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Abstract: Transplant-related liver complications are a potentially fatal condition of hematopoietic
stem cell transplantation (HSCT) in pediatric patients, actually representing one of the main factors
involved in transplant-related mortality (TRM). The search for a specific marker capable of predicting
the development of this condition is a relevant clinical issue. We have observed a variable reduction
in serum butyrylcholinesterase (BChE) activity after a cyclophosphamide-containing conditioning
regimen. This study aims to determine the cutoff of BChE activity reduction that might be a specific
prognostic marker for liver complications after HSCT. Our results show that the reduction of BChE
values below 2000 U/L the day before the transplantation is an indicator strongly associated with the
transplant-related liver complications (p < 0.0001). The incidence of overall survival at 1 year was
significantly higher in the BChE > 2000 U/L group compared to the BChE < 2000 U/L group (84.7%
versus 58.5%, p < 0.001), while the TRM rate was significantly lower (8.1% versus 23.1%, p < 0.05).
None of the patients undergoing prophylaxis with defibrotide developed severe liver complications.
Starting defibrotide treatment at the first signs of hepatic dysfunction in patients with particularly
low BChE activity levels reduces severe liver transplant-related complications.

Keywords: serum butyrylcholinesterase activity; cyclophosphamide; pediatric transplant recipients;
liver transplant-related complications; defibrotide

1. Introduction

Hematopoietic stem cell transplantation (HSCT) has become a well-established treatment for
various malignant and non-malignant disorders originating from the hematopoietic system [1].

Improvements in transplantation techniques over the recent years have led to a significant
reduction in treatment-related complications.
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Different areas of improvement have included changes in conditioning regimens, larger donor
availability, better Human Leucocyte Antigens (HLA)—matching techniques and graft source
manipulation, advanced techniques to detect minimal residual disease, posttransplant immunotherapy,
progress in supportive care, graft-versus-host disease (GVHD) prophylaxis and therapy, detection and
treatment of subsequent infections [2].

Despite the reduction in overall transplant-related mortality (TRM) over time, it currently exceeds
10% in allogeneic settings [3]. Indeed, it depends above all on the relative stability in the incidence
of liver-related complications, with approximately 70% of pediatric patients displaying abnormal
levels of either aminotransferases or bilirubin [4]. Previous studies have shown how pretransplant
liver dysfunction is related to higher risk of overall TRM. Factors involved in this dysfunction include
chronic viral hepatitis, pretransplant chemotherapy-induced liver toxicity, and severe iron overload
from multiple transfusions [5–8]. Clinically significant liver disease presenting early after HSCT, as
in the case of sinusoidal obstruction syndrome (SOS) or acute GVHD, plays an important role in
determining adverse outcomes, being usually associated with poor survival and often considered to be
the primary cause of death [9].

SOS, also known as veno-occlusive disease (VOD), is a potentially fatal complication of HSCT
and a relevant challenge in the management of children undergoing a transplantation.

Its incidence is quite variable depending on the composition and intensity of the conditioning
regimen. In the pediatric setting, most of the conditioning regimes are myeloablative and includes the
use of cyclophosphamide and total body irradiation (TBI).

Reported rates of SOS in patients receiving this conditioning regime often exceed 50% [10]. While
mild or moderate SOS usually resolves within weeks in most patients, the severe form, which is
estimated to involve 30–60% of affected children, is associated with multiorgan dysfunction and a
mortality rate higher than 80% [11,12].

The transplant community aims to achieve a further reduction in TRM after allogeneic HSCT,
bringing it down to 5%. Reducing TRM due to liver dysfunction is a way to achieve this goal.

Butyrylcholinesterase (BChE), also known as pseudocholinesterase, is a major detoxification
enzyme capable of hydrolyzing many different choline-based esters. BChE is synthesized in the
liver and, for this reason, it is commonly used in the clinical routine as a quick and cheap biomarker
for liver function, reflecting hepatic synthetic capacity. Lower BChE activity levels correlate with a
more extensive liver injury [13] and are associated with disease severity and mortality in critically ill
patients [14–16], especially with respect to systemic inflammation and sepsis [17,18].

In our 15 years of experience with butyrylcholinesterase (BChE) activity monitoring, we have
observed a reduction in the serum BChE activity levels in all patients given a pretransplant conditioning
regime containing high-dose of cyclophosphamide. The decline in serum BChE activity values was
variable in each patient, from a minimum of 20% to a maximum of more than 80%.

The primary objective of this study is to determine the association between the degree of
BChE activity reduction after two days of cyclophosphamide treatment and the development of
transplant-related liver complications after HSCT. The secondary aim is to define a cutoff of BChE
activity decrease which allows identification of those patients who are at high risk for liver complications
and to eventually tailor the therapeutic approach.

2. Methods

A retrospective single-center study was conducted at the pediatric transplant center of the Institute
for Maternal and Child Health “IRCCS Burlo Garofolo” in Trieste, Italy. The study protocol was
approved by the institutional review board of the institute (reference no. 10\2018).

All patients have given written consent for collection and use of personal data.
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2.1. Patients

Medical records of all patients who underwent allogeneic or autologous HSCT at our center
between January 2003 and January 2018 were investigated.

Inclusion criteria in the study were: Age of recipient under 18 years at the time of
transplantation, first transplant attempt, use of a myeloablative conditioning regime including
high-dose cyclophosphamide, documented serum BChE activity levels during conditioning. All
patients aged over 18 years at the time of transplantation were excluded. Disease risk was established
considering the type of diagnosis and the disease stage [19]. Patients with genetic diseases, aplastic
anemia, refractory cytopenia, and leukemia in first or second remission were included in the low
disease risk group, while patients with solid tumors, relapsed leukemia (or leukemia in more than
second remission), and refractory anemia with excess blasts were considered at high risk.

2.2. HSCT Procedure

All patients were treated according to standard myeloablative protocols. In patients over
2 years of age with acute lymphoblastic leukemia (LLA), the myeloablative conditioning regime
preceding allogeneic HSCT was based on total-body irradiation (TBI), while in the remaining cases, a
busulfan-based conditioning regime was used. In both cases, conditioning also included high-dose
cyclophosphamide (1800 mg/m2 for two consecutive days). In the case of matched unrelated donors,
haploidentical or sibling donors and patients with hemoglobinopathy, rabbit anti-thymocyte globulin
(ATG) was used. GVHD prophylaxis was performed with calcineurin-inhibitor alone or associated
with mycophenolate mofetil and prednisone, as previously described [20].

All patients undergoing an autologous HSCT received busulfan orally (360 mg/m2) and
cyclophosphamide (1800 mg/m2 for two consecutive days). In case of abnormal bilirubin values, during
both autologous and allogeneic HSCT, the second dose of cyclophosphamide was slightly reduced.

2.3. Liver Disease at Transplant Assessment

Before 2012, the level of liver siderosis was estimated by calculating the number of blood units
transfused and determining the serum ferritin concentration [21]. Liver iron overload assessment by
liver biopsy was performed in only 14% of the patients. Beginning in 2012, the liver iron concentration
has been evaluated using magnetic resonance (MR) in all patients for whom HSCT is anticipated. The
algorithm for quantification of iron concentration in the liver by MRI was previously described [22].
The diagnosis of all other pretransplant liver dysfunctions was histological.

2.4. Prophylaxis of Transplant-Related Liver Complications

Between January 2010 and June 2014, all patients receiving an allogeneic transplantation underwent
SOS prophylaxis with defibrotide, while beginning in July 2014, prophylaxis has been limited only to
high-risk patients. Defibrotide was started on the first day of conditioning and lasted until 28 days
after HSCT, at a dose of 25 mg/kg divided into four administrations per day. Moreover, all recipients, in
both autologous and allogeneic transplants, received prophylaxis with ursodeoxycholic acid (UDCA),
at a dose of 30 mg/kg/day for a minimum of two months after HSCT, regardless of their liver function.
In addition, the patients with abnormal liver functional tests (LFTs) received N-acetylcysteine at a dose
of 150 mg/kg in single daily administration.

2.5. Criteria for the Diagnosis of Transplant-Related Liver Complications

The diagnosis of SOS was established according to the modified Seattle diagnostic criteria [23].
Posttransplant liver dysfunction was defined as SOS based on clinical symptoms including weight
gain, hepatomegaly, ascites, and elevated bilirubin. All cases of mild, moderate, or late-onset SOS
were histologically proven. Transplant-related liver damage was considered to have occurred only
when histologically proven or in the presence of increased bilirubin and transaminases values with
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symptoms not fulfilling SOS diagnostic criteria. Liver damage was defined as mild in the case of
bilirubin values between 2 and 3 mg/dL and transaminases levels not exceeding twice the normal
range. Moderate damage was defined by the presence of bilirubin values from 3 to 5 mg/dL and
transaminases values from 2 to 5 times higher than normal. Severe liver damage was defined by
bilirubin values higher than 5 mg/dL, and transaminases values 5 times higher than normal. Clinical
diagnosis and histological features of hepatic GVHD were based on the National Institute of Health
(NIH) criteria [9,24]. In particular, histological features of acute liver GVHD were defined as the
presence of dysmorphic or destroyed small bile ducts with or without cholestasis and lobular and/or
portal inflammation.

2.6. Statistical Analysis

Collected data were analyzed using descriptive statistics to determine the distribution and
frequency of the variables. Continuous variables were expressed as median and confidence interval (CI)
between second and third quartiles (percentile 25 and percentile 75), while categorical variables were
expressed as the frequency, and absolute or a percentage value. Box and whisker plots were generated
for displaying the distribution of the numeric variable. The Mann–Whitney test was used to compare
the different groups of patients as appropriate. The two-tailed Fisher exact test was performed to assess
the association between categorical variables. We assessed the validity of biochemical parameters in
predicting the transplant-related liver complications by evaluating the respective area under curve
(AUC) and receiver operating characteristic (ROC) curves. The Youden index was used to establish the
best cutoff for sensitivity and specificity of each variable. Kaplan–Meier plots were generated for a
graphical explanation of clinical outcomes. p-values < 0.05 were considered as statistically significant.
The Cox proportional-hazards regression model was used to investigate the association between
the survival time of patients and a series of possible predictive variables. Statistical analyses were
performed using WinStat (v.2012.1; In der Breite 30, 79189 Bad Krozingen, Germany) and MedCalc
(Statistical Software version 18.9.1, Ostend, Belgium; http://www.medcalc.org; 2018).

2.7. Analysis of Biochemical Parameters

Biochemical parameters such as alanine aminotransferase (ALT), aspartate aminotransferase (AST),
gamma-glutamyltransferase (GGT), BuChE, total bilirubin, and C reactive protein (CRP) concentrations
were measured by AU Beckman Coulter reagents and autoanalyzer (Indianapolis, IN, USA).

3. Results

3.1. Demographic Features

During the study period (from January 2003 to January 2018) 225 HSCTs in 214 patients were
performed in our transplant center. The eligibility criteria was met by 176 pediatric patients, 110 boys
and 66 girls, for whom this was their first HSCT. At the time of analysis, 75% of the patients were alive,
while 25% had died. The minimum follow-up for survivors was 12 months. Median age at the time of
transplantation was 9 years (range 0–17).

Table 1 summarizes the baseline patient demographics. As shown, acute lymphoblastic leukemia
was the most common underlying disease treated, followed by non-malignant disorders, acute myeloid
leukemia, myelodysplastic syndromes, and malignant solid tumors. Non-malignant disorders consisted
of hemoglobinopathy, primary immunodeficiencies, inherited metabolic diseases, and osteopetrosis.
Solid tumor diagnoses included neuroblastomas, Ewing sarcomas, primitive neuroectodermal tumors,
and rhabdomyosarcomas.

The majority of patients had a low disease risk at transplant (62% versus 38% in the high disease
risk group). All 176 HSCTs, 92% allogeneic and 8% autologous, were preceded by a myeloablative
conditioning regime. Chemotherapy-based conditioning was more frequently used compared to
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TBI-based conditioning (64% versus 36%). The mean total dose of cyclophosphamide received during
conditioning was only slightly lower compared to the standard dose (3500 mg/m2 versus 3600 mg/m2).

One hundred fifty-three patients (87%) had liver disorders at transplant with a clear predominance
of liver siderosis (72%).

Table 1. Patient demographics.

Pre-Transplant Baseline Characteristics Whole Cohort

Number of patients (%) 176 (100)
Sex:

Male (%) 110 (62.5)
Female (%) 66 (37.5)

Age at transplant, years (mean [± SD]) 9.2 (5.1)
Underlying disease, number (%):

Acute lymphoblastic leukemia 65 (36.9)
Acute myeloid leukemia 33 (18.8)

Myelodysplastic syndrome 22 (11.9)
Solid tumour 22 (11.9)

Nonmalignant disorders 34 (19.3)
Disease risk, number (%): *

Low 109 (61.9)
High 67 (38.1)

Myeloablative conditioning, number (%):
MCHT-based 113 (64.2)

TBI-based 63 (35.8)
Cyclophosphamide total dose, mg/m2, (mean [± SD]) 3499.4 (217.7)

Type of transplantation, number (%):
Allogeneic 162 (92.0)
Autologous 14 (8.0)

Graft source, number (%):
Bone marrow 127 (72.2)

Peripheral blood stem cells 39 (22.2)
Umbilical cord blood 10 (5.7)

Allogeneic donor type, number (%):
Matched related donor 51 (31.5)

Matched unrelated donor 77 (47.5)
Haploidentical donor 34 (21.0)

Liver disorders at transplant, number (%):
Siderosis 126 (71.6)

Viral hepatitis 11 (6.3)
Metabolic liver disease 11 (6.3)
Autoimmune hepatitis 5 (2.8)

MCHT, myeloablative chemotherapy; TBI, total body irradiation; SD, standard deviation. * Disease risk was defined
according to previously published classification.

3.2. Analysis of the Suitability of the Prognostic Markers Chosen for the Study

First of all, we evaluated a possible relationship between baseline serum BChE activity levels and
subsequent severe transplant-related liver disorders (SOS and third-grade liver disease). As shown in
the corresponding ROC curve (Figure 1A), baseline BChE activity values were very poor in predicting
the onset of transplant-related liver damage (AUC = 0.507; 95% confidence interval (CI) = 0.49–0.64;
p = 0.932). The maximum Youden index for absolute BChE activity values was 6820 U/L with a
sensitivity of 55.2% and a specificity of 63.3%. In an analogous way, we evaluated the predictive
performance of the absolute BChE activity values on day −1 (Figure 1B). We observed that a serum
BChE activity value ≤ 1799 U/L performed best in predicting a severe posttransplant liver damage
with AUC = 0.801 and 95% CI = 0.73–0.86 (p < 0.001), sensitivity 72.4% and specificity 80.8%.
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Figure 1. Diagnostic performance of butyrylcholinesterase (BuChE) activity in predicting the onset of
transplant-related liver damage. Receiver operating characteristic (ROC) curves for absolute baseline
BuChE activity values (A) and absolute BChE activity values on day −1 (B).

Considering only the patients who underwent allogenic HSCT for hematologic malignancies,
BChE activity value ≤ 1799 U/L maintained a good predictive performance for severe liver damage
with AUC = 0.761 and 95% CI = 0.673–0.835 (p < 0.001), sensitivity 63.2% and specificity 84.7%.

In addition, we evaluated the performance of some other commonly used markers such as
C-reactive protein (CRP), total bilirubin, alanine aminotransferase (ALT), aspartate aminotransferase
(AST), gamma-glutamyltransferase (GGT) on day −1, obtaining the respective ROC curves. None of
these variables showed acceptable predictive performance (Table 2).

Table 2. Diagnostic performance of serum biochemical markers in predicting transplant-related
liver dysfunction.

Biochemical Markers * AUC—ROC
(95% CI)

ROC—Significant
Value (p)

Maximum
Youden Index

(Cut-Off)

Sensitivity
(%)

Specificity
(%)

C-reactive protein
(mg/dL) 0.591 (0.514–0.664) NS 0.5 86.2 34.7

γGT (U/mL) 0.607 (0.530–0.681) NS 77 27.6 93.7
ALT (U/mL) 0.598 (0.521–0.672) NS 28 55.2 65.5
AST (U/mL) 0.554 (0.477–0.630) NS 20 62.1 57.2

Total bilirubin (mg/dL) 0.583 (0.506–0.657) NS 0.29 100 22.1
BChE (U/L) 0.800 (0.733–0.857) <0.0001 1799 72.4 80.8

* Biochemical markers evaluated the day before HSCT (day −1). γGT, γ-glutamyltranspeptidase; ALT, alanine
aminotransferase; AST, aspartate aminotransferase; BChE, butyrylcholinesterase; AUC-ROC, area under the receiver
operating characteristic curve; CI, confidence interval.

Preliminary analysis was performed in order to assess if the correlation between BChE activity
and each of the other markers listed in Table 2 could improve the predictive performance but the test
did not show significative results.

3.3. Analysis of the Relationship between Patients’ Variables and the Reduction in the Serum BChE
Activity Level

In all 176 patients, we detected a variable reduction in serum BChE activity values ranging from
13.9% to 92.1%. The most significant BChE activity drop was documented on day −1, after cessation of
cyclophosphamide (Figure 2). We considered both the absolute and percentage value of BChE activity
reduction on day −1 and we divided the study cohort into two groups, respectively. Percentage BChE
activity loss was calculated by comparing the baseline values with those documented on day −1. The
results are listed in Tables 3 and 4, respectively.
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after cyclophosphamide treatment.

Table 3. Patient characteristics associated with drop of BChE absolute values on day −1.

Variables BChE > 2000 U/L BChE < 2000 U/L p-Value *

Number of patients (%) 111 (63.1) 65 (36.9) -
Gender:
Male (%) 73 (65.8) 41 (63.1) NS

Female (%) 38 (34.2) 24 (36.9) -
Age at transplant, (years, median [IQR]) 9 (4–13) 9 (5–14) NS **

Underlying disease, number (%):
Acute lymphoblastic leukemia 36 (32.4) 29 (44.6) NS

Acute myeloid leukemia 25 (22.5) 8 (12.3) NS
Myelodysplastic syndrome 16 (14.4) 6 (9.2) NS

Solid tumor 11 (9.9) 11 (16.9) NS
Nonmalignant disorders 23 (20.7) 11 (16.9) NS

Disease risk, number (%):
Low 86 (77.5) 24 (36.9) <0.0001
High 25 (22.5) 41 (63.1) -

Myeloablative conditioning, number (%):
MCHT-based 78 (70.3) 35 (53.8) <0.05

TBI-based 33 (29.7) 30 (46.2) -
Liver iron overload, number (%):

Absent 34 (30.6) 16 (24.6) NS
Mild 22 (19.8) 9 (13.8) NS

Moderate 22 (19.8) 8 (12.3) NS
Severe 33 (29.7) 32 (49.2) <0.05

Baseline BChE value, (U/L, median [IQR]) 7789 (6028–9218) 6780 (4889–8031) <0.05 **
Serum ferritin, (µg/L, median [IQR]) 989 (343–2012) 1680 (402–2877) NS **

Liver disease, number (%) 16 (14.4) 17 (26.1) NS
Defibrotide prophylaxis, number (%) 41 (36.9) 27 (41.5) NS

UDCA prophylaxis, number (%) 109 (98.2) 60 (92.3) NS
HDNAC prophylaxis, number (%) 72 (64.8) 39 (60.0) NS

Ferritin normal range 3.0–88.0 µg/L. IQR, interquartile range; UDCA, ursodeoxycholic acid; HDNAC, high-dose
N-acetylcysteine. * Fisher’s test. ** U-Test (Mann–Whitney).
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Table 4. Patient characteristics associated with percentage drop of BChE values on day −1.

Variables BChE Drop < 70% BChE Drop > 70% p-Value *

Number of patients (%) 94 (53.4) 82 (46.6) -
Gender:
Male (%) 66 (70.2) 48 (58.5) NS

Female (%) 28 (29.8) 34 (41.5) -
Age at transplant, (years, median [IQR]) 7 (4–13) 10 (6–13) NS **

Underlying disease, number (%):
Acute lymphoblastic leukemia 26 (27.7) 39 (47.6) <0.001

Acute myeloid leukemia 20 (19.7) 13 (9.7) NS
Myelodysplastic syndrome 16 (17.0) 6 (7.3) NS

Solid tumor 12 (12.8) 10 (12.2) NS
Nonmalignant disorders 20 (19.7) 14 (17.1) NS

Disease risk, number (%):
Low 67 (71.3) 34 (41.5) <0.0001
High 27 (28.7) 48 (58.5) -

Myeloablative conditioning, number (%):
MCHT-based 71 (75.5) 42 (51.2) <0.001

TBI-based 23 (24.4) 40 (48.8) -
Liver iron overload, number (%):

Absent 29 (30.9) 21 (25.6) NS
Mild 19 (20.2) 12 (14.6) NS

Moderate 20 (21.3) 10 (12.2) NS
Severe 26 (27.7) 39 (47.6) <0.05

Baseline BChE value, (U/L, median [IQR]) 6815 (5115–8361) 7897 (6706–9408) <0.001 **
Serum ferritin, (µg/L, median [IQR]) 950.1 (322–2135) 1474.4 (406–2440) NS **

Liver disease, number (%): 19 (20.2) 16 (19.5) NS
Defibrotide prophylaxis, number (%) 31 (33.0) 37 (45.1) NS

UDCA prophylaxis, number (%) 92 (97.9) 77 (93.9) NS
HDNAC prophylaxis, number (%) 58 (61.7) 53 (64.6) NS

BChE, butyrylcholinesterase (normal range for male 4620–11,500 U/L, for female 3930–10,800 U/L). Ferritin normal
range 3.0–88.0 µg/L. IQR, interquartile range; UDCA, ursodeoxycholic acid; HDNAC, high dose N-acetylcysteine.
* Fisher’s test. ** U-Test (Mann–Whitney).

The cutoff point was arbitrarily set at 2000 U/L in the case of absolute reduction, and at 70%
in the case of percentage reduction. Cutoff of 2000 U/L, chosen due to sample size, is very close to
maximum Youden index of 1799 U/L. The BChE activity basal values were significantly higher in the
BChE > 2000 U/L group, compared with the BChE < 2000 U/l group (p < 0.05), and in the BChE drop >

70% group compare with the BChE drop < 70% group (p < 0.001).
Statistical analysis showed that the degree in BChE activity level reduction was not associated

with patient demographic features such as, gender, age at transplant, ferritin baseline level, presence of
liver disease at transplant, etc. It was also independent of any liver toxicity prophylaxis.

Considering the primary disease, only an association between acute lymphoblastic leukemia
and BChE drop > 70% (p < 0.001) was detected. The high disease risk had a close correlation with
BChE activity loss (p < 0.0001) and this association was seen also for those patients treated with TBI
conditioning (p < 0.05 Table 2; p < 0.001 Table 3).

In addition, severe iron overload was significantly related to BChE loss (p < 0.05), and abnormal
baseline ferritin levels showed high predictive performance for the onset of transplant-related liver
damage (AUC = 0.691; 95% CI = 0.62−0.76; p < 0.001). The maximum Youden index was 1028 µg/L for
ferritin baseline level, with a corresponding sensitivity of 86.2% and specificity of 53.8%.

3.4. Analysis of the Relationship between the Reduction in Serum BChE Activity Level and the
Transplant Outcomes

We looked at the association between the decrease in the absolute serum BChE activity values
and the onset of transplant-related liver complications (Table 5). The statistical analysis showed that
BChE fall < 2000 U/L was associated with the onset of posttransplant liver dysfunction and SOS
(p < 0.05). No statistically significant differences in the cumulative incidence of any grade of GVHD
(in both the BChE > 2000 U/L and BChE < 2000 U/L groups) were observed. In a follow-up after
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12 months, the incidence of overall survival (OS) was significantly higher in the BChE > 2000 U/L
group compared with the BChE < 2000 U/L group (84.7% versus 58.5%, p < 0.001). In total, 44 patients
(25%) died, 24 (13.4%) for transplant-related complications and 20 (11.4%) for the recurrence of the
underlying disease. Transplant-related deaths occurred at a median of 91.7 ± 75.6 days, while disease
recurrence deaths at a median of 211.3 ± 78.0 days. The cumulative mortality rate was significantly
higher in the BChE < 2000 U/L group compared with the BChE > 2000 U/L group (41.5% versus 15.3%,
respectively, p < 0.001), with the same trend observed both for TRM (23.1% versus 8.1%, p < 0.05)
and disease recurrence mortality (18.5% versus 7.2%, p < 0.05). BChE activity drop < 2000 U/L was
significantly associated with a higher probability of transplant-related death (Odds Ratio (OR) = 3.4;
95% CI = 1.39−8.3; p < 0.005). Two patients died due to VOD in the BChE > 2000 U/L group versus
nine patients in the BChE < 2000 U/L; five and four patients, respectively, died due to infections; one
and two patients, respectively, died due to acute GVHD; and one patient in the BChE > 2000 U/L group
died due to diffuse alveolar hemorrhage.

Table 5. Association between minimum values of BChE activity and transplant outcomes.

Variables BChE > 2000 U/L BChE < 2000 U/L p-Value *

Patients, number (%) 111 (63.1) 65 (36.9) -
Liver dysfunction, number (%) 47 (42.3) 42 (64.6) <0.05

SOS, number (%) 5 (4.5) 11 (16.9) <0.05
Allogeneic recipients, number (%) 103 (58.5) 59 (33.5) -

Liver GVHD, number (%): #

Absent 68 (66.0) 33 (55.9) NS
I grade 12 (11.6) 4 (6.8) NS
II grade 8 (7.8) 8 (13.6) NS
III grade 10 (9.7) 7 (11.9) NS
IV grade 5 (4.9) 7 (11.9) NS

Overall survival, number (%) 94 (84.7) 38 (58.5) <0.001
Death, number (%): 17 (15.3) 27 (41.5) <0.001
Transplant-related 9 (8.1) 15 (23.1) <0.05

Relapse 8 (7.2) 12 (18.5) <0.05

BChE, butyrylcholinesterase (normal range for male 4620–11,500 U/L, for female 3930–10,800 U/L). SOS,
sinusoidal obstruction syndrome. * Fisher’s test. # Percentages of liver GVHD calculated on the population
of allogeneic recipients.

Analyzing the association between the percentage reduction in BChE activity and the transplant
outcomes (Table 6) we found that overall survival (OS), TRM, and disease recurrence related death
were not associated with BChE percentage decrease >70%. Considering all liver dysfunctions, only
SOS had a strong association with BChE percentage drop (p < 0.005).

We evaluated the predictive performance of both absolute and percentage BChE values on day
−1 in the diagnosis of SOS, obtaining the respective ROC curves (Figure 3A,B), which showed how
the absolute and percentage BChE values performed at similarly high performances (AUC = 0.76;
95% CI = 0.69–0.82; p < 0.001). In trying to identify a cutoff of absolute BChE value on day −1, we
found the maximum Youden index was 1571 U/L with specificity of 82.9% and sensitivity of 62.5% for
the diagnosis of SOS. Regarding the percentage value, a cutoff of 71.6% correlated to a specificity of
62.9%, although with a sensitivity of 87.5%.
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Table 6. Association between percentage drop of BChE values and transplant outcomes.

Variables BChE Drop < 70% BChE Drop > 70% p-Value *

Patients, number (%) 94 (53.4) 82 (46.6) -
Liver dysfunction, number (%) 53 (56.4) 36 (43.9) NS

SOS, number (%) 2 (2.1) 14 (17.1) <0.005
Allogeneic recipients, number (%) 86 (48.9) 76 (43.2) -

Liver GVHD, number (%): #

Absent 57 (66.3) 44 (57.9) NS
I grade 8 (9.3) 8 (10.5) NS
II grade 8 (9.3) 8 (10.5) NS
III grade 7 (8.1) 10 (13.2) NS
IV grade 6 (7.0) 6 (7.9) NS

Overall survival, number (%) 75 (79.8) 57 (75.0) NS
Death, number (%): 19 (20.2) 25 (30.5) NS
Transplant-related 9 (9.6) 15 (18.3) NS

Relapse 10 (10.6) 10 (12.2) NS

BChE, butyrylcholinesterase (normal range for male 4620–11,500 U/L, for female 3930–10,800 U/L); SOS,
sinusoidal obstruction syndrome. * Fisher’s test. # Percentages of liver GVHD calculated on the population
of allogeneic recipients.

We looked at the association between the absolute BChE values on day−1 and 1 year posttransplant
follow-up outcomes such as, overall survival (OS) and TRM rate. One year OS in the BChE > 2000 U/L
group was 84.7% versus 58.5% in the BChE < 2000 U/L group (p < 0.001), while TRM was 8.1% versus
23.1% (p < 0.05), respectively.
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Figure 3. Predictive performance of butyrylcholinesterase (BuChE) activity on day −1 in the diagnosis
of sinusoidal obstruction syndrome (SOS). Receiver operating characteristic (ROC) curves for absolute
BuChE activity values (A) and percentage reduction in BChE activity (B).

Kaplan–Meier curve analysis confirmed the statistically higher survival probability (p < 0.0001)
(Figure 4A) and lower probability of TRM (p < 0.0001) in the BChE > 2000 U/L group (Figure 4B).
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Figure 4. Kaplan–Meier curve analysis of the survival probability (A) and transplant-related
mortality (B).

The apparent increase of mortality between days 0–70 and days 150–250 reflects the common
trend of early and late TRM. Early forms are mainly caused by acute GVHD, infections, SOS, and other
angiopathic diseases, while late forms by chronic GVHD, pulmonary fibrosis, secondary tumors, and
hepatic or kidney insufficiency.

An analogue Kaplan–Meier analysis was performed to assess TRM considering only patients who
underwent an allogenic HSCT for hematologic malignancies. The analysis showed a statistically lower
TRM probability (p < 0.05) in the BChE > 2000 U/L group.

Finally, using a Cox proportional-hazards regression model, we investigated the association
between TRM and some other variables including type of diagnosis, disease risk, source of stem
cells, year of transplantation, type of conditioning, preexisting liver siderosis, or other pretransplant
hepatopathy. Both in the BChE > 2000 U/L and in the BChE < 2000 U/L groups, the only variable that
turn out to be associated with TRM was disease risk (p < 0.0001).

3.5. Analysis of Patient and Disease Variables Associated with the Risk of Severe Liver Damage Development

We studied the possible association between some patient and disease variables and the
transplant-related severe liver damage development (Table 7). Of the 176 pediatric patients analyzed,
44 (25%) developed severe liver damage, while 132 (75%) developed no impairment or only a mild
grade damage. The patients’ underlying disease and conditioning regimen were not correlated with
the risk of liver damage.

However, we found that patients with a low risk disease had a lower probability of developing
severe liver damage during the follow-up period (27.3% versus 72.7%, p < 0.0001). Severe iron overload
and higher serum ferritin levels proved to be related in a statistically significant way to the probability
of developing severe liver damage (p < 0.0001 and <0.05, respectively). Among all patients who
underwent SOS prophylaxis with defibrotide, we did not identify any case of severe liver damage
(p < 0.0001). As a result, overall survival was significantly higher for patients in which liver damage
was absent or mild compared with those who had severe liver damage (85.6% versus 43.2%, p < 0.0001).
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Table 7. Association between patient transplant-related characteristics and transplant-related
liver disease.

Variables Severe Liver
Damage

Liver Damage Absent
or Mild p-Value *

Number of patients (%) 44 (25) 132 (75) -
Underlying disease, number (%):

Acute lymphoblastic leukemia 18 (40.9) 47 (35.6) NS
Acute myeloid leukemia 11 (25) 22 (16.7) NS

Other 15 (34.1) 63 (47.7) NS
Disease risk, number (%):

Low 12 (27.3) 97 (73.5) <0.0001
High 32 (72.7) 35 (26.5) -

Myeloablative conditioning, number (%)
MCHT-based 31 (70.5) 82 (62.1) NS

TBI-based 13 (29.5) 50 (37.9) NS
Iron overload, number (%)

From absent to moderate 13 (29.5) 98 (74.2) <0.0001
Severe 31 (70.5) 34 (25.8) <0.0001

Baseline BChE value, (U/L, median [IQR]) 6815 (4934–8640) 7655(5773–8827) NS **
Serum ferritin, (µg/L, median [IQR]) 2052 (1329–3112) 974 (329–2048) <0.05 **

Pre-transplant liver disease, number (%): 9 (20.4) 28 (21.2) NS
Defibrotide prophylaxis, number (%) - 68 (51.5) <0.0001

HDNAC prophylaxis, number (%) 25 (56.8) 86 (65.2) NS
Overall survival, number (%) 19 (43.2) 113 (85.6) <0.0001

Death, number (%): 25 (56.8) 19 (14.4) <0.0001
Transplant-related 23 (52.3) 1 (0.8) <0.0001

Relapse 2 (4.5) 18 (13.6) <0.0001

Severe liver damage group included patients with SOS and liver dysfunction grade 3. BChE, butyrylcholinesterase;
HDNAC, high-dose N-acetylcysteine. * Fisher’s test. ** U-Test (Mann–Whitney).

4. Discussion

Cyclophosphamide is a chemotherapeutic agent widely used in various combinations with other
drugs for the treatment of a large number of different malignancies. It is also included in the vast majority
of conditioning regimes before HSCT [25]. Hepatic microsomal enzymes convert cyclophosphamide
into active cytotoxic metabolites. In particular, the mixed function oxidase system (cytochrome
P450) converts cyclophosphamide in 4-hydroxy-cyclophosphamide and aldophosphamide [26]. These
metabolites are then transported to the healthy and neoplastic tissues where aldophosphamide is
converted to the alkylating phosphoramide mustard and acrolein, which produces reactive oxygen
species (ROS) with subsequent oxidative tissue damage. Acrolein also induces cellular damage
mediated by lipid peroxidation [27]. Oxidative stress created by cyclophosphamide metabolites
and the direct toxicity of aldehydes are responsible for acute tissue toxicity, and in particular of
hepatic toxicity [28]. The association between the administration of high-dose cyclophosphamide
and a significative reduction in BChE levels has been previously described [29–32]. The underlying
mechanism is not clear, but the rapidity of enzyme inhibition in vitro suggests a direct effect rather than
an interference with BChE synthesis [33]. At the same cyclophosphamide dose, the suppression in BChE
activity varies widely from patient to patient, and in some cases, can last for several days. Despite these
findings, the possible association between the basal value of BChE activity or its reduction with therapy
and the incidence of short-term transplant-related liver complications has been never investigated.

In our study, we analyzed the performance of various commonly used markers such as CRP,
total bilirubin, ALT, AST, GGT, in predicting the probability of hepatic transplant-related complication
development. Considering their baseline values obtained before starting the conditioning regime, none
of these variables showed acceptable predictive performance. Regarding BChE activity level, we found
that the baseline values had little predictive significance, while the same measurement obtained on
day −1 had high sensitivity and high specificity in predicting hepatic transplant-related complications.

Our analysis shows how the most relevant factors predisposing significant BChE activity reduction
are a high disease risk, the use of TBI-based myeloablative conditioning and a severe preexistent
iron liver overload. Some of these findings were predictable. Patients with an underlying high-risk
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disease correspond to those with an advanced stage of pathology which usually had already been
subjected to different courses of therapy. In this group of patients, the complexity of the therapies leads
to an expected increased drug-induced liver toxicity, as witnessed by the lower basal BChE activity
values recorded. In an analogous way, TBI-based conditioning and preexisting iron overload are a
well-known risk factor for SOS [34–38], so it is not surprising that BChE reduction is more marked
in these groups. Looking at the percentage reduction in BChE activity values, we found that a more
significant decrease was associated with the diagnosis of LLA. This data is predictable since TBI is the
conditioning choice in this type of patient.

In terms of predictive performance, our data show the superiority of the absolute BChE activity
values compared to the percentage ones. This is mainly due to the significantly higher basal BChE
activity level of patients in whom a reduction >70% was detected compared with those included in the
group who reached a value <2000 UI/L. In fact, in the first case, a substantial percentage reduction >70%
led, in some patients, to absolute values within the limits of the standard range while, in the second, a
lower percentage reduction led to very much lower BChE activity reflecting impaired hepatic synthesis.

Another relevant finding that emerged in our study is the association between BChE activity
reduction and the development of hepatic non-immunologic complications due to direct drug-induced
or radiotherapy-induced hepatic damage. In contrast, we have not found any association between
BChE activity and the incidence or severity of hepatic GVHD.

It is well known that disease risk, iron overload, ferritin levels, and the presence of preexisting
liver disease are all factors correlated with TRM [35,39,40]. In our analysis, the pretransplant liver
disease did not prove to be associated with hepatic complications, but this finding is probably due to
the low sample size.

Our data confirmed the efficacy of defibrotide administration in the treatment of SOS, with
a significant impact in reducing TRM and improving OS. Defibrotide is a complex mixture of
polydeoxyribonucleotides with strong protective and anti-inflammatory activities on the vessel
endothelium [41,42]. We used it in prevention for a few years in our transplant unit, zeroing SOS
incidence in that period. This result is very encouraging considering that the incidence rate of
SOS reported in the literature is around 10–15% in allogeneic HSCT recipients after a myeloablative
conditioning regime, with the mortality rate in patients with severe SOS still exceeding 80% and 20%
in patients with non-severe SOS [43,44]. Unexpectedly, our data showed the increased incidence of
relapse in the group of patients treated with defibrotide. This phenomenon is probably due to a
significant increase in OS in the defibrotide-treated group.

So far, SOS represents the main factor involved in TRM. The diagnosis is not always easy since
signs and symptoms of SOS may be very insidious, particularly in pediatric patients, or may be
confused with other conditions [11]. Early administration of defibrotide is the only effective treatment
in the management of SOS, but currently, its use is formally indicated only in cases of severe SOS [45,46].
The prophylactic use of defibrotide is presently off-label. Moreover, its high cost represents a further
limitation to its prescription in many centers.

Identification of markers with high sensitivity and specificity in predicting the risk of SOS is
a relevant clinical issue. These selective markers would allow identification of those patients who
can benefit from early treatment with defibrotide and to further improve their prognosis. In the past
decades, numerous serum and plasma proteins have been investigated [47]. Plasminogen activator
inhibitor-1 (PAI-1) is very sensitive, with a negative predictive value of around 100%, but nonspecific,
since it does not discriminate between different causes of liver dysfunction [48]. Moreover, the
measuring of PAI-1 is not feasible everywhere nor in a real time, and this strongly limits its use in
clinical practice. Ultrasonography, computerized tomography, and magnetic resonance imaging may
yield abnormal results in patients with SOS [49], but they are unlikely to be used as diagnostics in the
early stage of the disease. Liver stiffness measurements with transient elastography have been recently
considered as a promising technique in the early diagnosis of SOS [50]. However, elastography has
some limitations, such as the high cost of the device and operator-related reliability.
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BChE activity level is an inexpensive and quick marker feasible in any laboratory. Its degree of
reduction during myeloablative conditioning including cyclophosphamide, correlates with the risk of
subsequent SOS development and can be used to identify the high-risk patients.

In conclusion, we suggest that it could be reasonable to start a prophylactic therapy with defibrotide
at the first signs of hepatic dysfunction, even before official diagnostic criteria for SOS are met, in
patients at high risk for liver complications in whom a drop in BChE activity values <1800 UI/L
is detected.

To our knowledge, this is the first study addressing the association between BChE reduction
during conditioning regimen and transplant outcomes with particular attention to liver damage.

However, this study has some limitations that should be considered when interpreting the current
findings: First of all, the sample size was relatively small and the follow-up was short term; second,
the study was retrospective and monocentric in its nature.

Further research with a prospective study should be pursued to determine the role of BChE
with particular attention to hepatic damage in patients undergoing a conditioning regimen with
cyclophosphamide and its association with transplant outcomes.

Author Contributions: Conception, design of the study, and writing, N.M. and G.C.; collection and analysis of the
clinical data, D.Z. and A.M.; original draft preparation, review, and editing, R.S. All authors read and approved
the final manuscript.

Acknowledgments: This work was supported by an intramural grant from the Institute for Maternal and Child
Health–IRCCS “Burlo Garofolo”, Trieste, Italy.

Conflicts of Interest: The authors declare no conflict of interest.

Consent for Publication: Informed consent for publication was obtained and is available for review by the editor.

References

1. Niederwieser, D.; Baldomero, H.; Szer, J.; Gratwohl, M.; Aljurf, M.; Atsuta, Y.; Bouzas, L.F.; Confer, D.;
Greinix, H.; Horowitz, M.; et al. Hematopoietic stem cell transplantation activity worldwide in 2012 and
a SWOT analysis of the Worldwide Network for Blood and Marrow Transplantation Group including the
global survey. Bone Marrow Transplant. 2016, 51, 778–785. [CrossRef] [PubMed]

2. Shenoy, S.; Smith, F.O. Hematopoietic stem cell transplantation for childhood malignancies of myeloid origin.
Bone Marrow Transplant. 2008, 41, 141–148. [CrossRef] [PubMed]

3. Jessop, H.; Farge, D.; Saccardi, R.; Alexander, T.; Rovira, M.; Sharrack, B.; Greco, R.; Wulffraat, N.; Moore, J.;
Kazmi, M.; et al. General information for patients and carers considering haematopoietic stem cell
transplantation (HSCT) for severe autoimmune diseases (ADs): A position statement from the EBMT
Autoimmune Diseases Working Party (ADWP), the EBMT Nurses Group, the EBMT Patient, Family and
Donor Committee and the Joint Accreditation Committee of ISCT and EBMT (JACIE). Bone Marrow Transplant.
2019. [CrossRef]

4. Thorvaldson, L.; Remberger, M.; Winiarski, J.; Omazic, B.; Fischler, B.; Sundin, M. HLA, GVHD, and
parenteral nutrition are risk factors for hepatic complications in pediatric HSCT. Pediatr. Transplant. 2016, 20,
96–104. [CrossRef] [PubMed]

5. Strasser, S.I.; Myerson, D.; Spurgeon, C.L.; Sullivan, K.M.; Storer, B.; Schoch, H.G.; Kim, S.; Flowers, M.E.;
McDonald, G.B. Hepatitis C virus infection and bone marrow transplantation: A cohort study with 10-year
follow-up. Hepatology 1999, 29, 1893–1899. [CrossRef] [PubMed]

6. Nakasone, H.; Kurosawa, S.; Yakushijin, K.; Taniguchi, S.; Murata, M.; Ikegame, K.; Kobayashi, T.; Eto, T.;
Miyamura, K.; Sakamaki, H. Impact of hepatitis C virus infection on clinical outcome in recipients after
allogeneic hematopoietic cell transplantation. Am. J. Hematol. 2013, 88, 477–484. [CrossRef]

7. McDonald, G.B.; Frieze, D. A problem-oriented approach to liver disease in oncology patients. Gut 2008, 57,
987–1003. [CrossRef]

8. Sakamoto, S.; Kawabata, H.; Kanda, J.; Uchiyama, T.; Mizumoto, C.; Kondo, T.; Yamashita, K.; Ichinohe, T.;
Ishikawa, T.; Kadowaki, N.; et al. Differing impacts of pretransplant serum ferritin and C-reactive
protein levels on the incidence of chronic graft-versus-host disease after allogeneic hematopoietic stem cell
transplantation. Int. J. Hematol. 2013, 97, 109–116. [CrossRef]

http://dx.doi.org/10.1038/bmt.2016.18
http://www.ncbi.nlm.nih.gov/pubmed/26901703
http://dx.doi.org/10.1038/sj.bmt.1705961
http://www.ncbi.nlm.nih.gov/pubmed/18176616
http://dx.doi.org/10.1038/s41409-019-0430-7
http://dx.doi.org/10.1111/petr.12623
http://www.ncbi.nlm.nih.gov/pubmed/26518451
http://dx.doi.org/10.1002/hep.510290609
http://www.ncbi.nlm.nih.gov/pubmed/10347135
http://dx.doi.org/10.1002/ajh.23436
http://dx.doi.org/10.1136/gut.2007.131136
http://dx.doi.org/10.1007/s12185-012-1229-0


J. Clin. Med. 2019, 8, 825 15 of 17

9. Maximova, N.; Sonzogni, A.; Matarazzo, L.; Ghirardi, A.; D’Antiga, L. Vanishing Bile Ducts in the Long Term
after Pediatric Hematopoietic Stem Cell Transplantation. Biol Blood Marrow Transplant. 2018, 24, 2250–2258.
[CrossRef]

10. Norvell, J.P. Liver disease after hematopoietic cell transplantation in adults. Transplant. Rev. 2015, 29, 8–15.
[CrossRef]

11. Coppell, J.A.; Richardson, P.G.; Soiffer, R.; Martin, P.L.; Kernan, N.A.; Chen, A.; Guinan, E.; Vogelsang, G.;
Krishnan, A.; Giralt, S.; et al. Hepatic veno-occlusive disease following stem cell transplantation: Incidence,
clinical course, and outcome. Biol. Blood Marrow Transplant. 2010, 16, 157–168. [CrossRef] [PubMed]

12. Corbacioglu, S.; Carreras, E.; Ansari, M.; Balduzzi, A.; Cesaro, S.; Dalle, J.H.; Dignan, F.;
Gibson, B.; Guengoer, T.; Gruhn, B.; et al. Diagnosis and severity criteria for sinusoidal obstruction
syndrome/veno-occlusive disease in pediatric patients: A new classification from the European society for
blood and marrow transplantation. Bone Marrow Transplant. 2018, 53, 138–145. [CrossRef] [PubMed]

13. Peng, Z.L.; Huang, L.W.; Yin, J.; Zhang, K.N.; Xiao, K.; Qing, G.Z. Association between early serum
cholinesterase activity and 30-day mortality in sepsis-3 patients: A retrospective cohort study. PLoS ONE
2018, 13, e0203128. [CrossRef] [PubMed]

14. Sun, L.; Qi, X.; Tan, Q.; Yang, H.; Qi, X. Low Serum-Butyrylcholinesterase Activity as a Prognostic Marker
of Mortality Associates with Poor Cardiac Function in Acute Myocardial Infarction. Clin. Lab. 2016, 62,
1093–1099. [CrossRef]

15. Ba, L.; Wu, D.Q.; Qian, A.Y.; Zhang, M.; Xiong, B. Dynamic changes of serum cholinesterase activity after
severe trauma. J. Zhejiang Univ. Sci. B 2014, 15, 1023–1031. [CrossRef]

16. Chiarla, C.; Giovannini, I.; Giuliante, F.; Vellone, M.; Ardito, F.; Nuzzo, G. Plasma cholinesterase correlations
in acute surgical and critical illness. Minerva Chir. 2011, 66, 323–327. [PubMed]

17. Lampón, N.; Hermida-Cadahia, E.F.; Riveiro, A.; Tutor, J.C. Association between butyrylcholinesterase
activity and low-grade systemic inflammation. Ann. Hepatol. 2012, 11, 356–363. [CrossRef]

18. Feng, W.; Tang, C.; Guo, H.; Bao, Y.; Wen, X.; Xue, T.; Gong, H. Prognostic value of serum cholinesterase
activities in sepsis patients. Hepato-Gastroenterology 2013, 60, 1001–1005.

19. Arndt, C.; Beck, J.F.; Gruhn, B. A pediatric prognostic score for patients undergoing allogeneic hematopoietic
stem cell transplantation. Eur. J. Haematol. 2014, 93, 509–515. [CrossRef]

20. Maximova, N.; Schillani, G.; Simeone, R.; Maestro, A.; Zanon, D. Comparison of Efficacy and Safety of
Caspofungin Versus Micafungin in Pediatric Allogeneic Stem Cell Transplant Recipients: A Retrospective
Analysis. Adv. Ther. 2017, 34, 1184–1199. [CrossRef]

21. Jensen, P.D.; Jensen, F.T.; Christensen, T.; Ellegaard, J. Evaluation of transfusional iron overload before and
during iron chelation by magnetic resonance imaging of the liver and determination of serum ferritin in
adult non-thalassaemic patients. Br. J. Haematol. 1995, 89, 880–889. [CrossRef]

22. Maximova, N.; Gregori, M.; Zennaro, F.; Sonzogni, A.; Simeone, R.; Zanon, D. Hepatic Gadolinium
Deposition and Reversibility after Contrast Agent-enhanced MR Imaging of Pediatric Hematopoietic Stem
Cell Transplant Recipients. Radiology 2016, 281, 418–426. [CrossRef]

23. Yoon, J.H.; Yoo, K.H.; Sung, K.W.; Jung, C.W.; Kim, J.S.; Hahn, S.M.; Kang, H.J.; Lee, J.H.; Im, H.J.; Ahn, J.S.;
et al. Validation of treatment outcomes according to revised severity criteria from European Society for
Blood and Marrow Transplantation (EBMT) for sinusoidal obstruction syndrome/veno-occlusive disease
(SOS/VOD). Bone Marrow Transplant. 2019. [CrossRef]

24. Przepiorka, D.; Weisdorf, D.; Martin, P.; Klingemann, H.G.; Beatty, P.; Hows, J.; Thomas, E.D. 1994 consensus
conference on acute GVHD grading. Bone Marrow Transplant. 1995, 15, 825–828.

25. Bahloul, M.; Baccouch, N.; Chtara, K.; Turki, M.; Turki, O.; Hamida, C.B.; Chelly, H.; Ayedi, F.; Chaari, A.;
Bouaziz, M. Value of Serum Cholinesterase Activity in the Diagnosis of Septic Shock Due to Bacterial
Infections. J. Intensive Care Med. 2017, 32, 346–352. [CrossRef]

26. Ahlmann, M.; Hempel, G. The effect of cyclophosphamide on the immune system: Implications for clinical
cancer therapy. Cancer Chemother. Pharmacol. 2016, 78, 661–671. [CrossRef]

27. Yule, S.M.; Boddy, A.V.; Cole, M.; Price, L.; Wyllie, R.; Tasso, M.J.; Pearson, A.D.; Idle, J.R. Cyclophosphamide
metabolism in children. Cancer Res. 1995, 55, 803–809.

28. Shokrzadeh, M.; Ahmadi, A.; Naghshvar, F.; Chabra, A.; Jafarinejhad, M. Prophylactic efficacy of melatonin
on cyclophosphamide-induced liver toxicity in mice. BioMed Res. Int. 2014, 2014, 470425. [CrossRef]

http://dx.doi.org/10.1016/j.bbmt.2018.07.009
http://dx.doi.org/10.1016/j.trre.2014.08.001
http://dx.doi.org/10.1016/j.bbmt.2009.08.024
http://www.ncbi.nlm.nih.gov/pubmed/19766729
http://dx.doi.org/10.1038/bmt.2017.161
http://www.ncbi.nlm.nih.gov/pubmed/28759025
http://dx.doi.org/10.1371/journal.pone.0203128
http://www.ncbi.nlm.nih.gov/pubmed/30161257
http://dx.doi.org/10.7754/Clin.Lab.2015.151013
http://dx.doi.org/10.1631/jzus.B1400129
http://www.ncbi.nlm.nih.gov/pubmed/21873967
http://dx.doi.org/10.1016/S1665-2681(19)30932-9
http://dx.doi.org/10.1111/ejh.12390
http://dx.doi.org/10.1007/s12325-017-0534-7
http://dx.doi.org/10.1111/j.1365-2141.1995.tb08428.x
http://dx.doi.org/10.1148/radiol.2016152846
http://dx.doi.org/10.1038/s41409-019-0492-6
http://dx.doi.org/10.1177/0885066616636549
http://dx.doi.org/10.1007/s00280-016-3152-1
http://dx.doi.org/10.1155/2014/470425


J. Clin. Med. 2019, 8, 825 16 of 17

29. Zhai, X.; Zhang, Z.; Liu, W.; Liu, B.; Zhang, R.; Wang, W.; Zheng, W.; Xu, F.; Wang, J.; Chen, Y. Protective
effect of ALDH2 against cyclophosphamide-induced acute hepatotoxicity via attenuating oxidative stress
and reactive aldehydes. Biochem. Biophys. Res. Commun. 2018, 499, 93–98. [CrossRef]

30. Bodur, E. Human serum butyrylcholinesterase interactions with cisplatin and cyclophosphamide. Biochimie
2010, 92, 979–984. [CrossRef]

31. Zsigmond, E.K.; Robins, G. The effect of a series of anti-cancer drugs on plasma cholinesterase activity.
Can. Anaesth. Soc. J. 1972, 19, 75–82. [CrossRef]

32. Bellardo, A.; Pecchio, F.; Manca, A.; Sartoris, S.; Airoldi, M.; Fazio, M. Administration of cyclophosphamide
determines the lowering of serum cholinesterase levels. Boll. Soc. Ital. Biol. Sper. 1980, 56, 1329–1333.

33. Wang, R.I.; Ross, C.A. Prolonged apnea following succinylcholine in cancer patients receiving AB-132.
Anesthesiology 1963, 24, 363–367. [CrossRef]

34. Al-Jafari, A.A.; Duhaiman, A.S.; Kamal, M.A. Inhibition of human acetylcholinesterase by cyclophosphamide.
Toxicology 1995, 96, 1–6. [CrossRef]

35. Corbacioglu, S.; Jabbour, E.J.; Mohty, M. Risk Factors for Development of and Progression of Hepatic
Veno-Occlusive Disease/Sinusoidal Obstruction Syndrome. Biol. Blood Marrow Transplant. 2019. [CrossRef]

36. Maximova, N.; Gregori, M.; Boz, G.; Simeone, R.; Zanon, D.; Schillani, G.; Zennaro, F. MRI-based evaluation
of multiorgan iron overload is a predictor of adverse outcomes in pediatric patients undergoing allogeneic
hematopoietic stem cell transplantation. Oncotarget 2017, 8, 79650–79661. [CrossRef]

37. Barker, C.C.; Butzner, J.D.; Anderson, R.A.; Brant, R.; Sauve, R.S. Incidence, survival and risk factors for
the development of veno-occlusive disease in pediatric hematopoietic stem cell transplant recipients. Bone
Marrow Transplant. 2003, 32, 79–87. [CrossRef]

38. Maximova, N.; Ferrara, G.; Minute, M.; Pizzol, A.; Kiren, V.; Montico, M.; Gregori, M.; Tamaro, P. Experience
from a single paediatric transplant centre with identification of some protective and risk factors concerning
the development of hepatic veno-occlusive disease in children after allogeneic hematopoietic stem cell
transplant. Int. J. Hematol. 2014, 99, 766–772. [CrossRef]

39. Dalle, J.H.; Giralt, S.A. Hepatic Veno-Occlusive Disease after Hematopoietic Stem Cell Transplantation: Risk
Factors and Stratification, Prophylaxis, and Treatment. Biol. Blood Marrow Transplant. 2016, 22, 400–409.
[CrossRef]

40. Anasetti, C. What are the most important donor and recipient factors affecting the outcome of related and
unrelated allogeneic transplantation? Best Pract. Res. Clin. Haematol. 2008, 21, 691–697. [CrossRef]

41. Altès, A.; Remacha, A.F.; Sureda, A.; Martino, R.; Briones, J.; Canals, C.; Brunet, S.; Sierra, J.; Gimferrer, E.
Iron overload might increase transplant-related mortality in haematopoietic stem cell transplantation.
Bone Marrow Transplant. 2002, 29, 987–989. [CrossRef]

42. Morabito, F.; Gentile, M.; Gay, F.; Bringhen, S.; Mazzone, C.; Vigna, E.; Musto, P.; Di Raimondo, F.; Palumbo, A.
Insights into defibrotide: An updated review. Expert Opin. Biol. Ther. 2009, 9, 763–772. [CrossRef]

43. Palomo, M.; Diaz-Ricart, M.; Rovira, M.; Escolar, G.; Carreras, E. Defibrotide prevents the activation of
macrovascular and microvascular endothelia caused by soluble factors released to blood by autologous
hematopoietic stem cell transplantation. Biol. Blood Marrow Transplant. 2011, 17, 497–506. [CrossRef]

44. Mohty, M.; Malard, F.; Abecassis, M.; Aerts, E.; Alaskar, A.S.; Aljurf, M.; Arat, M.; Bader, P.; Baron, F.;
Bazarbachi, A.; et al. Sinusoidal obstruction syndrome/veno-occlusive disease: Current situation and
perspectives—A position statement from the European Society for Blood and Marrow Transplantation
(EBMT). Bone Marrow Transplant. 2015, 50, 781–789. [CrossRef]

45. Richardson, P.G.; Carreras, E.; Iacobelli, M.; Nejadnik, B. The use of defibrotide in blood and marrow
transplantation. Blood Adv. 2018, 2, 1495–1509. [CrossRef]

46. Defitelio (Defibrotide Sodium). Available online: https://www.fda.gov/drugs/resources-information-
approved-drugs/defitelio-defibrotide-sodium (accessed on 28 October 2018).

47. Park, Y.D.; Yasui, M.; Yoshimoto, T.; Chayama, K.; Shimono, T.; Okamura, T.; Inoue, M.; Yumura-Yagi, K.;
Kawa-Ha, K. Changes in hemostatic parameters in hepatic veno-occlusive disease following bone marrow
transplantation. Bone Marrow Transplant. 1997, 19, 915–920. [CrossRef]

48. Pihusch, M.; Wegner, H.; Goehring, P.; Salat, C.; Pihusch, V.; Hiller, E.; Andreesen, R.; Kolb, H.J.; Holler, E.;
Pihusch, R. Diagnosis of hepatic veno-occlusive disease by plasminogen activator inhibitor-1 plasma antigen
levels: A prospective analysis in 350 allogeneic hematopoietic stem cell recipients. Transplantation 2005, 80,
1376–1382. [CrossRef]

http://dx.doi.org/10.1016/j.bbrc.2018.03.041
http://dx.doi.org/10.1016/j.biochi.2010.04.010
http://dx.doi.org/10.1007/BF03006910
http://dx.doi.org/10.1097/00000542-196305000-00018
http://dx.doi.org/10.1016/0300-483X(94)02848-O
http://dx.doi.org/10.1016/j.bbmt.2019.02.018
http://dx.doi.org/10.18632/oncotarget.19021
http://dx.doi.org/10.1038/sj.bmt.1704069
http://dx.doi.org/10.1007/s12185-014-1578-y
http://dx.doi.org/10.1016/j.bbmt.2015.09.024
http://dx.doi.org/10.1016/j.beha.2008.10.002
http://dx.doi.org/10.1038/sj.bmt.1703570
http://dx.doi.org/10.1517/14712590903008507
http://dx.doi.org/10.1016/j.bbmt.2010.11.019
http://dx.doi.org/10.1038/bmt.2015.52
http://dx.doi.org/10.1182/bloodadvances.2017008375
https://www.fda.gov/drugs/resources-information-approved-drugs/defitelio-defibrotide-sodium
https://www.fda.gov/drugs/resources-information-approved-drugs/defitelio-defibrotide-sodium
http://dx.doi.org/10.1038/sj.bmt.1700760
http://dx.doi.org/10.1097/01.tp.0000183288.67746.44


J. Clin. Med. 2019, 8, 825 17 of 17

49. Ravaioli, F.; Colecchia, A.; Alemanni, L.V.; Vestito, A.; Dajti, E.; Marasco, G.; Sessa, M.; Pession, A.; Bonifazi, F.;
Festi, D. Role of imaging techniques in liver veno-occlusive disease diagnosis: Recent advances and literature
review. Expert Rev. Gastroenterol. Hepatol. 2019, 13, 463–484. [CrossRef]

50. Colecchia, A.; Ravaioli, F.; Sessa, M.; Alemanni, V.L.; Dajti, E.; Marasco, G.; Vestito, A.; Zagari, R.M.; Barbato, F.;
Arpinati, M.; et al. Liver Stiffness Measurement Allows Early Diagnosis of Veno-Occlusive Disease/Sinusoidal
Obstruction Syndrome in Adult Patients Who Undergo Hematopoietic Stem Cell Transplantation: Results
from a Monocentric Prospective Study. Biol. Blood Marrow Transplant. 2019, 25, 995–1003. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1080/17474124.2019.1588111
http://dx.doi.org/10.1016/j.bbmt.2019.01.019
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Patients 
	HSCT Procedure 
	Liver Disease at Transplant Assessment 
	Prophylaxis of Transplant-Related Liver Complications 
	Criteria for the Diagnosis of Transplant-Related Liver Complications 
	Statistical Analysis 
	Analysis of Biochemical Parameters 

	Results 
	Demographic Features 
	Analysis of the Suitability of the Prognostic Markers Chosen for the Study 
	Analysis of the Relationship between Patients’ Variables and the Reduction in the Serum BChE Activity Level 
	Analysis of the Relationship between the Reduction in Serum BChE Activity Level and the Transplant Outcomes 
	Analysis of Patient and Disease Variables Associated with the Risk of Severe Liver Damage Development 

	Discussion 
	References

