during or after the procedure. There were no
complications related to bone marrow harvest or cell
infusion. BMMNCs were effortlessly infused through the
umbilical vein. We believe that this route is more accessi-
ble than through the hepatic artery route or via the portal
vein trunk [25, 26].

The insertion of an umbilical venous catheter is a rou-
tine procedure in neonatology, providing rapid and secure
access for medication delivery. Despite its advantages, this
procedure carries a potential risk of portal vein thrombo-
sis. In 2021, a systematic study, encompassing 16 reports,
was conducted to assess the incidence of umbilical
venous catheterization-related portal vein thrombosis in
infants with postnatal age up to three months. The results
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revealed a mean pooled incidence of 12%, with variations
ranging from 0 to 49% across different studies [34].

In our study, the catheter was only placed in the umbil-
ical vein for a very short time, potentially reducing the
risk of portal vein thrombosis. Nevertheless, this compli-
cation requires vigilant monitoring and early detection
through doppler ultrasound in the post-surgical period.

Our results revealed that the modified Kasai opera-
tion combined with BMMNC infusion was more effec-
tive for BA than the Kasai operation alone. Bilirubinemia
decreased significantly more in the combined treatment
(CT) group compared to the control group. Albumin lev-
els were maintained within the normal range during the
postoperative follow-up. Notably, the albumin levels in
the CT group were significantly higher than those in the
control group at twelve months.

In the CT group, liver enzyme levels, including ALT
and AST, showed a decline following the intervention.
Each follow-up visit revealed that this drop was statisti-
cally significant. By the six-month mark, AST levels in
the CT group were notably lower than those in the con-
trol group, showing the effectiveness of the combined
treatment.

Although GGT decreased more slowly than ALT and
AST, the reductions were still statistically significant
between visits among CT patients. At six and twelve
months, GGT levels in the infusion group were signifi-
cantly lower than those in the control group.

Improvements in liver histology were noted in two
CT patients who underwent the second liver biopsie.
The degree of the portal and periportal inflammation
was reduced from moderate at base line to mild in both
patients after 12 months.

The severity of disease based on Pediatric End-Stage
Liver Disease (PELD) was significantly reduced in the CT
group compared to the control group, with a 3.1-point
decrease in PELD scores per visit. In the CT group, PELD
scores dropped from 9.8 (range: 5.0 to 13.0) at baseline
to —2.6 (range: —10.0 to 7.0), with all children remain-
ing alive after an average follow-up of 4.5+0.9 years. In
contrast, the control group’s PELD scores decreased
from 8.4 (range: 2.0 to 18.0) to 0.1 (range: —3.0 to 7.0),
with 3 patients dying after an average follow-up of
4.1+ 1.3 years.

Our results are consistent with the results of other pub-
lications using cell therapy for BA. In 2007, Gupta et al.
injected autologous bone marrow mononuclear cells
in eight patients with biliary atresia. The procedure was
assessed as safe but the results were not clearly defined
[25]. In 2011, Sharma et al. reported the results of injec-
tion of bone marrow mononuclear cells in 11 patients
with biliary atresia. Although the authors showed that
bone marrow mononuclear cell infusion could improve
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Fig. 3 PELD scores of the two groups before and after BMMNC administration

Table 6 Results from the mixed-effects analysis of PELD scores

Fixed effects Estimate + SE* tvalue p value
(Intercept) 15.1+46 3.28 0.002
Group 24+29 -0.79 0431
Time -72+19 -3.76 0.001
Group: time 31+13 245 0.022
Correlation of fixed effects:

(Intr) Group time
Group -0.95
Time -0616 0.594
Group: time 0.588 -0.635 -0.946

*Standard Error

biochemical parameters and scintigraphy, the survival rate
at 12 months after surgery was only 27.3% [26]. In 2021,
we reported the results of BMMNC infusion for patients
with biliary atresia after Kasai surgery in 19 children. Liver
function was maintained or had improved after infusion
and the severity of the disease reduced markedly, with a
significant reduction in PELD scores. Only one patient
died after 5 months post cell infusion while the remaining
18 patients were still alive after 12 months [27].

The mechanism of action of combined cell therapy for
BA still needs to be fully understood.

Experimental studies suggest that BMMNCs may have
anti-cirrhotic effects through different mechanisms.
For example, de Carvalho revealed that BMMNC trans-
plantation could increase metalloproteinase-9 and 13,
as well as decreasing tissue inhibitors of metallopro-
teinase-1 and 2 expressions. In addition, they are also
associated with fibrogenic cell apoptosis during hepatic
regeneration in cholestatic rats [18, 35]. Furthermore,
the expression of anti-fibrotic cytokines (IL-10, IL-13,
and hepatocyte growth factor, HGF) and the reduction
in pro-inflammatory cytokines (IL-17A and IL-6) were
observed after BMMNC transplantation [36, 37]. These
factors play an essential role in the quiescence and
apoptosis of hepatic stellate cells (HSCs) and contribute
to the regeneration of liver function [38]. Transfused
BMMNCs can migrate and localize in the liver and may
transdifferentiate into albumin-secreting hepatocytes
[39-42]. Besides, BMMNCs can also help improve the
condition of local hepatocytes by beneficial paracrine
effects on hepatic mitochondrial bioenergetics, increas-
ing oxidative capacity, and reducing oxidative stress
[43]. The small sample size and absence of randomiza-
tion are limitations of this study. Larger randomized
clinical trials with an expanded control group are neces-
sary to better assess the efficacy of combining the Kasai
operation with cell therapy for BA.
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Fig. 4 Survival time of patients enrolled in this study

Conclusion

The results of this study indicate that autologous
BMMNC administration combined with Kasai opera-
tion is safe. Furthermore, liver functions were main-
tained or improved during the mean follow-up duration
of 4.5 years in our study patients. This combination may
be an alternative approach for the effective treatment of
BA. However, a larger randomized study is required to
yield a more accurate conclusion.
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