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Abstract: Preeclampsia is a progressive multi-systemic disorder characterized by proteinuria, critical
organ damage, and new-onset hypertension. It can be further complicated by HELLP syndrome
(hemolysis, elevated liver enzymes, low platelets), resulting in critical liver or renal damage, dis-
seminated coagulation, and grand mal seizures. This study aimed to examine the involvement
of ADAMTS13, von Willebrand, and the complement system in the pathogenesis of preeclamp-
sia/HELLP syndrome. We studied 30 Caucasian preeclamptic pregnant women and a control group
of 15 healthy pregnancies. Genetic sequencing of ADAMTS13 and complement regulatory genes
(MiniSeq System, Illumina) was performed. The modified Ham test was used to check for comple-
ment activation, ADAMTS13 activity, von Willebrand antigen (vWFAg) levels, and soluble C5b-9
levels were measured. Patients with preeclampsia had a decreased ADAMTS13 activity and in-
creased C5b-9 levels. The vVWFAg was significantly correlated with ADAMTS13 activity (r = 0.497,
p = 0.003). Risk-factor variants were found in the genes of ADAMTS13, C3, thrombomodulin, CFB,
CFH, MBL2, and, finally, MASP2. A portion of pregnant women with preeclampsia showed a decline
in ADAMTS13 activity, correlated with vVWFAg levels. These patients also exhibited an elevated
complement activation and high-risk genetic variants in regulatory genes. Further research is needed
to determine if these factors can serve as reliable biomarkers.

Keywords: preeclampsia; HELLP syndrome; pregnancy-associated liver disease; ADAMTS13;
complement system; next-generation sequencing; C5b-9
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1. Introduction

Preeclampsia (PE) is a common pregnancy-specific disorder with high mortality and
morbidity rates worldwide. As a clinical entity belonging to the broad group of hyper-
tensive disorders of pregnancy, it is defined as new-onset hypertension combined with
proteinuria or other final-stage organ damage after 20 weeks of gestation [1]. This health
condition is also classified under the umbrella of pregnancy-related liver disorders and
can be further complicated by HELLP syndrome (hemolysis, elevated liver enzymes, low
platelets), resulting in critical liver or renal damage, disseminated coagulation, and the
development of grand mal seizures (eclampsia) [2].

PE understanding has seen major advances over the last twenty years; however, the
exact pathophysiologic mechanisms still need to be determined. Until today, placental
maternal vascular and metabolic malfunctions have been identified as crucial factors
in its pathogenesis. Several processes, such as mutations; endothelial and trophoblast
dysfunction, including spiral artery remodeling, low oxygenation of the placenta, and
oxidative stress; impairment of the immunotolerance at the maternal-fetal surface; and
an imbalance among angiogenic and antiangiogenic factors, have been implicated as
contributing factors [1,2]. Establishing new reliable biomarkers in diagnosing PE/HELLP
syndrome is of unparalleled importance for the earliest possible diagnosis and treatment.

Among immune mechanisms, there is piling interest in the involvement of the com-
plement system and its overactivation in PE. Under normal circumstances, the complement
system, an innate defense mechanism, is suppressed during pregnancy, sustaining the
maternal immunological tolerance and allowing the successful development of the fetus [3].
Sparse studies suggest that the complement pathways elude the regulating suppressing
mechanisms and promote inflammation through augmented terminal activation, further
damaging the utero—placenta unit and disrupting the placenta perfusion [3,4]. The terminal
complement component C5b-9 (membrane attack complex) is commonly detected in urine
and placental samples of preeclamptic women, while other earlier complement compo-
nents are also identified in patient samples, indicating the participation of the complement
cascade in the pathogenesis of PE [2,4,5].

Several studies have linked PE and HELLP to dysregulated hemostasis and throm-
botic microangiopathies (TMAs), which are characterized by elevated levels of the von
Willebrand factor antigen (vWFAg) and reduced plasma activity of ADAMTS13 (a disinte-
grin and metalloproteinase with a thrombospondin type 1 motif, member 13) [2,6]. Over
the last decade, significant progress has been made in developing clinical and laboratory
approaches to predict disease course and genotype—phenotype correlations. It has been
reported that, in patients with TMAs, ADAMTS13 single nucleotide polymorphisms (SNPs)
can lead to partial deficiency when a primary trigger is present or when a mutation in a
complement gene is co-inherited, indicating that, except for the clinical characteristics, the
implicated pathophysiological mechanisms are also similar [7].

The use of ADAMTS13 activity is important for patients diagnosed with preeclampsia
for several reasons. Preeclampsia/HELLP syndrome shares clinical features with throm-
botic microangiopathies (TMAs) such as thrombotic thrombocytopenic purpura (TTP) and
hemolytic-uremic syndrome (HUS). The measurement of ADAMTS13 activity can help
differentiate between these conditions. In TTP, there is a typically severe ADAMTS13
deficiency, leading to excessive von Willebrand factor activity and microthrombi formation,
while in preeclampsia, ADAMTS13 activity is usually lower but within normal range.
Nevertheless, investigating ADAMTS13 activity in preeclampsia can provide insights into
the underlying pathophysiological mechanisms of the disorder. Dysregulation of the bal-
ance between vVWF and ADAMTS13 has been implicated in endothelial dysfunction and
thrombotic microangiopathy, which are central features of preeclampsia. In summary,
measuring the ADAMTS13 activity in patients diagnosed with preeclampsia is important
for accurate diagnosis, prognostication, guiding therapeutic decisions, and advancing our
understanding of the pathophysiology of this complex disorder [1].
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Our research is grounded in the hypothesis that additional factors beyond the estab-
lished ones may contribute to the development of preeclampsia (PE) and HELLP syndrome.
To explore this hypothesis, our study aims to investigate the potential involvement of
ADAMTS13, von Willebrand factor, and the complement system in the pathogenesis of
these conditions. Preeclampsia is a complex disorder with multifactorial origins and, while
certain mechanisms have been identified, there remains a need to uncover novel pathways
that could elucidate its etiology and improve clinical management. Therefore, our research
endeavors to delve into the roles of ADAMTS13 and the complement system, both of which
have been implicated in endothelial dysfunction and thrombotic microangiopathy, key
features of PE and HELLP syndrome. Additionally, we seek to explore how variations
in the genes associated with ADAMTS13 and the complement system might impact the
occurrence and severity of these pregnancy complications. By investigating these po-
tential contributors, we aim to expand our understanding of the pathophysiology of PE
and HELLP syndrome, potentially paving the way for novel diagnostic and therapeutic
strategies to improve maternal and fetal outcomes.

2. Materials and Methods
2.1. Study Population

We conducted an observational, case—control study examining pregnant women with
early onset severe preeclampsia and healthy pregnant women with similar age and ges-
tational weeks. All participants provided written consent after receiving comprehensive
information about the study’s purpose and process. The study was conducted according to
the guidelines of the Declaration of Helsinki and was approved by the Aristotle University
of Thessaloniki Research Ethics Committee (protocol number: 22/5-2-2019).

Antenatal recruitment of pregnant women from the Department of Obstetrics and
Gynecology of Hippokration General Hospital of Thessaloniki was conducted between
July 2019 and March 2021. The diagnosis of preeclampsia was made in accordance with the
American College of Obstetricians and Gynecologists criteria, which stipulates that a single
incidence of systolic blood pressure (SBP) > 160; or diastolic blood pressure (DBP) > 110; or
two instances of SBP > 140 or DBP > 90 with proteinuria or evidence of end-organ damage
should be present [8]. Patients with pre-existing hypertensive conditions or a history
of preeclampsia, HELLP syndrome, blood type O, antiphospholipid syndrome, or other
autoimmune disorders and complement-mediated disease were excluded from the study.
Medical records provided clinical variables such as systolic and diastolic blood pressure,
as well as clinical laboratory parameters including random sample urine protein, serum
creatinine, platelets, hemoglobin, glutamic-oxaloacetic transaminase (SGOT), glutamic-
pyruvic transferase (SGPT), total bilirubin, and lactate dehydrogenase (LDH).

2.2. Laboratory Analysis

Peripheral blood and urine samples were collected on the day of enrolment. We
performed genetic sequencing of the ADAMTSI13 gene, as well as other complement
regulatory genes (Complement factor H/CFH, CFH-related, CFI, CFB, CFD, C3, CD55, C5,
MCP, thrombomodulin/THBD, MASP1, MASP2, MBL2, COLEC11, FCN1, and FCN3) with
the use of [llumina MiniSeq sequencing System. DNA extraction from peripheral blood
mononuclear was performed according to the Qiagen protocol.

The Modified Ham (mHam) test was utilized as an in vitro functional assay to evaluate
complement activation. The mHam assay quantifies complement activation as a percentage
of complement-mediated cell death, making it a functional assay. The testing process
involves plating PIGA-null TF-1 cells into 96-well plates that contain gelatin veronal buffer
with calcium and magnesium (GVB11; B102; Complement Technology Inc., Tyler, TX, USA).
Subsequently, the cells are incubated at 37 °C for 45 min with diluted patient serum (1:5).
After that, the cells are incubated at 37 °C for 2 h with diluted (1:10) WST-1 proliferation
reagent (Roche, Basel, Switzerland). The absorbance is measured at 450 nm with a 630 nm
filter in an ELISA plate reader (iMark Microplate Absorbance Reader, Biorad, Hercules,
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CA, USA). Using the sample’s absorbance and the heat-inactivated control’s absorbance,
the percentage of non-viable cells is calculated to determine complement activation. The
samples are tested in triplicates.

The ADAMTS13 activity and soluble C5b-9 levels were quantified using commercially
available ELISA (enzyme-linked immunosorbent assay, iMark Microplate Absorbance
Reader, Biorad) kits (Quidel, San Diego, CA, USA), following the manufacturer’s instruc-
tions. The measurement of VWFAg was carried out utilizing the immunoturbidimetric
assay with the Siemens Healthineers BCS® XP System. The ratios of VWFAg to ADAMTS13
activity (VWFAg/ADAMTS13) and platelets count to mean platelet volume (PLTs/MPV)
were also calculated.

2.3. Bioinformatics and Statistical Analysis

The Statistical Package for Social Sciences (SPSS 27.0.1.0) statistical program for win-
dows version 27 was used to perform statistical analysis in this study. Due to the small
sample size and non-normal distribution of the investigated parameters, we utilized the
non-parametric Mann-Whitney test to compare the two independent groups. Additionally,
we performed Levene’s test to assess the equality of variances. The relationship between
mHam test results and preeclampsia occurrence was discovered using the Chi-squared
test. The level of statistical significance was set to 0.05. The median value and interquartile
range of each parameter were calculated by group. Furthermore, a post hoc power analysis
was conducted, which confirmed that the study population was adequate for a significance
level of 5% and the desired power level of 80%.

To establish the clinical significance of the detected genetic variants, four bioinformatic
tools (SIFT, PolyPhen-2, PROVEAN, and CADD) were used. It is worth mentioning that we
considered every variant which was characterized as damaging by 2 or more bioinformatic
tools as deleterious.

3. Results
3.1. Study Population

Table 1 presents the baseline characteristics of the two study groups. The patients
group included 30 Caucasian preeclamptic pregnant women with a median age of 36 years
[median age (IQR): 36 (10, 29-39)] and a median gestational age of 32 weeks. The control
group, on the other hand, comprised 15 healthy pregnant women with a median age of
30 years [median age (IQR): 30 (11, 27-38) years] and a median gestational age of 30 weeks.
Both groups shared similar baseline characteristics, and the control group had otherwise
uncomplicated pregnancies.

’

Table 1. Baseline characteristics and laboratory tests of the study population [median (interquartile
range—IQR)], level of statistical significance: 0.05 (Mann—Whitney test).

Preeclamptic Group Healthy Control Group p
Age (years) 36 [10 (29-39)] 30 [11 (27-38)] 0.22
Gestational week 323 (31-34)] 30 [9 (25-34)] 0.07
Hb (g/dL) 11.9[2.1 (11.1-13.2)] 10.4 [2.4 (9.2-11.6)] 0.01
PLTs (/mun’) [74.000 (1?317?5%%(1261.500)] [66.250 (2%)56%(())%(1272.750)] 060
SGOT (IU/L) 17.5[10 (15-25)] 14 [4 (11-15)] 0.003
SGPT (IU/L) 16 [11 (12-23)] 11 [7 (8.25-15.25)] 0.72
Total bilirubin (mg/dL) 0.33 [0.18 (0.22-0.4)] 0.37 [0.12 (0.32-0.44)] 0.12
Serum Creatine (mg/dL) 0.71 [0.26 (0.62-0.88)] 0.67 [0.12 (0.6-0.72)] 0.029
Serum LDH (units/L) 191 [47 (175-222)] 190 [66 (160-226)] 043
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Table 1. Cont.

Preeclamptic Group Healthy Control Group p
Urine protein (mg) 129 [280 (18-298)] 0 0.025
Systolic Blood Pressure
(mmHg) 165 [27 (150-177] 124 [13 (116-129)] <0.001
Diastolic Blood Pressure 100 [20 (90-110)] 82 [11 (76-87)] <0.001

(mmHg)

Hb: Hemoglobin, PLTs: platelets, SGOT: serum glutamic-oxaloacetic transaminase, SGPT: serum-glutamic pyruvic
transaminase, LDH: lactate dehydrogenase.

The results of the study revealed a noteworthy disparity between the subjects with
preeclampsia and the control group. Specifically, individuals with preeclampsia demon-
strated a higher level of serum creatine and urine protein, with a statistically significant
difference (p = 0.029 and p = 0.025, respectively). Additionally, a statistically significant
difference was observed between the two groups concerning hemoglobin (p = 0.01), with
the healthy control group displaying a lower median value. This notable difference could
potentially be attributed to inadequate plasma expansion.

When it comes to liver function tests, it has been discovered that women who suffer
from preeclampsia have significantly higher SGOT serum levels compared to healthy
individuals in the control group (p = 0.003). However, there seems to be no significant
difference in the levels of serum SGPT or total bilirubin between the two groups (p = 0.72
and p = 0.12, respectively). It is worth mentioning that none of the women in either
group had elevated levels of serum total bilirubin. All participants in the healthy control
group exhibited normal liver function test results. However, in the group of women with
preeclampsia, three individuals showed elevated levels of SGOT, SGPT, or both, but none
of them had a positive mHam test or increased C5b-9 levels.

Furthermore, it was interesting to find that ADAMTS13 activity was significantly lower
in patients with preeclampsia [median (IQR, p25-p75): 70.1% (16.9, 65.3-82.2) vs. 89.5%
(25.2,71.8-97), p = 0.012], but remained within normal limits in both groups. Meanwhile, the
levels of soluble C5b-9, as a biomarker of terminal complement activation, were increased
in the group of patients with preeclampsia when compared to the healthy control [median
(IQOR, p25-p75): 311 ng/mL (386, 7-394) versus 35 ng/mL (5.2, 31-36.2)]. The difference
was statistically significant between the two groups (p = 0.007). In addition, the modified
HAM test was positive only in preeclamptic women (11/30, 36%) (p = 0.008). It is worth
noting that all the patients in the preeclamptic group who tested positive for the mHam test
also had elevated C5b-9 levels, indicating increased complement activation in this group
of patients.

Moreover, the vWFAg was significantly correlated with ADAMTS13 activity (r = 0.497,
p = 0.003). However, no statistically significant difference was observed between the two
groups in terms of the vVWFAg/ADAMTS13 ratio (p > 0.05). Furthermore, there was no
statistically significant difference found between the two groups concerning the ratio of
PLTs/MPV (p: 0.33 > 0.05). This ratio is expected to be lower in those with preeclampsia,
as compared to healthy pregnant women due to a decline in PLTs count and an increase
in MPV. Finally, no significant association was found between liver function tests (SGOT,
SGPT, and total bilirubin) and C5b-9 levels or ADAMTS13 activity (p > 0.05).

3.2. Genetic Analysis

Conducting an initial evaluation to detect clinically significant variations by utilizing
the ClinVar annotated data (analysis A), risk-factor variants were detected in the genes
of ADAMTS13 (rs2301612), C3 (rs2230199), and Complement Factor H, CFH (rs800292).
The finding of double heterozygosity in these genes was exclusive to preeclamptic women
and, more specifically, to approximately half of them (16/30, 54%, p < 0.001). It is worth
noting that, among the entire group of women with preeclampsia, only one individual
exhibited indications of renal injury, as evidenced by a serum creatinine level of 1.51 g/dL
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and an estimated glomerular filtration rate (eGFR) of 43 mL/min per 1.73 m?2, calculated
using the MDRD equation: 175 x SerumCr-1.154 x age — 0.203 x 1.212 (if patient is
black) x 0.742 (if female). This pregnant woman tested positive for the modified Ham test
(C5b-9: 1232 ng/mL, ADAMTS13: 31%), and possessed double heterozygosity for high-risk
genetic variants. Moreover, it should be mentioned that that there was an individual with
preeclampsia who had a marked increase in liver enzyme levels (SGOT =982 IU/L and
SGPT =11511U/L), but the mHAM test came back negative and normal C5b-9 serum levels
were detected (C5b-9 = 49.2 ng/mL). In the preeclamptic pregnant woman with abnormal
liver function tests, no high-risk genetic variants were identified.

Afterward, a further analysis was performed (analysis B) with the use of four bioinfor-
matic tools and five deleterious genetic variants were identified in seven pregnant women
suffering from preeclampsia. However, the same genetic variants were found only in three
pregnant women in the healthy control group. The identified genetic variants are associated
with the gene of ADAMTS13 (rs28503257 and rs28647808), thrombomodulin (rs1800579),
CFB (rs12614), CFH (rs35274867), MBL2 (rs503073, rs1800450, and rs1800451), and finally
MASP2 (rs12711521, rs139962539, and rs72550870).

As per the study, patients who had clinically significant variants that were identi-
fied in both analysis A and analysis B (in the ADAMTS13, thrombomodulin, CFB, CFH,
MBL2, MASP2, and C3 genes) showed a significant decrease in vVWFAg levels compared to
those who did not have such variants (177 vs. 295, p = 0.004). Conversely, patients with
the rs1800450 variant in the lectin gene showed a significant increase in vVWFAg levels
(276 vs. 30, p = 0.038).

4. Discussion

The present non-interventional, case—control study supports the findings of other
research groups. The study reveals a statistically significant reduction in ADAMTS13
activity and an elevation in soluble C5b-9 levels among a group of pregnant women
who developed early onset severe preeclampsia, compared to a healthy control group.
Furthermore, the investigation identified a number of genetic variants in the genes of
ADAMTS13, C3, CFH, CFB, thrombomodulin, MBL2, and MASP2 that were significantly
linked with the occurrence of preeclampsia, according to the results of analyses A and B.

It has been a commonly held belief that the primary pathophysiological mechanism
of preeclampsia is angiogenic imbalance, until recent times [3]. Endothelial cells and
megakaryocytes are responsible for producing a complex glycoprotein called von Wille-
brand factor (vWF) in the form of preproprotein ultra large VWF (ULVWF). The ULVWF
multimers are subsequently cleaved into less reactive vVWF dimers and eliminated from
circulation by ADAMTS13, which acts as its exclusive substrate. [6]. ADAMTS13’s in-
volvement in the pathophysiology of PE/HELLP syndrome remains elusive. However,
the common clinical presentation of TMAs, such as thrombotic thrombocytopenic purpura
(TTP), in which ADAMTS13'’s role is well understood [9,10], and PE/HELLP syndrome,
suggests a linkage between the faulted expression of ADAMTS13 and the development of
PE/HELLP syndrome [11].

An ADAMTS13 activity level of less than 10% is a strong indication of TTP diagnosis in
relevant clinical contexts. However, several medical facilities lack the necessary equipment
to perform the test on-site, necessitating the sending of samples to a reference laboratory,
which further delays diagnosis. The differentiation between TTP and preeclampsia/HELLP
syndrome is frequently based on coexisting clinical parameters. It is critical to distinguish
between these two clinical entities, due to the contrasting management options. Delivery is
the preferred treatment option for preeclampsia and the condition typically resolves within
a few days after delivery. Nevertheless, delivery is not an appropriate treatment for TTP
because symptoms continue to progress postpartum without plasmapheresis [12].

There is a question as to whether ADAMTS13 can be used as a reliable biomarker to
diagnose preeclampsia/HELLP syndrome. In accordance with our findings, several studies
found statistically significant decreases in ADAMTS13 activity in preeclamptic women’s
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serums over healthy controls [6,11,13-17]. A few articles, however, found no significant
differences between the two groups of individuals, suggesting that ADAMTS13 activity
is not associated with PE [18-20]. Consequently, besides the strong correlation between
significantly low levels of ADAMTS13 activity (below 10-20%) and TTP, a more average
level cannot rule out preeclampsia. However, the absence of ADAMTS13 activity cannot be
equated with a diagnosis of preeclampsia [21].

Interestingly, in agreement with the results of our study, increasing evidence suggests
that the terminal complement proteins C5a and C5b-9 are also involved in the pathogenesis
of preeclampsia. Studies have suggested that PE is ultimately a complement-mediated
disease, with the complement system being fundamental to its inflammatory process. The
circulation of PE patients has been found to contain elevated amounts of complement com-
ponents and their activation derivatives, such as C5a and C5b-9 complexes, even though the
data are highly contradictory in this area [22]. It was also found that preeclamptic women’s
trophoblasts accumulated more C5b-9 than non-preeclamptic women [23]. Moreover, in
the study of Youssef et al., significantly higher levels of C5b-9 were detected in endothelial
cells exposed to the plasma of pregnant women with severe preeclampsia at an early stage
of pregnancy [5].

In a similar manner to our study, the involvement of the complement system in the
hemolysis of severe PE was showcased in the study of Vaught et al., in which the comple-
ment activity was identified through a modified Ham test in ex vivo experiments [24]. It
should be mentioned that the mHam test has been used as an indicator of complement
system activation in other complement-mediated conditions, such as uremic hemolytic
syndrome (aHUS) [25]. In another study, most patients with a diagnosis of HELLP had a
positive mHam test (62%) compared to the healthy control group (16%), with a statistically
significant difference between the two groups (p < 0.001). The results were similar in the
group of patients with aHUS (88% versus 16%, p < 0.001) [26]. Therefore, even if a positive
mHam test is not indicative of preeclampsia, the possibility of a complement system role in
preeclampsia pathogenesis is highly plausible.

Moreover, the study of Burwick et al. demonstrated that there was no statistically
significant difference between pregnant women with preeclampsia and pregnant women
with chronic hypertension regarding plasma levels of C5b-9. This finding makes it unclear
whether increased levels of plasma C5b-9 are specific to preeclampsia or merely suggest an
increased risk of developing a number of clinical entities within the general category of
hypertensive disorders of pregnancy. As part of the same study, C5b-9 excretion in urine
was found to be a highly reliable biomarker for discriminating between severe preeclampsia
and chronic hypertension in two different groups of pregnant women [27].

Liver disorders that may occur during pregnancy are unique and require special
attention. There are several clinical conditions that can cause abnormal liver function
tests during pregnancy, including hyperemesis gravidarum, intrahepatic cholestasis of
pregnancy, acute fatty liver of pregnancy, and preeclampsia/HELLP syndrome [28]. It
is important to keep in mind that pregnant women who have severe preeclampsia may
encounter liver enzyme abnormalities, affecting up to 10% of cases. These abnormalities
are usually identified by the presence of two to three times more alanine and aspartate
aminotransferases than normal [29].

A study carried out by Valencia et al. showed significantly low plasma and high
urine C5b-9 levels, which were correlated with end-organ damage in a group of pregnant
women suffering from severe preeclampsia. It is possible that preeclampsia is caused by
complement-mediated end-organ damage, as evidenced by the decreased plasma levels of
complement system components combined with their increased excretion in urine. The
same study found that hypertensive pregnant women without signs of organ dysfunction
or other laboratory abnormalities did not exhibit a significant decrease in plasma C5b-9
levels [30]. We identified one woman who had signs of renal damage (increased creatinine
and decreased eGFR) and high plasma levels of C5b-9 (C5b-9: 1232 ng/mL). In our study,
no other individual in the preeclamptic group showed any signs of end-organ damage and
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this is possibly the reason why significantly increased levels of C5b-9 were measured in
their plasma compared to the control group.

Overall, according to the available research, complement control is disrupted in many
women who develop preeclampsia and HELLP syndrome, and terminal complement
activation is enhanced. These data imply that inhibiting the terminal complement pathway
constitutes a promising field of investigation for new drug development in the future.
In the literature, eculizumab, a C5 inhibitor, has been shown to be effective in treating
severe preeclampsia, reducing the production of C5a. Pregnant women and fetuses are not
believed to be at risk from eculizumab treatment [31,32].

Using next-generation sequencing (NGS), large genomic regions can be analyzed,
allowing new possibilities to emerge. However, NGS has been slowly adopted for research
on female reproductive health [33]. Based on the current knowledge of PE pathology,
candidate gene studies have compared the genetic variation frequency among patients and
controls to identify potential associations, such as the genes involved in endothelial function
and blood pressure regulation (VEFGR-1, TGF-3, Eng, RAS, AGT, ACE, AGTR1, and eNOS),
genes associated with lipid metabolism and oxidative stress (EPHX1, GST, NOX1, SOD2,
APOE, LPL, and ROS), as well as thrombophilic genes (F5, F2, and MTHFR) [34]. In our
study, risk-factor variants were found in ADAMTD13, C3, and Complement Factor H
(CFH) genes. It is worth noting that the study conducted by von Krogh et al. did not
find any correlation between the three investigated gene variants of ADAMTS13 and PE,
including the rs28647808 variant, which our own study characterized as deleterious [20].

According to Lokki et al., the function of C3 can be affected due to variants in crucial
domains of the C3 gene, simultaneously associated with the severity of the disease. Variant
rs2230199 in C3 is known as the slow /fast mutation affecting the mobility of the protein
during the electrophoresis process and was associated with the pathogenesis of PE [35].
On the other hand, other published studies found no correlation between this specific
variant and preeclampsia [36,37]. Interestingly, according to Banadakoppa et al., the high-
risk variant rs800292 in the CFH gene is associated with the activation of the alternative
pathway in patients with preeclampsia, only in the coexistence of a variant in the CD46
gene [38].

A key strength of the present study is the use of standard laboratory techniques, such
as ELISA, for measuring ADAMTS13 activity and C5b-9 activity, which could facilitate their
establishment as biomarkers. A simple process, mHam, can also easily be incorporated into
clinical practice in various complement-mediated diseases as an indicator of the activation
of the complement system.

The present study has some limitations worth mentioning. As a starting point, a larger
sample size is necessary to increase the power of the study and reach valid conclusions.
Collecting a larger sample can be challenging, especially for pregnant women with a
preeclampsia diagnosis, since appropriate treatment might be required immediately. Due
to the small sample size and the variability of illness in severe preeclamptic women, our
conclusions are limited. The findings of this study cannot be generalized to women with
mild preeclampsia or those with atypical disease. As a result of our findings, we can
support the hypothesis that active disease in severe preeclampsia is typically associated
with a dysregulation of the complement system. Nevertheless, in order to establish that
complement indicators may indicate illness onset, additional research is required.

Finally, “Next Generation Sequencing” is a relatively new technology that has not
been widely adopted, requiring specialized equipment and qualified personnel that are not
always available. As a matter of fact, organizing a larger cohort is a difficult but significant
undertaking. A further limitation of the present study is that only C5b-9 serum levels were
measured. C5b-9 is part of the common pathway of complement activation. Therefore, we
could not investigate which of the pathways (classical, lectin, or alternative) ultimately
activates the complement system.
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5. Conclusions

The results of our study indicate that a specific group of pregnant women suffering
from preeclampsia demonstrated a decline in ADAMTSI13 activity, which exhibited a
positive correlation with vVWFAg levels. These findings point towards potential endothelial
damage and may warrant further investigation. Additionally, a subset of patients diagnosed
with preeclampsia exhibit escalated complement activation, along with the presence of
high-risk genetic variants in regulatory genes. Further research is required to determine
whether these factors could potentially serve as dependable biomarkers for predicting the
course of the disease, aiding in diagnosis, or even as promising therapeutic agents.
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Abstract: Liver transplantation is the treatment of choice for end-stage liver disease and despite
accumulated experience over the years, improved surgical techniques, better immunosuppression
and adequate intensive care management, it still represents the greatest challenge for anesthesi-
ologists. The aim of the study was the characterization of the hemodynamic profile of patients
with liver cirrhosis undergoing liver transplantation with the help of the PiCCO system during the
three surgical stages, the impact of bleeding on hemodynamic status and correlation between the
amount of bleeding, lactate levels, severity scores and survival rate and complications. Another
focus of this study was the amount of transfused blood products and their impact on postoperative
complications. Our study included 70 patients who underwent liver transplantation in our center
and were hemodynamically monitored with the PiCCO system. Data were processed using the
Python 3.9 programming language. Results: The mean MELD severity score was 18 points. During
surgery, significant variations in the hemodynamic parameters occurred. All patients had a decrease
in cardiac output in the anhepatic phase, with 50% presenting a decrease of more than 40%. In
total, 78% of patients showed a decrease in the global ejection fraction, with a median value of
30%.0verall, 75% of patients had a total blood loss of less than 6000 mL and 31 patients developed
immediate postoperative complications with a 50% probability with blood loss exceeding 6500 mL.
Seven patients (10%) did not survive after 30 days. An amount of 5 mmol/L of serum neohepatic
lactate determines a 50% probability of complications. Conclusions: Surgical technique causes an
important decrease in cardiac output. Intraoperative bleeding has a major impact on outcome and
the first month represents a critical period after liver transplantation. Statistical tests describe the
probability of 30/90-day survival and the occurrence of complications according to variables such
as intraoperative bleeding and MELD severity score. Intraoperative transfusion correlates with the
occurrence of postoperative complications.

Keywords: liver transplantation; hemodynamic monitoring; PiCCO system; 30/90-day survival
probabilities

1. Introduction

Liver transplantation is the treatment of choice for end-stage liver disease. Since the
first successful liver transplant in 1967, the survival rate has improved considerably [1,2].
Despite numerous developments in surgical techniques, immunosuppression as well as
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perioperative anesthetic management, anesthesia for liver transplantation is considered the
greatest challenge for anesthesiologists. It requires extensive experience as well as good
knowledge of the pathophysiology of liver disease and its systemic manifestations. The
cirrhotic patient is a high-risk patient with alterations in cardiovascular, pulmonary, hepatic
and renal systems who also presents with coagulation disorders.

Cirrhotic patients usually present with a hyperdynamic status, with increased cardiac
output and decreased systemic vascular resistance. Some patients present cirrhotic car-
diomyopathy with impaired contractility and prolonged QT [3,4]. An early diagnosis of
hemodynamic instability during liver transplantation as well as its prompt management
are two of the most important factors for a favorable prognosis. Various modalities have
emerged over time for adequate cardiac output monitoring [5]. The pulmonary artery
catheter (Swan Ganz) was initially used, but studies have shown that it is no longer the
gold standard for cardiac output monitoring in liver transplantation [6].

No standards exist for hemodynamic monitoring during liver transplantation, but
there are a series of options, each with their advantages and disadvantages [7]. The
choice depends on the center where the surgical intervention takes place, team experience,
economic status, preoperative evaluation and optimization of the patient. The anesthetic
consultant makes a personalized decision for appropriate hemodynamic monitoring during
liver transplantation.

Our transplant center routinely uses the PiCCO system for hemodynamic monitoring
during liver transplantation. It allows cardiac output determination that combines pulse
contour analysis and the transpulmonary thermodilution technique. A femoral arterial
thermodilution catheter needs to be inserted. One of the advantages is the continuous CO
monitoring with pulse contour analysis [8]. Compared to a Swan Ganz pulmonary catheter,
the PiCCO system is a less invasive method.

The hemodynamic status of the patient varies between the three important stages
of the liver transplant surgery (preanhepatic, anhepatic and neohepatic) and the surgical
technique. Preanhepatic stage is the initial stage of liver transplantation where liver
dissection takes place. It is associated with a higher risk of bleeding when the patient
presents with a history of surgical interventions, previous spontaneous peritonitis, redo
liver transplant, portal hypertension or hypervolemia [9].

The anhepatic phase is characterized by the clamping of the portal vein, hepatic
artery and suprahepatic veins. It ends with the reperfusion of the graft via the portal
vein, in the majority of cases, or hepatic artery. Depending on the surgical technique
used, the anhepatic phase can lead to cardiovascular instability due to the blockage
of hepatic outflow or inferior vena cava clamping. Severe cardiovascular collapse can
be managed with the use of vasoactive drugs, temporary portosystemic shunt or veno-
venous bypass [10].

In the neohepatic phase, the graft is being perfused and the new liver slowly restarts its
function. During this phase, the postreperfusion syndrome can occur and is characterized
with a 30% decrease in arterial pressure for at least a minute during the first 5 min after
graft reperfusion [11].

2. Materials and Methods

In this paper, we sought to elucidate some aspects related to the hemodynamic profile
of patients with liver cirrhosis and its modification during the three important surgical
stages. The objectives of the present study included the characterization of hemodynamic
disturbances encountered during liver transplantation with the help of the PiCCO system
and their variations during the three surgical stages, the impact of bleeding on hemody-
namic status and correlation between the amount of bleeding, lactate levels and survival
rate and complications. Another objective was the amount of transfused blood products
and their impact on postoperative complications.

In order to achieve the research objectives, the present study included 70 consecutive
patients who underwent liver transplantation in the liver transplant center of the Fundeni
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Clinical Institute between January and December 2022 and who were hemodynamically
monitored invasively through the PiCCO (Pulse Contour Cardiac Output) system. The
PiCCO system represents a standard monitoring system for adult liver transplantation in
our hospital. Patients under 18 years of age or with incomplete data were excluded. The
study was conducted in accordance with the declaration of Helsinki and approved by the
Local Ethics Committee (no 16021/23.05.2023).

The inclusion of patients in this study was performed retrospectively and demographic
data, laboratory data, severity scores, liver disease etiology, transfusion of blood products
as well as hemodynamic parameters measured using the PiCCO device in the three surgical
stages (CI, SVRI, GEF; GEDI) were recorded. Hospital protocol involves PiCCO calibration
via the transpulmonary thermodilution technique with 20 mL cold saline during each of
the three stages of liver transplantation and also every time new hemodynamic changes or
instability occur. Recorded PiCCO parameters are averages of calibrated determinations in
each of the three stages of liver transplantation.

Postoperative data were also recorded, including the duration of postoperative mechan-
ical ventilation, complications, intensive care unit length of stay and 30/90-day mortality.

For this group of patients studied, different variables that characterize the patients’
evolution during different surgical stages were analyzed. A series of variables were
collected, including continuous variables (age, Meld severity score, creatinine, duration of
surgery, bleeding, etc.), binary variables (sex; 30/90-day survival,) and categorical variables
(diagnosis). In order to analyze the connections between these groups of variables, adequate
statistical tests were performed. For binary variables, we used the statistical method entitled
logistic regression through which we analyzed the way the explicative variable influences
the probability of event occurrence expressed as the target variable. For example, the
target variable may be the 30-day mortality and the explicative variable may be the Meld
score. The logistic regression will estimate the impact of Meld score on the probability
of 30-day mortality. Secondary to this estimation, a statistical model arises that explains
the relationship between the Meld score and mortality. As a result of the transformations
made, with the estimated coefficient and a Meld value, we can estimate the probability of
mortality. The quality of this model depends on the Meld value implication in mortality,
the number of patients and the sample quality.

When the target variable is continuous, linear regression is used. In this case, the
resulting coefficient secondary to logistic regression shows the marginal contribution of the
explicative variable on the changes in the target variable. For example, for a coefficient of
5, for the explicative variable, if this increases by 1 unit, the target variable will increase
by 5 units.

Every estimated coefficient is tested in order to see to which degree it will be sig-
nificantly different from 0, meaning if the explicative variable has a real impact on the
target value. For this case, we use the t test for linear regression and the z test for lo-
gistic regression. Data modeling was performed using the Phyton 3.9 programming
language along with the classic modeling packages such as statmodels and the seaborn
processing package.

3. Results

Our study included 70 patients, 38 men (54.2%) and 32 women (45.8%) diagnosed
with liver cirrhosis and undergoing liver transplant surgery. The median age of the patients
is 53.5 years. In total, 27% (19) of the transplanted patients were diagnosed with liver
cirrhosis-HCV, 21.5% (15 patients) with liver cirrhosis HBV + HDV, 21.5% (15 patients)
with toxic nutritional liver cirrhosis, 7 patients presented Wilson’s disease, and 2 patients
underwent liver transplantation for acute liver failure.

The mean Meld severity score for liver transplant patients was 18 points. The distribu-
tion of the Meld severity score is shown in Figure 1. In the present study, 10 patients were
transplanted with a related donor liver segment, and the remaining 60 patients received a
brain-dead donor whole liver. The median value of ascites fluid drained intraoperatively
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Figure 1. Cardiac index variation. Each line represents a different patient in the figure.

Twelve (35%) patients developed pulmonary complications. Four patients devel-
oped pulmonary infection confirmed with signs/symptoms and chest imaging (CT scan
or chest radiography) combined with inflammatory markers (C reactive protein, procal-
citonin and presepsin), as well as positive cultures. Three patients had acute pulmonary
noncardiogenic edema through the transfusion-related acute lung injury mechanism,
which happened during blood product transfusion. Two patients developed pulmonary
embolism confirmed with a CT scan. Three patients had significant pleural effusion on
chest imaging, which needed chest drainage. Five patients developed surgical complica-
tions confirmed with a CT scan: Two patients had hemoperitoneum that needed surgical
reintervention and three patients suffered complications with abdominal collections that
needed CT-guided percutaneous drainage in the interventional radiology laboratory.
Four (12%) patients had renal complications, leading to acute kidney injury stage III,
which needed continuous veno-venous hemodiafiltration procedures. Three patients
had cardiovascular complications: one presented with paroxistic atrial fibrillation on
the electrocardiogram and two patients had non-ST elevation myocardial infarction
confirmed with transthoracic echocardiography and dynamic changes in cardiac en-
zymes (hsTnl, CK and CK-MB). Seven patients developed hepatic complications and
two patients had primary graft nonfunction (PNF) and liver function inconsistent with
life that appeared in the first 7 days. According to strict UNOS criteria, PNF is defined
as serum AST levels > 3000 U/L associated with at least one of the following: INR > 2.5,
acidosis corresponding to arterial pH < 7.30 or venous pH < 7.25 and/or serum lactate
levels > 4 mmol/L [12]. Other clinical manifestations include persistent encephalopathy
and metabolic acidosis, marked hypoglycemia, coagulopathy and reduced or absent
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bile production associated with a progressive increase in serum AST levels. Once the
diagnosis was confirmed and other causes excluded, the patients were subjected to a
redo liver transplantation. Two patients developed initial poor graft function, a less
severe form of PNF. According to Olthoff et al. [13], using the Pittsburgh definition,
initial poor graft function can be diagnosed by meeting at least one of the following
criteria: bilirubin concentration > 10 mg/dL on day 7, INR value > 1.6 on day 7, and
AST or ALT activity > 2000 U/L in the first 7 days after transplantation. Two patients
suffered complications with hepatic artery thrombosis and one patient had right portal
vein thrombosis. Three patients developed neurologic complications, including hepatic
encephalopathy, which appeared in patients with graft dysfunction. Characteristics of
patients who developed postoperative complications and of those who did not develop
complications are presented in Table 1.

Table 1. Characteristics of patients with and without postoperative complications.

Postoperative Complications

Variables
YES NO

Bleeding (mL) 9767 (10,099) 2900 (2726)

RBC (units) 9.5 (8.0) 3.1(3.3)

FFP (units) 12.4 (12) 3.2 (4.4)

Platelets (units) 2.(2.8) 0.7 (1.9)

Cryoprecipitate (units) 1.9 (2.8) 0.6 (1.5)

Fibrinogen (g) 1.6 (2) 0.4 (0.8)

Cold ischemia time (min) 279 (142) 310 (102)

Warm ischemia time (min) 50 (28) 50 (20)

Total transplant time (min) 398 (90) 360 (85)
Reperfusion sindrom 23 patients 21 patients

Anhepatic lactate (mmol) 5.1(1.9) 3.5(1.3)

Preanhepatic lactate (mmol) 2.8 (1.3) 2.2 (0.9)

Neohepatic lactate (mmol) 47 (2.8) 3.4 (1.5)
CI preanhepatic (L/min/ m?) 4.04 (0.96) 3.75 (0.86)
SVRI preanhepatic (dyne/s/ cm ™) 1371 (485) 1488 (487)

GEEF preanhepatic (%) 35.7 (8.9) 32.2(5.4)

GEDI preanhepatic (mL/ m?) 697 (181) 648 (152)
CI anhepatic (L/min/m?) 2.52 (1.09) 243 (1.31)
SVRI anhepatic (dyne/s/ cm o) 2165 (925) 2909 (1431)

GEF anhepatic (%) 25.6 (6.4) 24.2 (8.3)

GEDI anhepatic (mL/ m?) 653 (178) 553 (131)
CI neohepatic (L/min/m?) 446 (1.2) 4.25 (1.08)
SVRI neohepatic (dyne/s/ cm™0) 1335 (413) 1431 (336)

GEF neohepatic (%) 33 (6.1) 35.6 (6.6)

GEDI neohepatic (mL/ m?) 720 (203) 673 (139)

Hemoglobin (g/dl) 8.2 (1.3) 8.1(1.3)

Platelets (/mm?) 77,354 (59,452) 87,795 (98,606)
INR 2.13 (1.07) 1.9 (0.55)

Values represent mean (SD).

3.1. Variation in the Hemodynamic Parameters during the Threelmportant Surgical Stages

The surgical technique used in our center consists of inferior vena cava clamping,
including supra and infra hepatic clamping, in order to exclude the liver from circulation,
which leads to significant venous stasis and compromising heart preload. During the
surgical intervention, significant variations in the hemodynamic parameters were observed
with a significant decrease in the cardiac index, the global ejection fraction and the global
end diastolic volume in the anhepatic stage compared to the pre-anhepatic one.

e  Cardiac Index (CI) Variation
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The average value of CI in patients in this group in the pre-hepatic phase was
3.88 L/min/m?, 2.48 L/min/m? in the anhepatic stage and 4.36 L/min/m? in the neohep-
atic stage.

A decrease in the CI of approximately 38% is observed in the anhepatic stage as
opposed to the pre-anhepaticstage. Also, in the neohepatic stage, there is an increase in the
CI by approximately 11% compared to the pre-hepatic stage. The statistical analysis of the
parameters measured using the PiCCO system showed that a value within normal limits of
the CI (3-4 L/min/m?) in the pre-hepatic phase was present in 26 patients (37%), and an
increased value of over 4 L./ min/m? was present in 31 cases (44%). Figure 1 shows the
variation in the CI along the three important surgical stages in the 70 patients undergoing
liver transplantation.

In the anhepatic phase, all patients showed a significant decrease in cardiac output.
In this stage, compared to the pre-hepatic stage, 50% of patients had a decrease of up to
40% in the CI, and the remaining 50% showed decreases of more than 40%. The median
value is —0.4, which represents a decrease of 40%. In the neohepatic stage compared to
the pre-hepatic stage, 50% of patients had CI increases of more than 10%. In total, 25% of
them showed a decrease in the CI, while the remaining 25% had increases of more than
30% (Figure 2).

-05 0.0 05 0 1 2 0 1 2 3
anhepatic vs preanhepatic nechepatic vs preanhepatic nechepatic vs anhepatic

Figure 2. Distribution of cardiac index variation.

In the neohepatic phase compared to the anhepatic stage, it was observed that 50%
of the studied patients showed an increase of up to 90% in the CI, and half showed an
increase of more than 90% after declamping and reperfusion of the graft.

e  Systemic Vascular Resistance Index (SVRI)

The mean value of SVRI was 1439 dynes/s/cm®/m? in the pre-anhepatic stage,
2526 dynes/s/cm’/m? in the anhepatic stage and 1083 dynes/s/cm’/m? in the neo-
hepatic stage. In the neohepatic stage, it was observed that SVRI does not return to the
initial value but remains lower. Statistical analysis of the parameters showed that a low
value of SVRI (below 1700 dynes/s/cm®/m?) in the pre-hepatic phase was present in
40 patients. Figure 3 shows the SVRI variation over the three important surgical stages in
the 70 patients undergoing liver transplantation.
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Figure 3. SVRI variation. Each color represents a different patient.

In the anhepatic stage compared to the pre-anhepatic stage, more than 75% of patients
show an increase in the SVRI. In total, 50% of patients show increases of more than 60%
in the SVRI, while 30% of them show an increase of less than 60%. Less than 25% of the
patients show a decrease in the SVRI in the anhepatic stage compared to the pre-anhepatic
stage. In the last stage of liver transplantation, the neohepatic compared to the initial,
pre-hepatic stage, no significant variation in the SVRI was observed, with 60% of patients
registering decreases in the SVRI. In the neohepatic stage, 50% of patients show a decrease
of up to 50% in the SVRI compared to the anhepatic stage, and the other half show a
decrease of less than 50% (Figure 4).
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Figure 4. Distribution of SVRI variation.

e  Global Ejection Fraction Variation

The average value of GEF in patients from the studied group was 33.7% in the pre-
hepatic stage, 25% in the anhepatic stage and 34.5% in the neohepatic stage. The statistical
analysis of the determined parameters showed that a normal GEF value (25-35%) in the
pre-hepatic phase was present in 65 patients (92.8%), and a low value below 25% was
present in 5 cases (7.2%).

In the anhepatic phase compared to the pre-anhepatic one, half of the patients have
a decrease in the GEF of more than 30%, and the other half have a decrease of less than
30%. In total, 78% of patients show decreases in global ejection fraction, with a median
value of 30%. In the neohepatic stage compared to the initial stage of the transplant, the
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pre-hepatic stage, 60% of the patients show an increase in the global ejection fraction, with
a median value of 10%. In the last stage of the transplant, the neohepatic stage, 85% of the
patients show an increase of GEF compared to the anhepatic stage, with a median value of
40% (Figure 5).
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Figure 5. Distribution of GEF variation.

e Noradrenaline Dose Variation

The average value of the noradrenaline dose in the patients in the studied group
was 0.22 mcg/kgc/min in the pre-anhepatic stage, 1.04 mcg/kgc/min in the anhepatic
stage and 0.22 mcg/kgc/min in the neohepatic stage. Figure 6 shows the variation in
noradrenaline dose along the three important surgical stages in the 70 patients undergoing
liver transplantation.

In the anhepatic stage compared to the pre-anhepatic stage, all patients register in-
creases in the need for vasopressor support with a median value of 380%. In the neohepatic
stage compared to the pre-hepatic one, the dose of noradrenaline is similar to the initial one
and the median value of the variation is 0, with approximately 25% of patients registering
increases of 150-250% compared to the pre-hepatic stage. In the neohepatic versus the

anhepatic stage, all patients experience decreases in noradrenaline dose with a median of
80% (Figure 6).
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Figure 6. Distribution of noradrenaline variation.

e  Variation in Serum Lactate

1
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The average value of serum lactate in the pre-anhepatic stage is 2.49 mmol/L, in
the anhepatic stage, it is 4.17 mmol/L, and in the neohepatic stage, the average value is
3.92 mmol/L. Figure 7 shows the variation in serum lactate along the three important
surgical stages.
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Figure 7. Distribution of lactate variation.

In the anhepatic stage of the transplant, we observe that half of the patients show
increases of over 70% in the serum lactate value compared to the initial stage. In total, 98%
of all patients show increases in serum lactate at this stage. In the last stage of the surgical
intervention, 75% of patients show increases in the value of serum lactate compared to the
pre-hepatic stage, with a median value of 40%. The last phase of liver transplantation is
characterized by a discrete decrease in the lactate value compared to the anhepatic stage
(median value of —10%) (Figure 7).

3.2. Impact of Bleeding on Hemodynamic Status and Postoperative Course

Median intraoperative bleeding is 3000 mL. In total, 75% of the patients in this study
have a bleeding amount of less than 6000 mL. Following this graph (Figure 8), it appears
that liver transplant patients have a 50% chance of losing an amount of blood below
3000 mL intraoperatively.
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Figure 8. Bleeding distribution.
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From the group of patients studied, 31 of them (44.28%) developed immediate postop-
erative complications. From the distribution pattern below (Figure 9), it can be seen that
patients who experienced postoperative complications had a higher degree of intraopera-

tive bleeding.
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Figure 9. Complications related to bleeding.

To observe the connection between these two variables, i.e., how the bleeding variable
affects the postoperative complications variable, we use a logistic regression model. It can
be seen that the complications variable is significantly different from 0 because the p-value
is 0.002 (below 0.05). Thus, the probability of postoperative complications depending on
the amount of bleeding is shown in the graph below.

From the graph below (Figure 10), it can be observed that there is a 50% probabil-
ity of postoperative complications if the bleeding exceeds 6500mL. In case of a larger
amount of bleeding, i.e., 22,000 mL, patients will have an 80% chance of complications after
liver transplantation.
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Figure 10. Prediction of complications with regards to bleeding.
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In this study group, seven patients (10%) did not survive 30 days after liver transplant
surgery. The analysis shows that patients who survive 30 days post-operation have a lower
amount of bleeding (Figure 11).
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Figure 11. 30-day survival related to bleeding.

To observe the connection between these two variables, i.e., how the bleeding variable
affects the 30-day postoperative survival variable, we use a logistic regression model. We
observe that the 30-day survival variable is significantly different from 0 because the p-
value is 0.002 (under 0.05). Thus, the probability of survival at 30 days post-operation
according to the amount of bleeding is shown in Figure 12. With a bleed of 10,000 mL, there
is a 90% chance of survival at 30 days. In case of a larger amount of bleeding, i.e., 22,000
mlL, the chances of survival at 30 days are reduced to 50%.
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Figure 12. Prediction of 30-daysurvival with regards to bleeding.
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In this study group, eight patients (11.42%) did not survive 90 days after liver trans-
plant surgery. Most of the deaths, seven patients (10%), occurred within the first month;
thus, this is the critical period after liver transplantation.

To analyze the relationship between these two variables, i.e., how the bleeding variable
affects the 90-day postoperative survival variable, we perform a logistic regression model.
We observe that the variable survival at 90 days is significantly different from 0 because
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the p-value is 0.003. With a blood loss of about 5500 mL, there is a 92% chance of survival
at 90 days. In case of a larger amount of bleeding, i.e., 10,000 mL, the chances of survival
are reduced to 82%. A major bleed of about 20,000 mL will decrease the chances of 90-day
survival by 50% (Figure 13).
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Figure 13. Prediction of 90-daysurvival with regards to bleeding.
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Logistic regression was performed to confirm if intraoperative bleeding relates to the
length of intensive care unit stay. It can be seen that the length of ICU stay is not influenced
by the amount of intraoperative bleeding; it is not a statistically significant relationship
(p-value 0.239).

Patients in the study group had a median Meld score of 19 points. A correlation
between Meld score and intraoperative bleeding was observed. The logistic regression
confirms the statistical importance (p = 0.01). Bleeding variation is explained by 9% of the
preoperative severity score.

3.3. The Impact of Serum Lactate on Outcome of Transplanted Patients

The median value of anhepatic serum lactate is 3.8 mmol/L. In total, 50% of patients
have serum lactate values above 5 mmol/L in the anhepatic phase. Figure 14 shows the
correlation between anhepatic lactate and intraoperative bleeding.

The logistic regression model shows that intraoperative bleeding is responsible for
13% of the variation in the anhepatic lactate level (p = 0.002).

The median length of intensive care unit (ICU) stay is 6 days. Anhepatic lactate
correlates with the ICU length of stay. It increases by 0.53 each time the lactate increases
by 1 unit. The logistic regression shows that the ICU length of stay is explained with a
proportion of 9% by the anhepatic lactate variable (p = 0.012).

The present study also looked at neohepatic lactate and its impact on outcome. Neo-
hepatic lactate does not correlate with the prolonged ICU length of stay (p = 0.17). Patients
who developed postoperative complications had higher levels of neohepatic lactate com-
pared to those without complications. The regression tests showed how neohepatic lactate
affects the rate of postoperative complications (p = 0.033). The probability of complications
depending on the value of neohepatic lactate is shown in Figure 15. A lactate level of
5 mmol/L is associated with a 50% chance of postoperative complications.
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Figure 14. Correlation between anhepatic lactate and intraoperative bleeding.
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Figure 15. Probability of postoperative complication with regard to neohepatic lactate.

3.4. The Impact of Blood Transfusion on Outcome

Figure 16 presents the distribution of complications in patients who received intra-
operative packed red blood cell (RBC) transfusion. It can be observed that patients who
developed postoperative complications had a higher amount of RBC transfused (p = 0.05).
Intraoperative transfusion of 7 RBC leads to a 50% probability of development of postoper-
ative complications (Figure 17).

Figure 18 shows the distribution of complications in patients who received intraopera-
tive fresh frozen plasma (FFP). Patients who developed complications had a higher amount
of FFP transfused (p = 0.001). The transfusion of 5 units of FFP will lead to a 40% chance of
development of postoperative complications (Figure 19).

The same tests were performed for cryoprecipitate and platelets. Statistical analysis
showed that there is no correlation between these blood products and the appearance of
postoperative complications.
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Figure 16. Complications related to RBC transfusion.
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Figure 18. Postoperative complications and FFP transfusion.
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Figure 19. Probability of complications related to FFP transfusion.

4. Discussion

Liver transplantation is the treatment of choice for end-stage liver disease. The Meld
score is used all over the world for liver graft allocation. The present thesis reports the
variation in hemodynamic parameters determined with the help of the PiCCO system
during the three important surgical stages of liver transplantation.

The literature presents various surgical techniques that can be used during liver trans-
plantation [14]. The surgical technique routinely used in our center involves total IVC
clamping with an important decrease in preload and cardiac output with implications for
cardiovascular status and anesthetic management. The invasive cardiac output monitoring
system is extremely important during liver transplantation due to the marked hemody-
namic instability that can occur and can provide us with additional information related
to cardiac output, dosing of vasopressor/inotropic substances and as guiding volume
management and patients’ response to volume repletion. The study showed that in the
anhepatic phase, there is an important decrease in the cardiac output, the global ejection
fraction and the global end-diastolic volume. Half of the patients present a decrease in the
CI with more than 40%. In the neohepatic stage, more than half of the studied patients
present a value of cardiac output 10% higher compared to the value in the pre-hepatic
phase due to the comeback of the venous return.

As a result of significant variations in CO, there are variations in SVRI In total,
40 patients present a typical cirrhotic hiperdynamic status, with high CO and low SVRI val-
ues [15]. The anhepatic phase results in an important SVRI increase. The present literature
advises using the piggyback technique for liver transplantation for better hemodynamic
stability. It also suggests the use of veno-venous bypass in case of significant bleeding,
hemodynamic instability or severe portal hypertension. One of the particularities of this
study is the fact that our center does not use the piggyback technique; thus, hemodynamic
instability must be accordingly managed by the consultant anesthetist.

Noradrenaline is the preferred vasopressor used and its variation is consistent with
the hemodynamic status during the three surgical stages, including the anhepatic stage
that requires high doses to maintain the mean arterial pressure and cardiac output [16].

Intraoperative blood loss can be secondary to impaired liver synthesis, portal hyper-
tension, portal vein thrombosis or splenomegaly. All these factors associated with surgical
technique can lead to significant blood loss and blood transfusion [17]. Despite recent
progress, liver transplantation remains a surgical act with a high risk of bleeding [17].

Similar to the literature data, our study showed that intraoperative bleeding influences
the outcome of transplant patients and there is a 50% chance of postoperative complications
if bleeding exceeds 6500 mL. Most of the deaths occurred within 1 month postoperatively,
which is the critical period after liver transplantation. With a blood loss of about 5500 mL,
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there is a 92% chance of 90-day survival. Intraoperative bleeding requires intraoperative
transfusion with products such as PRBC, FFP, cryoprecipitate or platelets. Similar to
the literature data, our study showed that RBC and FFP transfusion are associated with
postoperative complications and prolonged mechanical ventilation. Due to the well-known
side effects blood transfusion might have on patients, our center guides intraoperative
transfusion with the use of viscoelastic tests—rotational thromboelastometry.

Statistical tests performed on this group of patients provided information related to
the probability of 30/90-day survival and the occurrence of complications according to
variables such as intraoperative bleeding and Meld severity score. Also, the anhepatic and
neohepatic lactate values provide information related to the probability of complications
and graft dysfunction. Increased intraoperative lactate values are a marker of tissue anoxia
and liver graft dysfunction. Hyperlactatemia at the end of surgery has been demonstrated
to correlate with an increase in 30- and 90-day mortality [18].

Studies show that the majority of complications occur during the first 3 months after
liver transplantation [19].

The results of the present study open new hypotheses for future studies regarding
hemodynamic monitoring of cardiac output during liver transplantation. The usefulness
of transesophageal ultrasound in comparison with invasive means of monitoring of the
hemodynamic status will be the focus of our next study.

5. Conclusions

The present paper investigates the hemodynamic status of liver transplant patients and
their variation during the three stages of surgical intervention. The PiCCO system proved a
useful tool for CO measurement and management during liver transplant. Considering the
IVC clamping and the total blood loss, important hemodynamic variations were present
during the three surgical phases, with the anhepatic stage being the most unstable with high
noradrenaline doses. All patients presented a decrease in cardiac output and global ejection
fraction in the anhepatic phase. Accurate hemodynamic management is necessary during
this high-risk procedure on cirrhotic patients. Intraoperative bleeding has a major impact on
patients” outcomes and the first month represents a critical period after liver transplantation.
Intraoperative transfusion correlates with the occurrence of postoperative complications.

The present study has its limitations. It is a retrospective study and the total number
of patients included is quite small. The lack of another cardiac monitoring device is another
limitation of the study.
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Abstract: Introduction: Multiple factors have been linked with increased risk of anastomotic leak in
bowel surgery, including infections, inflammatory bowel disease, patient comorbidities and poor
surgical technique. The aim of this study was to investigate the positive effect, if any, of adipose de-
rived mesenchymal stem cells (MSCs) mixed with platelet-rich plasma (PRP) in the healing of bowel
anastomoses, in an inflammatory environment after establishment of experimental colitis. Materials
and Methods: Thirty-five male Wistar rats were divided into five groups of seven animals: normal
controls, colitis controls, PRP, MSCs, and PRP+MSCs. All groups underwent laparotomy, one-cm
segmental colectomy and anastomosis in situ. In the colitis group, colectomy was performed at the
affected area. Colitis was previously established by transrectal administration of 2,4,6-trinitrobenzene
sulfonic acid (TNBS) except for the normal controls. Post-mortem histopathological, tissue hydrox-
yproline and anastomotic bursting pressure (ABP) assessments were performed. The Mann-Whitney
U test was used to assess statistical significance differences between groups. Results: No periopera-
tive mortality was noted. Tissue hydroxyproline and ABP were significantly increased in the group
of PRP+MSCs compared to colitis controls (p = 0.0151 and p = 0.0104, respectively). Inflammatory cell
infiltration was lower and fibroblast activity higher in PRP+MSCs group, but not statistically signifi-
cant (p > 0.05). Neoangiogenesis (p = 0.0073) and anastomotic area epithelialization (p = 0.0182) were
significantly higher in PRP + MSCs group compared to colitis controls. Discussion: The synergistic
effect of the PRP and MSCs is apparently responsible for the improved healing markers in bowel
anastomoses even on inflammatory bowel. This gives hope for primary anastomoses and stoma
saving in many emergency and/or elective circumstances, especially in immunocompromised or
malnourished patients, even in cases with inflammation or peritonitis. Clinical studies should follow
in order to support the clinical application of PRP+MSCs in gastrointestinal anastomoses.

Keywords: mesenchymal stem cells; platelet-rich plasma; anastomosis; intestinal healing; anasto-
motic leak; colitis

1. Introduction

Despite our extended knowledge of the healing process in the gastrointestinal wall, the
anastomotic leak is still a major problem in clinical practice. Even after meticulous patient
preparation and optimization of factors like anastomotic technique, patient comorbidities
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and perioperative care, anastomotic leakage may occur in up to 14% of cases but varies
depending on the location of the anastomosis and the participating organs [1-3]. For
example, leakage rates may be up to 17.5% in pancreaticojejunal, 14.6% in esophagojejunal
and up to 17% in ileocecal anastomoses [4-6]. In cases where the patient presents any
reasons for bad healing (elderly, immunocompromised, malnourished, inflammation,
infection, etc.), a bowel anastomosis may lead to a detrimental series of septic complications
if a leakage occurs. This is riskier in emergency settings with unprepared bowel or in
inflammation sites (inflammatory bowel or peritonitis). To avoid such complications, most
surgeons prefer to avoid the anastomosis itself by changing the operation to Hartmann’s
procedure, or, if they decide to complete the anastomosis in the first setting, most of them
choose to establish a prophylactic stoma or ileostomy. Stomas may sound a safe option for
the surgeon; however they are not free of complications, and many patients find it quite
frustrating, with negative impact on their quality of life [7].

Adipose tissue is an excellent source of mesenchymal stem cells (MSCs), given its
abundance in humans and experimental animals. Adipose tissue-derived MSCs have
been proven to provide a significant benefit in wound healing via several mechanisms.
MSCs secrete significant levels of growth factors, extracellular matrix and cytokines that
modulate the immune function [8,9]. Following tissue damage stimuli, a variety of growth
factors, including tumor necrosis factor-oc (TNF-w), fibroblast growth factor (FGF), vascular
endothelial growth factor (VEGF) and transforming growth factor-f3 (TGF-f3) are released.
These growth factors have been repeatedly shown to significantly enhance wound heal-
ing [8,10]. At sites of tissue damage, the recruited MSCs express the C-X-C chemokine
receptor type 4 (CXCR-4) protein, which twists inflammatory cells to present an enhanced
wound healing activity [11]. The extracellular matrix proteins secreted by MSCs assist in
the angiogenesis and chemotaxis of inflammatory cells that promote wound healing. MSCs
constitute 1% of the adipose tissue cellular population. Additionally, MSCs participate in
the wound healing process by differentiating into fibroblasts and epithelial cells, and they
substitute tissue damage by tissue regeneration via a series of multiple actions mediated
by certain receptors and pathways. Moreover, the growth factors secreted by MSCs stim-
ulate cells adjacent to tissue injury to participate in the wound healing process [12]. It is
very important that MSCs do not provoke immune reactions, since they do not express
any histocompatibility complex antigens. Interestingly, previous studies have shown that
when MSCs are incorporated into other biomaterials like chitosan, enhance wound healing
by their ability to differentiate into epithelial cells [13]. Furthermore, exosomes and mi-
crovesicles secreted by MSCs induce cell migration and wound matrix remodeling with an
increased production of collagen [14]. These characteristics make MSCs a valuable tool to
use in multiple clinical scenarios.

Platelet-rich plasma (PRP) is produced from blood via simple centrifugation. Several
reports have shown that PRP supports wound healing via its high concentration in various
growth factors and cytokines including platelet-derived growth factor (PDGF), TGF-§3, FGE,
VEGE, hepatocyte growth factor (HGF), insulin-like growth factor (IGF), interleukin-1f3,
interleukin-6 and interleukin-4 [15,16]. PDGF has been shown to improve epithelialization
and tissue regeneration via secretion of several other tissue growth factors [17]. Other
studies investigating the combination of PRP and MSCs (PRP+MSCs) have demonstrated
that VEGF facilitates MSCs’ angiogenic properties and enhances the wound healing process.
Finally, fibroblast mitogenic activity is improved by the presence of IGF, which is secreted
by PRP [18].

To date, limited literature exists investigating the effect of MSCs or PRP in gastroin-
testinal wound healing and especially in bowel anastomoses in colitis settings. A very
well-established inflammatory bowel disease model is colitis induced via intrarectal ad-
ministration of 2,4,6- trinitrobenzene sulfonic acid (TNBS), and a wide variety of studies
investigating multiple agents in bowel anastomoses healing have been published since [19].
TNBS facilitates Th1 immunologic response and T cell-mediated immune reaction in the
exposed tissues, mimicking inflammatory bowel syndromes. Inflammation impairs in-
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testinal wound healing, and wise surgeons would never dare to perform anastomoses in
such cases. Therefore, it would be extremely useful to discover ways to enhance healing
in inflammatory bowel tissues. This study aims to investigate the healing effectiveness
of the combined administration of PRP and MSCs in anastomoses performed in rats with
inflammatory bowel disease.

2. Materials and Methods
2.1. Experimental Animals and Study Groups

The animal study protocol was approved by the Institutional Review Board (protocol
code EL-54-BIOexp-10 and date of approval 11 September 2023). Forty male Wistar-albino
rats of the same age and body weight were used. The first five rats were the donors
for adipose tissue and blood in order to prepare the adipose-derived MSCs and the PRP
samples. Rats were maintained separately in cages at 22 °C £ 2 °C and 40-50% humidity
with a 12-h light/dark cycle and were allowed free access to tap water and standard
laboratory rat pellets. Thirty-five rats were randomly divided into five groups of seven
rats each: Group 1: end-to-end colonic anastomosis without experimental colitis, Group 2:
experimental colitis + end-to-end colonic anastomosis, Group 3: experimental colitis +end-
to-end colonic anastomosis +PRP injection, Group 4: experimental colitis+end-to-end
colonic anastomosis +MSCs injection and Group 5: experimental colitis +end-to-end colonic
anastomosis + PRP+MSCs injection. The G*Power statistical software (software (Faul,
Erdfelder, Lang, & Buchner, 2007, version 3.1.9.6) was used to calculate the sample size.

2.2. PRP Preparation

For the purpose of this study, allogeneic PRP was used. A small amount of peripheral
blood, approximately 3 mL, was collected from each one of the donors into sterile tubes
with EDTA. The tubes were centrifuged for 15 min at 270x g, at room temperature. The
supernatant was aspirated, and a second centrifugation was executed at 1000x g for
7 min, at room temperature. The platelet-poor plasma was discarded, and the pellet was
resuspended in EDTA. The PRP was then transferred into cryogenic tubes and stored at
—80 °Cin 500 pL aliquots. The final volume of platelet-rich plasma that was injected to each
anastomosis was 500 pL divided at four sites in each intestinal stump. This corresponded
to a total platelet number of 1 x 10° cells/uL. The purpose of the cryopreservation was the
induction of platelet activation and alpha-granule release. Frozen PRP was thawed prior to
anastomosis application.

2.3. Isolation, Characterization, and Culture of Adipose Tissue MSCs

The source of adipose tissue and MSCs was allogeneic. Adipose tissue was removed
via lipectomy surgeries from the same five donors as aboved and transferred into sterile
containers under aseptic conditions. Approximately 2 g of adipose tissue of each sample
was cut into fine pieces, washed with normal saline 0.9% to remove red blood cells and
digested with 0.075% collagenase type I (Worthington, Columbus, OH, USA) and 1%
(v/v) penicillin/streptomycin (Pen/Strep, Biowest, Nuaillé, France) for 1 h at 37 °C on
a shaker. Then, collagenase was removed via dilution with phosphate-buffered saline
solution (PBS). The resulting cell suspension was centrifuged at 600 x g for 20 min. The
supernatant was removed, and the pellet was resuspended in low-glucose Dulbecco’s
Modified Eagle’s Medium (DMEM, Biowest®) supplemented with 10% (v/v) fetal bovine
serum (FBS, Biowest®) and 1% (v/v) Pen/ Strep. Isolated cells were multiplied in T150
flasks using low-glucose DMEM 10% (v/v) FBS and 1% (v/v) Pen/Strep at 37 °C in a
humid atmosphere containing 5% CO; for 7 days. After that, cells were cultured for
7 more days in T75 flasks and finally were stored in cryovials in vapor-phase liquid
nitrogen below —150 °C. Flow cytometry analysis showed MSCs to be positive for the
expression markers CD90 and CD105. The percentages of positive cell markers and their
histograms are given in Figure 1. Moreover, the isolated cells were found to be capable
of differentiating into osteocytes, chondrocytes and adipocytes under the appropriate
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conditions (Figure 1). Differentiation into chondrocytes is shown with production of
deposits of acid mucopolysaccharides which were confirmed via Alcian Blue, differentiation
into osteoblasts was demonstrated via detection of Alizarin Red S stain-positive calcium
deposits, and differentiation into adipocytes was revealed via the formation of cytoplasmic
lipid droplets stained with Oil Red O stain (Figure 2). Finally, the stem cells were placed in
one-mL microneedle insulin syringes suspended in 500 uL PBS containing 3 x 10® MSCs
before their injection into colonic anastomoses circumferentially located at four sites in
each intestinal stump. When PRP+MSCs were applied, MSCs were resuspended directly
in 500 uL PRP aliquots. Cell viability was checked before injection into the rats. After
thawing, a small amount of the cell suspension was used for flow cytometry to determine
viability using FITC Annexin V Apoptosis Detection Kit with 7-AAD (EXBIO, Chemical
company, Greece)). Fluorescent intensities of the cells were detected using a flow cytometer
BD FACSCalibur (BD Biosciences) (Figure 3).
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Figure 1. Flow cytometric analysis of MSCs characterized by the expression of MSCs markers.
(a) MSCs were positive for CD73 (96.19% expression) and CD44 (97.31% expression). (b) MSCs were
positive for CD90 (96.98% expression) and CD105 (92.46% expression).

32



J. Pers. Med. 2024, 14, 121

chondrogenesis osteogenesis adipogenesis

Figure 2. Tri-lineage differentiation (cartilage, bone and adipose tissue) potential of MSCs after
10 days of culture in differentiation mediums. This figure shows that the MSCs used in our study
had a significant potential to differentiate and be appropriate for use.
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Figure 3. Representative results of flow cytometry for MSCs’ viability after thawing.
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2.4. Experimental Colitis

Experimental colitis was induced via transrectal administration of TNBS (Sigma-
Aldrich, St. Louis, MO, USA). A solution of 5 mg TNBS dissolved in 0.5 mL 40% ethanol
was prepared to be administered to all animals of groups 2 to 5. Under light ether anesthesia,
a PE-50 cannula (8 cm long) was inserted into the colon via the anus, and a 0.25 mL of
the above solution (40% ethanol containing 5 mg TNBS) was instilled into the lumen
of the colon. Solution diffusion to the proximal colon and prevention of expulsion was
performed by placing the animal in reverse position and holding the cannula intrarectally
for one minute. All animals were assessed daily for clinical signs of colitis: presence of
wet feces in the anal area, loose stools or diarrhea, bleeding per rectum, altered behavior,
weight loss and piloerection. This procedure led to similar degrees of colitis. However,
in order to avoid bias, the degree of colitis had been previously standardized via primary
experiments using several dilutions of TNBS and ethanol and assessing the following
parameters upon autopsy (no:0 and yes:1): 10% loss of body weight (0 or 1); wet anus,
soft stool, or empty colon (0 or 1); anal bleeding/occult blood (0 or 1); macroscopic ulcers
present (0 or 1); and death (0 or 1). To standardize experiments, a score of at least 2 to
3 degrees (score 2 or 3) was decided to be appropriate in order to avoid animal deaths
and facilitate comparisons between groups. Also, all included animals should present
macroscopic findings of colitis in the surgical specimen (Figure 4). Therefore, all animals
having colitis of different degrees at autopsy were discarded and replaced by new ones for
the comparisons. In total, 6 animals needed to be replaced for the final comparisons.

- 5
.. 57 A——

Figure 4. Intraoperative findings of macroscopic colitis. Forceps indicate a large bowel segment that
presents signs of acute inflammation: hyperemia, induration, loose adhesions to the surrounding

organs and edema.
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2.5. Surgical Procedure

Rats were anaesthetized via intraperitoneal injection of ketamine hydrochloride
(Ketalar®) and xylazine (Rompun®) at a dose of 50 mg/kg and 5 mg/kg, respectively.
All surgical interventions were performed by the same surgeon (GG). Postoperative anal-
gesia was achieved via intraperitoneal injection of paracetamol at a dose of 500 mg/kg.
Following a midline laparotomy, a segmental colectomy 1 cm in length was performed
on the inflamed area of the colon at approximately 3 cm’s distance from the anus, as
measured via insertion of an intrarectal catheter. The colon was sharply divided by knife,
and immediately a 500 puL volume of PRP, MSCs or PRP+MSCs was injected submucosally
at a depth of about 1 mm at 4 symmetrical sites in the intestinal wall of both intestinal
stumps by making use of a fine (insulin injection) needle. Following that, anastomosis
was performed via standard procedures using 8 single sutures of 6-0 Prolene stitches.
The abdominal cavity was washed with normal saline and surgically closed. All animals
received one dose of ciprofloxacin 500 mg/kg, metronidazole 500 mg/kg and paracetamol
500 mL/kg, intraperitoneally.

2.6. Autopsy—Macroscopic Examination

On day seven, all animals were sacrificed via neck dislocation, and the abdominal
cavity was reopened and examined by two independent observer surgeons blinded to the
interventions. Intraperitoneal adhesions, anastomotic leaks, collections, abscesses, inflam-
mation or damages in surrounding organs were assessed and documented. Anastomotic
leak was declared (or suspected) if free bowel content was noted in the abdominal cavity,
or any presence of abscess or extensive adhesions in the perianastomotic area. All animals
experiencing complications were included in the analysis.

2.7. Anastomotic Bursting Pressure (ABP) Measurement

A 4-cm piece of colon containing anastomosis in the middle was connected to a
classical sphygmomanometer using a 3-way connector and a drip tube while the other end
of the colon was tightly ligated. The colon was dived into a beaker filled with normal saline,
and air was pumped into the 3-way entrance of the tube with a slow rate of 5 cc/min via
use of a syringe pump. Bursting pressure was recorded at the time that the first air bubbles
appeared at the site of anastomosis. Following this, the colon anastomotic site, which was
defined as 0.5 cm bilaterally from the anastomotic line, was longitudinally divided into
fragments for further evaluations. A portion was fixed in formalin for histology, and another
portion was weighted and snap-frozen in liquid nitrogen for collagen measurements.

2.8. Histologic Examination

All colon specimens were fixed in formalin and embedded in paraffin. Hematoxylin-
eosin stained sections were evaluated by two blinded pathologists without any knowledge
of the groups. The specimens were evaluated for fibroblast cell concentration/density,
neovascularization, inflammatory cell infiltration and anastomotic area epithelialization.
The histopathological results of the groups were assessed according to the Phillips et al.
scale [20]. Each of the aforementioned parameters was rated on a scale from 0 to 4: 0:
None, 1: Slight increase, 2: Moderate infiltration, 3: Dense infiltration and 4: Confluent
cells or fibers. For the assessment of epithelialization, a 0 to 3 scale was used: absent (zero
points), incomplete cubic (one point), normal cubic (two points), or normal glandular (three
points) [21].

2.9. Hydroxyproline Assessment

Tissues were initially weighed and homogenized mechanically via grinding using
mortar and pestle and several cycles of freezing/thawing of the tissues in liquid nitrogen.
For the assay, high-temperature glass tubes were used. Test samples were analyzed at
a concentration of 100 pg/mL, and successive dilutions of a collagen solution (Achille’s
tendon, Sigma-Aldrich) were used for the preparation of a standard curve. Test sam-
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ples/standards were firstly hydrolyzed via autoclaving for 20 min at 120 °C in NaOH
(10.125 N). The pH of the samples/standards was subsequently regulated at 6-7 by adding
HCl solution (8 N), followed by induction of hydroxyproline oxidation via incubation for
25 min at room temperature in a T-Chloramine solution (0.056 M in 10% isopropanol and
90% acetate-citrate buffer pH 6.5). The chromophore was then developed with the addition
of Ehrlich’s solution (1 M) and incubation for 20 min at 65 °C. The absorbance of a reddish
complex was measured at 550 nm using a spectrophotometer. The absorbance values were
plotted against the concentrations of standards, and the concentration of hydroxyproline in
sample tissues was determined from the standard curve in pg/mL.

2.10. Statistical Analysis

The G*Power statistical software (Faul, Erdfelder, Lang, & Buchner, 2007, version
3.1.9.6) was used to calculate the sample size. A strong consideration of reduction principle
from the 3Rs (replacement, reduction and refinement domains of animals used in research)
took place. Data from a previously published animal study was used. An effect size of 0.69,
five groups of animals, power of the test 80% and a significance level of p < 0.05 indicated a
total number of 35 animals [22,23]. The histopathological values were expressed with me-
dian, first and third quadrantile. The anastomotic burst pressure and tissue hydroxyproline
levels were presented with mean and standard deviations. Overall comparisons between
groups for each of the histopathologic domain (inflammatory cell infiltration, angiogene-
sis, fibroblast activity and anastomotic area epithelialization), tissue hydroxyproline and
anastomotic bursting pressure was performed with the Kruskal-Wallis test. When statis-
tically significant differences were found, an unpaired, two-sided Mann-Whitney U test
was performed to assess which of the individual groups presented statistically significant
differences. A value of p < 0.05 was considered to be statistically significant.

3. Results
3.1. Autopsy

All animals presented clinical findings of colitis that included diarrhea, piloerection
and reduced mobility. No mortality was noted throughout the study. Immediate or delayed
immunoreactions reactions were not observed. No collections, free fluid or abscesses were
detected. A few postoperative complications were detected: abdominal wound dehiscence
(1/35 in MSCs group), anastomotic leak (2/35 in colitis control and MSCs group) and ileus
(1/35 in colitis control group). The anastomotic leak was suspected to be due to dense
adhesions around the anastomosis in two animals as mentioned above. In all other animals,
anastomoses were intact without any dense adhesions.

3.2. APB

All anastomoses were subjected to APB measurement. In two cases, dense adhesions
were observed around the anastomotic site. These two specimens were transferred into
the ABP measuring devise en bloc, along with their adhesions. This was to keep the
anastomosis intact while measuring the ABP. These samples exhibited very low ABP
compared to the mean (65 and 80 mmHg), obviously due to leakage. All other anastomoses
did not present any suspicion of perforation. The mean + SD values of the anastomotic
burst pressures were: 145.71 £ 62.14 (Group 1), 92.85 + 77.82 (Group 2), 181.42 & 99.57
(Group 3), 194.28 + 132.39 (Group 4) and 288.57 & 108.69 (Group 5) (Table 1). Animals
treated with PRP+MSCs presented significantly higher ABPs compared to the normal
(p = 0.0477) and colitis (p = 0.0104) control groups. The APB in the remaining group
combinations did not reveal any statistical difference (Figure 5).
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Table 1. Summary of the histopathological results. Numbers for the histopathological markers are
presented in median (first quartile, third quartile) and for ABP (anastomotic bursting pressure) and
tissue hydroxyproline in mean = SD. Asterisk (*) indicates statistically significant differences.

Inflammatory Fibroblast

Group Cell Infiltration Angiogenesis Density Epithelialization =~ ABP (mmHg) Hydroxyproline
(ug/mL)

Normal Control 33,4 1(1,1)* 2(1,4) 1(0,1) 145.71 £ 62.14 * 109.14 £+ 125.05
Colitis Control 4(3,4) 1(1,1)* 1(0,1) 0(,1)* 92.85 £ 77.82*% 633 £7229*%

MSCs 3(3,4) 1(0,1) 2(1,2) 1(1,2)* 181.42 £ 99.57 158.38 £+ 168.17

PRP 4(3,4) 1(0,1) 2(1,3) 1(0,1) 194.28 £+ 132.39 387.71 £ 275.55*

PRP and MSCs 2(2,3) 2(1,2)* 2(2,3) 2(1,2)* 288.57 £+ 108.69 * 457.95 £ 307.08 *

400.00 *

300.00

200.00

100.00

Anastomotic burst pressure (mmHg)

0.00

Normal Control TNBS Control MSCs PRP PRP and MSCs
Error bars: 95% Cl

Figure 5. ABP calculation. PRP+MSCs present a statistically significant increased ABP over the TNBS
control. Differences between normal control MSCs, PRP and combination of PRP and MSCs are not
significant. Data presented as mean =+ SD with the 95% confidence interval. Asterisk (*) indicates
statistically significant differences.

3.3. Histopathological Examination

The inflammatory cell infiltration, angiogenesis, fibroblast density and anastomotic
area epithelialization were assessed. Specifically, regarding the inflammatory cell infiltra-
tion, despite being lower in the PRP+MSCs group, no statistically significant difference was
found when compared to the rest of the groups (p = 0.0832). Angiogenesis was significantly
higher in PRP+MSCs group compared to the TNBS colitis (p = 0.0073) and normal control
(p = 0.0214) group. Epithelialization scores were significantly higher in the PRP alone
(p = 0.348) and PRP+MSCs (p = 0.0182) group compared to the colitis control. Fibroblast
activity was higher in the PRP group alone and PRP+MSCs group; however, no statis-
tically significant differences were found in all group comparisons (p = 0.1118). Table 1
summarizes the median (first quartile, third quartile) of the histopathological scores as well
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as the tissue hydroxyproline and ABP mean =+ standard deviation values. The plots in
Figure 6 show the differences between controls and PRP, MSCs and PRP+MSCs groups.
Histopathological photos presenting the improved healing of PRP+MSCs compared to the
colitis control group is shown in Figure 7A,B.

3.4. Hydroxyproline Levels

Hydroxyproline levels reflect collagen production in healing tissues. The mean & SD
values for the tissue hydroxyproline levels were as follows: 109.14 + 125.05 (Group 1),
63.3 £ 72.29 (Group 2), 158.38 £ 168.17 (Group 3), 387.71 + 275.55 (Group 4), 457.95 + 307.08
(Group 5). Our results revealed a statistically significant difference between groups. More
specifically, tissue hydroxyproline was significantly higher in the MSCs (p = 0.03) and
PRP+MSCs (p = 0.0151) groups compared to the TNBS colitis control group. Tissue hy-
droxyproline in the remaining group combinations did not reveal any statistical difference.
Therefore, there is collagen upregulation in the MSCs and much more in the PRP+MSCs
group (Figure 8).

Inflammatory cell infiltration Fibroblast density

4.00
3.00
mn T
Q00

Scores

'

C.

Normal Control ~ TNBS Control MSCs PRP PRP and MSCs Normal Control ~ TNBS Control MsCs. PRP

Angiogenesis Epithelialization

\
Scores

PRP and MSCs

!

200
150
*
oso ﬁ
000
PRP

Normal Control  TNBS Control MSCs PRP PRP and M5Cs Normal Control - TNBS Control MSCs

Figure 6. Histopathology box plots of the inflammatory cell infiltration (a), angiogenesis (b), fibroblast
density (c) and anastomotic area epithelialization (d). Each of the aforementioned parameters scored
on a scale from 0 to 4: 0: None, 1: Slight increase, 2: Moderate infiltration, 3: Dense infiltration and
4: Confluent cells or fibers. For the assessment of epithelialization a 0 to 3 scale was used: absent
(zero points), incomplete cubic (one point), normal cubic (two points), or normal glandular (three
points). Values were presented as median, first, third quartile and 95% confidence interval. Asterisk
(*) indicates statistically significant differences.
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(B)

Figure 7. (A) Histopathological appearance of colonic anastomotic site in colitis control group (a,b)
and PRP+MSCs treatment group (c,d). Arrows indicate the anastomotic line area. Colitis control
group shows increased anastomotic area distance and absence of epithelialization (a), also friable
anastomotic area tissue with solely inflammatory cell infiltration without evidence of fibrous tissue
formation (b). In PRP+MSCs group there is prominent collagen deposition along with inflammatory
cell infiltration (c), evidence of muscular tissue formation (*) and progenitor epithelial cells starts
to cover the anastomotic area along with underlying dense capillaries ((d), arrows). (B) Greater
magnitude (x100) of the colitis control and PRP+MSCs group at the anastomotic line area. (a) Colitis
control group: dense inflammatory cell infiltration with up to 30% necrosis. (b) PRP+MSCs group:
less inflammatory cell deposition, evidence of neoangiogenesis with visible small vessel structures (*)
with up to 5% necrosis.
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Figure 8. Tissue hydroxyproline levels. Tissue hydroxyproline was significantly higher in the MSCs
group (p = 0.03) and PRP+MSCs group (p = 0.0151) compared to the TNBS colitis control group.
Tissue hydroxyproline in the remaining group combinations did not reveal any statistical difference.
Asterisk (*) indicates statistically significant differences.

4. Discussion

To the best of our knowledge, this is the first study investigating the effect of the
combined administration of PRP and adipose tissue-derived MSCs on inflammatory bowel
anastomoses after the establishment of experimental colitis in rats. Our results indicate
that the infiltration of the enteric stumps with a combination of these two agents gives an
impressive boost in the enteric wall healing even on inflammatory bowel. This result may
be due to enhanced collagen deposition, as indicated via the significantly increased tissue
hydroxyproline levels in the PRP+MSCs group samples. Additionally, the significantly
increased neovascularization and epithelialization at the anastomotic line of PRP+MSCs
group may also have contributed to the intestinal healing improvement. PRP alone or MSCs
alone showed improved anastomotic area healing compared to colitis controls, however,
that was not statistically significant; therefore, these two agents need to be applied together
in order to exert their synergistic effect. Apparently, the PRP environment, which is rich
in nutrients and growth factors, may act as a medium for MSCs to efficiently heal the
anastomotic site. Furthermore, reduced inflammatory cell infiltration was detected; thus,
PRP+MSCs may also mediate certain anti-inflammatory actions, as has been previously
described by others [8,9].

The healing process seems to differ in different parts of the gastrointestinal tract like
the stomach and small and large bowel [24,25]. Previous studies have shown that colonic
anastomosis has a slower rate of healing compared to the ones performed in the ileum.
Small bowel anastomosis reaches its normal strength in about 4 weeks, in contrast to large
bowel anastomosis, which, even after 4 months, gains only 75% of its strength [26,27]. This
fact also potentiates the need to find agents that could enhance the colonic anastomotic
healing, especially in pathologic conditions like ischemia or inflammation, where the heal-
ing process is impaired. The healing process of bowel anastomosis is a series of overlapping
events. Three classic stages have been described: the exudative, the proliferative and the
remodeling phase [6]. Systemic inflammatory cells like neutrophils, macrophages, platelets
and fibroblasts exert their role at the exudative phase. Platelets are responsible for the
cessation of further blood loss from the bowel wound edge, but not exclusively. Platelets
secrete multiple growth factors as well. These factors induce cell migration, proliferation,
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extracellular matrix synthesis and angiogenesis. Other factors that promote angiogenesis
include hypoxia, EGF, endothelin 1, TNF-a, interleukin 1b, monocyte chemotactic protein-1
(MCP-1) and macrophage inflammatory protein (MIP-1a) [28]. After two to fourteen days,
the proliferative phase is characterized by cellular proliferation, angiogenesis and repro-
duction of extracellular matrix. At this stage, macrophages that reside at the anastomotic
area serve as growth factor-secreting cells, which promote the formation of the epithelium.
In addition, on the fourth postoperative day, fibroblasts are the most prominent cells at the
anastomotic site. The presence of PDGF, TGF-b, FGF and IGF-I mostly regulate fibroblast
activity. It is quite clear that both MSCs and PRP, with their derivative factors, participate
actively in all stages of the intestinal wound healing process [29]. Our study results indicate
that PRP+MSCs led to reduced inflammatory cell infiltration, although non-significant. The
improved healing in of the PRP+MSCs group may have been assisted by reduced inflam-
matory cell infiltration. Previous studies have shown that MSCs may reduce inflammatory
cell infiltration in tissues and may facilitate the healing process [30,31].

Application of MSCs or PRP have been separately tested in bowel anastomoses in
previously experimental animal studies. Administration of stem cells in the anastomotic
area in animal models with ischemia or radiation injury report a lower occurrence of
anastomotic leaks [32]. Alvarenga et al. reported that adipose tissue-derived MSCs in a
TNBS colitis rat model significantly reduce certain tissue inflammatory cells (CD4+ T cells,
macrophages) and certain tissue inflammatory cytokines (IL-17, TNF-a and IFN-y) [33]. A
systematic review on the effect of PRP in bowel anastomosis included 16 animal studies.
Their results indicate that PRP is safe to administer and provides a significant benefit
in animals with peritonitis or post-intraperitoneal chemotherapy application. However,
compared with normal controls, PRP did not provide any significant benefit over the bowel
anastomosis healing process [18]. These findings are keeping in line with our results where
the PRP+MSCs group provided a significant benefit in bowel anastomosis healing over the
colitis control group, however when compared with normal controls, no significant changes
were observed. Another example of clinical application of MSCs include the Crohn’s colitis
perianal fistulas. An early clinical trial in 2005 showed that adipose-derived MSCs showed
an up to 60% healing rate of perianal fistulas [34]. Panes et al., in their randomized
clinical trial of Darvadstrocel (Alofisel®), one of the first commercially available adult
MSCs suspension, reported its effectiveness and safety of use for treating complex perianal
Crohn’s fistulas [35]. Considering the facts (firstly, that MSCs are commercially available;
secondly, that PRP is easily produced via a simple venipuncture/centrifugation and thirdly,
the outcomes of our study), future clinical studies of PRP+MSCs in humans could be
seriously considered.

Co-administration of MSCs and PRP has also been investigated in several experimental
and clinical settings of other pathologies. Ebrahim et al. showed that their combined ad-
ministration significantly improved epithelialization, collagen deposition and angiogenesis
in wound healing of diabetic foot ulcers [36]. In a preclinical model of osteoarthritis, there
was improved healing of the articular cartilage with MSCs preconditioned in PRP. Combi-
nation of MSCs and PRP seems to augment collagen and proteoglycan contents in the knee
joint [37]. A clinical study by Gentile et al. concluded that when adipose tissue-derived
MSCs were mixed with PRP for breast fillings, the overlying post-radiotherapy damaged
skin was improved [38]. These findings are consistent with the results of our study, since
the application of PRP+MSCs led to improved epithelialization and neovascularization at
the anastomotic site.

Collagen formation is possibly the main factor leading to stronger bowel anastomoses.
It has been reported that the submucosa layer of the bowel wall plays a significant role
in supporting the tensile strength of bowel anastomoses. In the submucosa layer the
collagen type I predominates, followed by types III and IV. Type I and III collagens are the
predominant ones in the granulation and scar tissue following bowel anastomosis [39]. The
significant increase in the tissue hydroxyproline levels suggest a considerable increase on
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collagen production at the anastomotic site which was further higher in the PRP+MSCs
group rather than in the MSCs alone group.

Neovascularization is another critical factor for efficient healing. Our study shows that
the PRP+MSCs increases vascular formation at the anastomotic area. Surgeons know very
well that impaired blood supply to enteric stumps leads to healing failure and anastomotic
disruption, therefore they always care to leave intact as much vasculature as possible
during dissection. Several studies exist to support the value of neovascularization, which
seems to be upregulated by MSCs. Chen et al. showed that MSCs preconditioned with PRP
exhibited improved neovascularization in ischemic rat hind limb models [40].

In the clinical setting, gastrointestinal anastomoses are an everyday routine for the
general surgeon, and traditionally, there are certain technical rules for good results without
complications, which are basic for any surgery trainee. The stumps must be well mobilized
to permit free peristalsis, should not be inflammatory (if there is any site of inflammation,
it should be excised), well vascularized to permit free blood supply, and finally good and
meticulous technique in suturing the layers of the gastrointestinal tract should be followed.
This should also be accompanied by efficient parenteral nutritive support, use of drains
and patience of both the patient and the surgeon. Nevertheless, whatever measures are
taken, often anastomoses are disrupted, and that can be sometimes disastrous, especially
at sites where direct vision and manipulations are not easy, and the use of staplers is
the only solution, such as in the esophageal or rectal stumps; surgeons can never be
sure of the technical efficiency of anastomoses. In fact, the percentage of anastomotic
leaks is as high as 17.5% in pancreaticojejunal anastomoses, 14.6% in esophagojejunal
anastomoses and up to 17% in ileocecal anastomoses [4-6]. These numbers are even
higher in immunocompromised or malnourished patients and even more so in emergency
and infective/inflammatory settings. Consequently, the results of such complications
are very often detrimental, leading to mediastinitis or peritonitis, severe sepsis, systemic
inflammatory response syndrome, reoperations, extra enterectomies, new anastomoses and
vice versa [41].

Therefore, finding an agent that improves intestinal wound healing and allows for
the safe performance of bowel anastomoses, thus avoiding a stoma, was one of the targets
of this study. To avoid risky anastomoses, surgeons have the option of reverting stomas
whenever applicable. Colostomies and ileostomies have been the gold standard in aid of
anastomoses. Stomas have saved lives of many patients, especially in emergency settings.
Hartmann’s procedure is the most frequent operation on the colon in all departments
of surgery around the globe for obstructive ileus of the left colon, either neoplastic or
inflammatory. Transverse colostomies and reverting ileostomies are performed in similar
pathologies of the transverse and right colon respectively. Prophylactic stomas, created
centrally, are another solution for those surgeons who dare to perform anastomoses in
risky cases. However, except the surgeon, not all others are happy with the stoma solution.
Patients have difficulty in accepting them, their families often have difficulty supporting
patients, and nursing staff are often unhappy in approaching patients. The total cost of
hospital stay, re-admissions, patient training, reoperations, disposable materials for stomas
etc. seems to be tremendous [42].

Therefore, in surgical practice whenever any inflammatory environment, such as
peritonitis, colitis, enteritis, etc., is present, anastomoses should be avoided. Stoma creation,
either permanent or prophylactic, is absolutely necessary. On the other hand, and very
unfortunately, inflammatory bowel diseases such as ulcerative colitis and Crohn’s disease
have been constantly increasing over the past decades in the Western world [43]. Similarly,
and even more so, diverticulitis and its complications have been dramatically increasing
even in the young population due to extensive stress, fast food remedies and lack of fiber in
modern Western dietary habits [44]. Moreover, ischemic colitis is also increasing [45]. Very
lately, pseudomembranous colitis has seemed to start a new chapter of severe inflammatory
and life-threatening septic situations due to antibiotic overuse [46]. Finally, post-radiation
colitis is also a new problem due to therapeutic cancer remedies in the pelvis [47]. Although

42



J. Pers. Med. 2024, 14, 121

stomas are a safe classical solution in such cases, in the new era of surgery, a more sophis-
ticated way should be applied in order to strengthen gastrointestinal anastomoses. MSC
and PRP co-administration seem to give hope for such a target, as the results of our study
suggest. This can be further explained. On the cellular level, multipotent progenitor cells
seem to somehow recognize the needs of the tissue where they are placed; they possibly
mediate local inflammation decrease via cytokine regulation, and they transform into
fibroblasts to produce the correct collagen fibers, while they promote neovascularization
and epithelialization of the tissue to make it appropriate [48]. The exact mediators for such
a behavior need to be further investigated.

In our experiments, we used heterogenic adipose tissue-derived MSCs. Whether this
category of stem cells is appropriate for application in anastomoses is not clear. Neverthe-
less, it is a feasible approach that can be easily generalized, and it is safe as well. Neither
did we observe any significantly increased complications such as stenoses, ileus, immunore-
actions or rejection. Besides, as previously commented, heterologous adipose tissue MSCs
have already been commercialized in vials and used for the treatment of Crohn’s fistulas in
patients, with encouraging results [49]. If they work well for fistulas why not work well for
anastomoses either, they could easily be mixed with PRP prepared from the same patient
and be applied even in the emergency settings. Additionally, autologous stem cells from
the patient could also be prepared if there is at least 1 month time before any scheduled
operation [50]. Recently, a rapid adipose tissue MSCs isolation method (isolation of stem
cells within 8 h after fat removal) has been described [51]. Is there a need for that or not,
that also remains to be investigated. Possibly, heterologous stem cells are safe enough
for this purpose, and we do not need to try further. A clinical study incorporating many
of these questions is in need of approval by our institution, and hopefully it will soon
be scheduled in multiple settings. In our experiments, we simply injected the mixture of
MSCs and PRP into the intestinal wall with fine needle insulin syringes at four sites of the
intestinal stump periphery. This is the simplest way to do this; however, we can think of
more efficient forms of administration. For example, absorbing material for sutures, or
biodegradable circular membranes infused with the active solution, or even manufacturing
staplers to deliver the active solution along with stapling would be excellent ideas to make
surgery safe and effective for our purpose for a strong intestinal anastomosis.

5. Conclusions

In conclusion, our study supports the use of MSCs+PRP in inflammatory bowel
anastomoses, with excellent results in strengthening anastomotic healing with increased
collagen deposition, neovascularization and improved epithelialization at the anastomotic
site. The translation of this study to the clinical practice requires further research in
clinical and pre-clinical settings to establish the safety and effectiveness of MSC and PRP
co-administration in gastrointestinal anastomoses in humans.
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Abstract: Background/Aims: Endoscopic uncovered metal stent (UMS) placement has been widely
performed for unresectable hilar malignant biliary stricture (UHMBS). Two stenting methods are
used for the two bile duct branches: side-by-side placement (SBS) and partial stent-in-stent placement
(PSIS). However, it remains controversial whether SBS or PSIS is superior. This study aimed to
compare SBS and PSIS in UHMBS cases with UMS placement in two branches of the IHD. Methods:
This retrospective study included 89 cases of UHMBS treated with UMS placement through the SBS
or PSIS technique using endoscopic retrograde cholangiopancreatography at our institution. Patients
were divided into two groups, SBS (n = 64) and PSIS (n = 25), and compared. Results: Clinical success
was achieved in 79.7% and 80.0% in the SBS and PSIS groups, respectively (p = 0.97). The adverse
event rate was 20.3% and 12.0% in the SBS and PSIS groups, respectively (p = 0.36). The recurrent
biliary obstruction (RBO) rate was 32.8% and 28.0% in the SBS and PSIS groups, respectively (p = 0.66).
The median cumulative time to RBO was 224 and 178 days in the SBS and PSIS groups, respectively
(p = 0.52). The median procedure time was 43 and 62 min in the SBS and PSIS groups, respectively,
which was significantly longer in the PSIS group (p = 0.014). Conclusions: No significant differences
were noted in the clinical success rate, adverse event rate, time to RBO, or overall survival between
the SBS and PSIS groups, other than the significantly longer procedure time in the PSIS group.

Keywords: endoscopic retrograde cholangiopancreatography; hilar malignant biliary stricture;
partial stent-in-stent; side-by-side; stent

1. Background/Aims

Hilar malignant biliary stricture (HMBS) is caused by cholangiocarcinoma, gallblad-
der carcinoma, hepatocellular carcinoma, metastatic liver tumors, or hilar lymph node
metastases from various cancers. HMBSs induce high serum bilirubin concentrations
owing to cholestasis, which is called obstructive jaundice. Obstructive jaundice affects
the biliary tree, hepatic cells, and liver functions. Additionally, the loss of bile in the gut
disrupts the intestinal mucosal barrier, which increases the absorption of endotoxins from
the intestine [1]. The symptoms of obstructive jaundice include itching, loss of appetite,
and weight loss. Effective biliary drainage is required to improve the quality of life of
HMBS patients. Although percutaneous biliary drainage and surgical biliary drainage
are also available, endoscopic biliary drainage is recommended because it is less invasive.
Endoscopic biliary drainage includes transpapillary drainage using endoscopic retrograde
cholangiopancreatography (ERCP) and transgastrointestinal drainage using endoscopic
ultrasonography. Unless there is a special reason, such as duodenal obstruction or post-
operative gastrointestinal reconstruction, transpapillary drainage using ERCP is the first
choice. Transpapillary drainage by ERCP involves endoscopic biliary stenting and endo-
scopic nasobiliary drainage. In unresectable HMBS (UHMBS), endoscopic biliary stenting
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is usually performed. Two types of biliary stents are used for endoscopic biliary stenting;:
plastic stents and metal stents. Several studies have shown that metal stents outperform
patients with unresectable UHMBS in terms of patency and cost efficiency [2,3]. Thus, en-
doscopic uncovered metal stent (UMS) placement has been widely performed for UHMBS.
Previously, unilateral UMS placement was the mainstream treatment for biliary drainage
in UHMBS [4]. However, biliary drainage of >50% of the liver volume was reported to be
associated with effective drainage for UHMBS in several studies [5,6]. Furthermore, a recent
randomized controlled trial revealed better stent patency with bilateral UMS placement
than with unilateral UMS placement for UHMBS [7]. Therefore, bilateral UMS placement is
typically performed for UHMBS.

Regarding bilateral UMS placement using the ERCP, two stenting methods are used:
side-by-side placement (SBS) and partial stent-in-stent placement (PSIS). SBS is a procedure
in which two guidewires are placed in two branches of the intrahepatic bile duct (IHD),
and then two stent deliveries are inserted and deployed sequentially. The routes of the two
UMSs are independent of each other. Meanwhile, PSIS is a procedure in which the first
stent is deployed, followed by another stent inserted through the mesh of the first stent
and deployed (Figure 1). As a procedure, the PSIS is more complex.

Figure 1. (a) Side-by-side placement and (b) partial stent-in-stent placement.

Several reports have compared SBS and PSIS, but no conclusion has been drawn as
to which is superior, and it remains controversial. Most previous reports indicate that
there is no difference in performance between SBS and PSIS; however, they have been
from high-volume centers, and their results might not be universal. This is because the
majority of procedures may have been performed only by expert endoscopists. At our
institution, there are many opportunities for trainees to perform endoscopic treatment
under the supervision of experts; therefore, we decided to examine features of SBS and
PSIS, including the endoscopist’s proficiency. This study aimed to compare SBS and PSIS
in UHMBS cases with UMS placement in two branches of the IHD.

2. Materials and Methods
2.1. Study Design

This retrospective study was conducted at a single center. A total of 89 patients
with UHMBS treated with UMS placement in two branches of the IHD using the ERCP
technique between April 2006 and December 2022 were studied from the database of Chiba
University Hospital. HMBS was diagnosed based on computed tomography (CT) and
histopathological examination. In cases where histopathological malignant findings were
unclear or histopathological examination was difficult, the diagnosis was made if a typical
CT image could be confirmed. The resectability was judged comprehensively from the
findings, including CT images and cholangiography. The exclusion criteria were as follows:
(1) patients aged <20 years; (2) patients with percutaneous transhepatic biliary drainage
continued even after UMS placement; (3) patients with Bismuth type I; (4) patients with
biliary tract reconstruction; (5) patients with stent placements in three or more branches
of the IHD in a single ERCP session; (5) patients with unclear background and treatment
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information; and (6) patients judged as inappropriate by the investigators. This study was
approved by the ethics committee of our institution. Written informed consent for the
procedure was obtained from all patients.

Participants were divided into two groups: the SBS group and the PSIS group. Baseline
characteristics and clinical outcomes were obtained from the patients’ medical records and
compared between the two groups. The baseline characteristics included age, sex, the pro-
portion of direct UMS placement at the first ERCP session, pre-ERCP serum total bilirubin
level, pre-ERCP serum albumin level, Bismuth type, extrahepatic bile duct diameter in the
tumor-free area before stent placement, the causes of malignant biliary obstruction, the pro-
portion of above the papilla stent placement, endoscopist proficiency, and the proportion
of chemotherapy after UMS placement. The clinical outcomes included procedure time,
clinical success rate, adverse event rate, recurrent biliary obstruction (RBO) rate, cumulative
time to RBO (TRBO) in effective drainage cases, re-intervention rate, technical success rate
of the first re-intervention, procedure time of the first re-intervention, and overall survival.

2.2. Definitions

Clinical success, RBO, and adverse events were defined according to the Tokyo criteria
2014 [8]. Clinical success was defined as a decrease in the serum total bilirubin level to
<50% or <2.0 mg/dL within 14 days of stent placement, without additional biliary drainage.
RBO was defined as a composite endpoint, including stent occlusion and migration. TRBO
refers to the time from stent placement to RBO. Deaths without RBO were treated as
censored at the time of death. Patients lost to follow-up without RBO were treated as
censored at the time of the final follow-up. Stent occlusion was defined as the occurrence
of jaundice with cholestasis and evidence of bile duct dilation on imaging or endoscopy.
Procedure time was defined as the time interval between insertion of the endoscope into
the mouth and its removal. The extrahepatic bile duct diameter in the tumor-free area
was measured on cholangiography during ERCP. In re-intervention, technical success was
defined as additional stent placement or balloon sweep for a UMS judged to be obstructed
by CT images.

2.3. Techniques

Placement of the UMS was performed transpapillary using the ERCP technique. Prior
to UMS placement, CT was performed, and the biliary drainage area was planned based on
the liver volume in all cases. Prophylactic intravenous antibiotics were administered before
the procedure. ERCP was performed using an oblique-viewing endoscope (JE-260V, TJF-
260V, and TJF-Q290V; Olympus, Tokyo, Japan). In the absence of contraindications, carbon
dioxide insufflation was used during ERCP. All patients underwent intravenous sedation.
Sodium meglumine amidotrizoate was used as a contrast medium. An endoscope was
inserted orally to reach the duodenal papilla, and an ERCP catheter (PR-104Q-1; Olympus,
Tokyo, Japan. MTW; ABIS, Hyogo, Japan. SwingTip; Olympus, Tokyo, Japan) was inserted
into the bile duct. After cholangiography and identifying the site of biliary stenosis with a
contrast medium, guidewires (VisiGlide; Olympus, Tokyo, Japan. VisiGlide 2; Olympus,
Tokyo, Japan. M-Through; ASAHI INTECC, Aichi, Japan. EndoSelector; Boston Scientific,
Marlborough, MA, USA) were placed in two branches of the IHD. Subsequently, UMSs
(Zilver 635 Biliary Stent; Cook Medical, Bloomington, IN, USA. X-Suit NIR; Olympus,
Tokyo, Japan. WallFlex; Boston Scientific, Marlborough, MA, USA. Niti-S D-type; Century
Medical, Tokyo, Japan. BileRush; Piolax, Yokohama, Japan. JOSTENT; Zeon Medical,
Tokyo, Japan. Zeo Stent V; Zeon Medical, Tokyo, Japan. YABUSAME; Kaneka, Osaka,
Japan.) were deployed in two branches of the IHD. For SBS, after the insertion of the
guidewires into the two branches of the IHD, two stent deliveries were inserted into the
IHDs and sequentially deployed. For PSIS, the first stent was inserted into one IHD after
the insertion of guidewires into the two IHDs. Subsequently, after deploying the first stent,
the guidewire was passed through the mesh of the first stent into another IHD. The second
stent was deployed through the mesh of the first stent. All procedures were performed
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by experts on ERCP (>10 years of ERCP experience) or by trainees (<10 years of ERCP
experience) under the supervision of experts. If the operator changed during the procedure,
the physician who had operated the endoscope for a long time was defined as the operator
of the procedure.

2.4. Statistical Analysis

Data were presented as median with interquartile range or number with a percentage.
For the univariate analysis, the Mann—-Whitney U test was used to compare continuous
variables, whereas Pearson’s Chi-squared test was used to compare categorical variables.
Cumulative TRBO and overall survival were estimated using Kaplan-Meier analysis, and
Kaplan-Meier curves were compared using the log-rank test. Statistical significance was
set at p < 0.05. All statistical analyses were performed using Bell Curve for Excel (Social
Survey Research Information Co., Ltd., Tokyo, Japan).

3. Results

The age of the study participants ranged from 36 to 90 years, with a median of
71 (64-79) years. Of the 89 patients, 64 underwent SBS, and 25 underwent PSIS. All patients
underwent endoscopic sphincterotomy before UMS placement.

Patient characteristics of the two groups are presented in Table 1. The median age
was 71 (66-79) and 71 (63-79) years in the SBS and PSIS groups, respectively (p = 0.84).
The proportion of men in the SBS and PSIS groups was 67.2% and 64.0%, respectively
(p = 0.78). The proportions of direct UMS placement at the first ERCP session were 15.6%
and 28.0% in the SBS and PSIS groups, respectively (p = 0.18). The median pre-ERCP serum
total bilirubin level was 4.8 (1.4-8.4) and 8.1 (2.1-11.6) mg/dL in the SBS and PSIS groups,
respectively (p = 0.12). The median pre-ERCP serum albumin level was 2.7 (2.4-3.2) and
3.0 (2.5-3.7) mg/dL in the SBS and PSIS groups, respectively (p = 0.17). Regarding the
Bismuth type, the proportion of type II was 15.6% and 8.0% in the SBS and PSIS groups,
respectively (p = 0.34). The proportions of type Illa were 20.3% and 44.0% in the SBS
and PSIS groups, respectively, and significantly higher in the PSIS group (p = 0.024). The
proportions of type IlIb were 15.6% and 20.0% in the SBS and PSIS groups, respectively
(p = 0.62). The proportions of type IV were 48.4% and 28.0% in the SBS and PSIS groups,
respectively (p = 0.080). The median extrahepatic bile duct diameter in the tumor-free area
was 8.7 (7.2-9.9) and 6.6 (6.1-7.2) mm in the SBS and PSIS groups, respectively, significantly
larger in the SBS group (p < 0.01). Regarding causes of malignant biliary obstruction,
the proportion of hilar cholangiocarcinoma was 48.4% and 48.0% in the SBS and PSIS
groups, respectively (p = 0.97). The proportion of gallbladder cancer in the SBS and PSIS
groups was 17.2% and 28.0%, respectively (p = 0.25). The proportions of intrahepatic
cholangiocarcinoma in the SBS and PSIS groups were 6.3% and 4.0%, respectively (p = 0.68).
The proportions of hepatocellular carcinoma in the SBS and PSIS groups were 10.9% and
12.0%, respectively (p = 0.89). The proportion of metastatic liver tumors in the SBS and
PSIS groups was 10.9% and 8.0%, respectively (p = 0.68). The proportions of hilar lymph
node metastases in the SBS and PSIS groups were 6.3% and 0%, respectively (p = 0.20). The
proportion of patients above-the-papilla stent placement in the SBS and PSIS groups was
90.6% and 88.0%, respectively (p = 0.71). The proportions of expert performance in the SBS
and PSIS groups were 20.3% and 48.0%, respectively, and significantly higher in the PSIS
group (p < 0.01). The proportions of chemotherapy after UMS placement were 32.8% and
36.0% in the SBS and PSIS groups, respectively (p = 0.78). No significant differences were
noted in terms of age, sex, the proportion of direct UMS placement at the first ERCP session,
pre-ERCP serum total bilirubin level, pre-ERCP serum albumin level, the proportion of the
causes of malignant biliary obstruction, the proportion of above the papilla stent placement,
or the proportion of chemotherapy after UMS placement between the two groups.
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Table 1. Patient characteristics of the two groups.

SBS Group PSIS Group p-Value
n=64 n=25
Age, year, median (IQR) 71 (66-79) 71 (63-79) 0.84
Sex, man, 1 (%) 43 (67.2%) 16 (64.0%) 0.78
Direct UMS placement at the first ERCP session, 1 (%) 10 (15.6%) 7 (28.0%) 0.18
Pre-ERCP serum total bilirubin level, mg/dL, median (IQR) 4.8 (1.4-8.4) 8.1 (2.1-11.6) 0.12
Pre-ERCP serum albumin level, mg/dL, median (IQR) 2.7 (24-3.2) 3.0 (2.5-3.7) 0.17
Bismuth type, 1 (%)
Type I 10 (15.6%) 2 (8.0%) 0.34
Type Illa 13 (20.3%) 11 (44.0%) 0.024
Type IIIb 10 (15.6%) 5 (20.0%) 0.62
Type IV 31 (48.4%) 7 (28.0%) 0.080
fsheachle dutdimer n betumor e a0y eseira o
Causes of malignant biliary obstruction, 1 (%)
Hilar cholangiocarcinoma 31 (48.4%) 12 (48.0%) 0.97
Gallbladder cancer 11 (17.2%) 7 (28.0%) 0.25
Intrahepatic cholangiocarcinoma 4 (6.3%) 1 (4.0%) 0.68
Hepatocellular carcinoma 7 (10.9%) 3 (12.0%) 0.89
Metastatic liver tumor 7 (10.9%) 2 (8.0%) 0.68
Hilar lymph nodes metastasis 4 (6.3%) 0 0.20
Above the papilla stent placement, 1 (%) 58 (90.6%) 22 (88.0%) 0.71
Operators, expert, 1 (%) 13 (20.3%) 12 (48.0%) <0.01
Chemotherapy after UMS placement, 1 (%) 21 (32.8%) 9 (36.0%) 0.78

SBS, side-by-side placement; PSIS, partial stent-in-stent placement; IQR, interquartile range; UMS, uncovered
metal stent; ERCP, endoscopic retrograde cholangiopancreatography.

Clinical outcomes in the SBS and PSIS groups are shown in Table 2. The median
procedure time was 43 (28-53) and 62 (40-74) min in the SBS and PSIS groups, respectively,
and significantly longer in the PSIS group than in the SBS group (p = 0.014). Clinical success
was achieved in 79.7% and 80.0% in the SBS and PSIS groups, respectively (p = 0.97). The
adverse event rate was 20.3% and 12.0% in the SBS and PSIS groups, respectively (p = 0.36).
Regarding adverse events, the proportion of cholangitis in the SBS and PSIS groups was
7.8% and 4.0%, respectively (p = 0.52). The proportions of pancreatitis in the SBS and PSIS
groups were 6.3% and 4.0%, respectively (p = 0.68). The proportions of liver abscesses in
the SBS and PSIS groups were 3.1% and 0%, respectively (p = 0.37). The proportions of
pneumonia in the SBS and PSIS groups were 1.6% and 4.0%, respectively (p = 0.49). The
proportions of heart failure in the SBS and PSIS groups were 1.6% and 0%, respectively
(p=0.53).

The RBO rates in the SBS and PSIS groups were 32.8% and 28.0%, respectively
(p = 0.66). Stent occlusion was the only cause of RBO, and there were no cases of stent
migration. The median cumulative TRBO in the effective drainage cases was 224 and
178 days in the SBS and PSIS groups, respectively (p = 0.52) (Figure 2).

51



J. Pers. Med. 2023, 13, 831

Table 2. Clinical outcomes of the two groups.

SBS Group PSIS Group p-Value
n=64 n=25
Procedure time, minutes, median (IQR) 43 (28-53) 62 (40-74) 0.014
Clinical success, 1 (%) 51 (79.7%) 20 (80.0%) 0.97
Adverse events, 1 (%) 13 (20.3%) 3 (12.0%) 0.36
Cholangitis 5 (7.8%) 1 (4.0%) 0.52
Pancreatitis 4 (6.3%) 1 (4.0%) 0.68
Liver abscess 2 (3.1%) 0 0.37
Pneumonia 1 (1.6%) 1 (4.0%) 0.49
Heart failure 1 (1.6%) 0 0.53
RBO, 1 (%) 21 (32.8%) 7 (28.0%) 0.66
Cumulative TRBO in effective drainage cases, days, median (95% CI) 224 (91-357) 178 (74-282) 0.52
Re-intervention, n (%) 20 (31.2%) 7 (28.0%) 0.76
Technical success rate of the first re-intervention, n (%) 18 (90.0%) 7 (100%) 0.38
Procedure time of first re-intervention, min, median (IQR) 39 (30-70) 37 (33-55) 0.76
Overall survival, days, median (95% CI) 212 (105-319) 160 (83-237) 0.36

SBS, side-by-side placement; PSIS, partial stent-in-stent placement; IQR, interquartile range; CI, confidence

interval; RBO, recurrent biliary obstruction; TRBO, time to recurrent biliary obstruction.

—
(=]
|

o
)

Stent patency probability
()
(o)}

Median time to recurrent biliary obstruction (95% CI)
SBS: 224 (91-357) days
PSIS: 178 (74-282) days

o4 - R
0.2 e e
PSIS i
0.0 T T ‘ : .
0 100 200 300 400
Time to recurrent biliary obstruction (days)
Number at risk
SBS 64 19 4 1
PSIS 25 5 2 0

Figure 2. Kaplan-Meier curves of the time to recurrent biliary obstruction. CI, confidence interval;

SBS, side-by-side placement; PSIS, partial stent-in-stent placement.

The re-intervention rates in the SBS and PSIS groups were 31.2% and 28.0%, respec-
tively (p = 0.76). The technical success rates of the first re-intervention were 90.0% and
100% in the SBS and PSIS groups, respectively (p = 0.38). The median procedure time of the
first re-intervention was 39 and 37 min in the SBS and PSIS groups, respectively (p = 0.76).
The median overall survival was 212 and 160 days in the SBS and PSIS groups, respectively

(p = 0.36) (Figure 3).
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Figure 3. Kaplan-Meier curves of overall survival. CI, confidence interval; SBS, side-by-side place-
ment; PSIS, partial stent-in-stent placement.

4. Discussion

In this study, we compared SBS and PSIS in UHMBS cases treated with UMS placement
in two branches of the IHD and found that there was no significant difference in the clinical
success rate, adverse event rate, RBO rate, cumulative TRBO in effective drainage cases,
re-intervention rate, technical success rate of the first re-intervention, procedure time of the
first re-intervention, or overall survival between the SBS and PSIS groups other than that the
procedure time was significantly longer in the PSIS group, despite the higher rate of expert
enforcement in PSIS compared to SBS. Adverse events included cholangitis, pancreatitis,
liver abscess, pneumonia, and heart failure, none of which occurred disproportionately in
either SBS or PSIS.

In this study, the rate of expert enforcement was significantly higher in PSIS than
in SBS, probably because the procedure was more complex in PSIS, so there were more
opportunities for experts to perform it. The reason for the predominance of Bismuth Illa
in PSIS is unclear. There is no set standard for the proper use of SBS and PSIS, and it
depends on the policy of each institution. In PSIS, there is little concern regarding bile
duct overdilation. Meanwhile, in SBS, the bile ducts are overextended due to the parallel
insertion of the two stents, raising concerns such as portal vein obstruction. However, there
were no such adverse events in this study.

Unilateral stenting was reported to be sufficient for effective biliary drainage in pa-
tients with UHMBS in two studies published in 2003 [4,9]. However, several reports have
subsequently reported that drainage of >50% of the variable liver volume is an important
drainage predictor and signals effective palliation in patients with UHMBS [5,6]. In recent
years, several studies have reported the efficacy of multiple stenting for UHMBS [7,10-14].
To date, there are only five reports comparing SBS and PSIS, except for a meta-analysis.
In 2012, Naitoh reported that deploying SBS resulted in a higher frequency of early and
late adverse events than deploying PSIS placement. However, cumulative stent patency
was prolonged in the SBS group in their single-center retrospective study (28 patients
with SBS and 24 patients with PSIS) [15]. In 2012, Kim reported that adverse events, stent
patency, and survival were not significantly different between the SBS and PSIS groups in
a single-center retrospective study (19 patients with SBS and 22 patients with PSIS) [16].
In 2019, Lee reported that the efficacy of bilateral SIS and SBS placement was similar in
terms of total adverse event rate, technical and clinical success, and stent patency in a
randomized controlled trial (35 patients with SBS and 34 patients with PSIS) [17]. In 2020,
Ishigaki reported that the clinical outcomes of the SBS and PSIS methods were compara-
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ble in patients with unresectable hilar malignant biliary obstruction in their multicenter
retrospective study (24 patients with SBS and 40 patients with PSIS) [18]. In 2022, Iwai
reported that the technical success rate, procedure duration, clinical success rate, adverse
event rate, TRBO, and RBO rate were not significantly different between the SIS and SBS
groups. However, endoscopic re-stenting after RBO was significantly more successful in
the SBS group than in the SIS group in a single-center retrospective study (30 patients
with SBS and 75 patients with PSIS) [19]. Few studies have examined the proficiency of
endoscopists. In a retrospective report by Ishigaki, similar to this study, the proportion of
experts performing PSIS was significantly higher than that performing SBS; however, in the
study, there was no significant difference in the procedure time between SBS and PSIS [18].

In our study, procedure times were significantly longer in the PSIS group, despite the
high percentage of procedures performed by expert endoscopists in the PSIS group. This is
considered to be due to the fact that the procedure is more complex in PSIS than in SBS. In
this study, there was a 19 min difference in the median procedure time between the SBS
and PSIS groups. Few studies have investigated the relationship between the incidence of
adverse events and procedure time in ERCP. In 2014, Mehta compared 177 ERCP procedures
with <45 min to 118 ERCP procedures with >45 min and found no significant difference in
the occurrence rates of adverse events [20]. Although not ERCP, in 2016, Kawanishi reported
that a procedure time of 30 min or longer was a significant risk factor in the development of
aspiration pneumonia after endoscopic hemostasis for upper gastrointestinal bleeding [21].
In 2022, Park reported that a procedure time of 80 min or longer in gastric endoscopic
submucosal dissection is a risk factor for the onset of aspiration pneumonia after the
procedure [22]. Although there are no clear data for ERCP, there is a concern that the risk
of aspiration pneumonia increases with prolonged procedure time in ERCP. In particular,
in patients at a high risk of aspiration pneumonia, such as the elderly or those with poor
performance status, it may be preferable to choose SBS over PSIS. However, with a median
difference of 19 min, it is difficult to conclude that PSIS is inferior to SBS. Therefore,
either SBS or PSIS placement can be selected according to each endoscopist’s expertise
or preference.

Our study has some limitations. The first is its retrospective design. The method of
stent placement was not randomized. There is a difference in the background between the
SBS group and the PSIS group. Although propensity score matching is useful to match the
backgrounds of both groups, it was not performed in this study due to the small sample
size. Second, various stents are used, and clinical outcomes may differ according to stent
type. It would be ideal to compare SBS and PSIS using the same type of stent, but in
practice, it is difficult to secure a sufficient sample size. Third, our study population, which
comprised patients with different types of diseases, was heterogeneous. The time to stent
occlusion may vary depending on the type of disease that causes UHMBS. To resolve this
limitation, it is desirable to conduct the investigation for hilar cholangiocarcinoma only.
However, it is still difficult to secure a sufficient sample size. Finally, the treatment of
the second or third RBO has not been evaluated. Further analysis including long-term
follow-up is necessary to mitigate this limitation.

5. Conclusions

PSIS has a significantly longer procedure time, despite the higher rate of expert
enforcement in PSIS than in SBS. Moreover, the procedure of choice may be selected based
on the endoscopist’s experience and preference.
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Abstract: There are few studies on esophageal adenosquamous carcinoma (ADSC). Our study
intended to investigate the clinical and survival features of ADSC. We included esophageal cancer
(EC) data from the Surveillance, Epidemiology, and End Results program database to explore clinical
and survival traits. Propensity score matching (PSM), the multivariate Cox regression model, and
survival curves were used in this study. A total of 137 patients with ADSC were included in our
analysis. The proportion of ADSC within the EC cohort declined from 2004 to 2018. Besides,
results indicated no significant difference in survival between ADSC and SCC groups (PSM-adjusted
HR = 1.249, P = 0.127). However, the survival rate of the ADSC group was significantly worse
than that of the ADC group (PSM-adjusted HR = 1.497, P = 0.007). For the ADSC group, combined
treatment with surgery had a higher survival rate than other treatment methods (all P < 0.001).
Surgical resection, radiotherapy, and chemotherapy were independent protective prognostic factors
(all P < 0.05). The proportion of ADSC has been declining from 2004 to 2018. The prognosis of ADSC
is not significantly different from that of SCC but is worse than that of ADC. Surgery, radiotherapy,
and chemotherapy could improve the prognosis of patients. Comprehensive treatment with surgery
as the main treatment is more beneficial for some patients.

Keywords: esophageal adenosquamous carcinoma; propensity score matching; survival; proportion

1. Introduction

The latest global cancer statistics indicated that esophageal cancer (EC) is one of
the most common primary gastrointestinal malignancies throughout the world [1]. It is
reported that EC was the eighth-most common malignancy (new EC cases, N = 604,000)
and the sixth-most common cause of cancer-related mortality (new EC deaths, N = 544,000)
worldwide in 2020 [2]. Common pathologic types of EC contain esophageal squamous
cell carcinoma (SCC) and adenocarcinoma (ADC). In addition, the incidence of EC varies
geographically among different subtypes [3]. SCC incidence is highest in East Asia, while
ADC incidence is highest in Northern Europe. Although SCC remains the most common
type of EC worldwide, the incidence of ADC exceeds that of SCC in some high-income
countries [4]. As early clinical symptoms of EC are not obvious, most patients are in the
middle- and late-stage disease when they visit the hospital. The traditional treatments for
EC are surgical resection, radiotherapy, chemotherapy, and molecular targeted therapy.
In recent years, promising treatments for EC are emerging, but the prognosis of patients
remains unsatisfactory and the 5-year overall survival (OS) rate still ranges from 15 to
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25% [5]. Therefore, it is essential to evaluate the prognoses of EC and identify prognostic
features in patients.

Primary adenosquamous carcinoma (ADSC), characterized by low incidence, high
invasiveness, and poor prognosis, is an extremely rare histological type of EC [6]. Although
the biological characteristic of ADSC is similar to that of ADC and SCC, it is not a simple
fusion of these two types. There is no consensus in the current literature regarding the
diagnostic criteria for ADSC in the digestive system. The 2010 edition of the World Health
Organization Classification of Gastrointestinal Neoplasms did not define the proportion of
ADC and SCC in the diagnosis for ADSC [7]. According to the criteria established by
the Japanese Society of Esophagus, the diagnosis criteria of esophageal ADSC are two
common histological types (ADC and SCC) accounting for more than 20% each [8]. This
rare histological type accounts for about 0.9% of EC [9]. Because of the low incidence rate of
ADSC, previous studies have mainly focused on ADC and SCC [10-12]. Currently, there are
not many studies on the clinicopathological characteristics and survival analysis of ADSC
in the world, so in this study, we decided to use the method of propensity score matching
(PSM) to contrast the clinical characteristics and prognosis of ADSC and other two common
tumor types from 2004 to 2018 using the Surveillance, Epidemiology, and End Results
(SEER) program database, aiming to provide some reference value for clinicians’ judgment
on the improvement of the diagnosis and treatment levels and prognosis of ADSC.

2. Materials and Methods
2.1. Patient Selection

The SEER database is the cancer epidemiology and official source of cancer statistics.
The SEER database includes cancer incidence and survival population data, relying on
cancer registries in 19 geographic areas of the United States, covering morbidity, mortality,
and prevalence information for approximately 35% of the US population [13]. Data on
nine types of cancer cases are included in the SEER database, and cancer incidence is
compared to the proportion of the population living. Through the analysis of these data,
we can assimilate the cancer burden and its development trend and provide a basis for the
formulation of prevention and control policies.

The Ethics Committee of Xuzhou Medical University Affiliated Municipal Hospital
ratified the study, claiming that it dispensed with an ethical review because existing data on
patient identity information were hidden. Informed consent was not required. We studied
the patients in the SEER database who were definitively diagnosed with EC from 2004 to
2018. These patients were over 19 years old. In total, 44,948 patients with EC were involved
after initial case selection. For further analysis of survival, our inclusion criteria were
as follows: diagnosed as ADC, SCC, or ADSC tumors. We excluded patients who were
diagnosed between 2016 and 2018, died within 1 month of diagnosis, or had less than 5 years
of follow-up for inventory status. As SEER database information is currently only updated
until 2020, cases from 2016 to 2018 were excluded because the 5-year survival rate was not
available. The complete selection criteria are in Figure 1. Basic information gathered from
the SEER database included sex, race/ethnicity, marital status, age at diagnosis, diagnosis
year, and survival time. Tumor characteristics included the primary location (upper, middle,
and lower thoracic esophagus), differentiation degree, TNM classification, histological
subtype, and therapeutic method (e.g., surgery, radiotherapy, and chemotherapy). Overall
survival (OS) and cancer-specific survival (CSS) were considered as the primary end points
of this study.
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Patients included in this study (all Esophageal
malignant tumor, N=44,948)

(1)Diagnosed as esophageal malignant tumor from
2004 to 2018

(2)Age over 19 years

(3)Active follow-up

Excluded (N=19,334)

(1)Diagnosed between 2016 and 2018 (N=9839)
(2)Died within 1 month of diagnosis or had less than 5
Y years of follow-up for inventory status (N=9495)

Patients included in this study (AC, SCC, or

ADSC tumors, N=25,614)

Excluded (N=7829)
P (1)Other than SCC, AC and ADSC (N=2136)
(2)Unknown information of TNM stage (N=5693)

y

Patients for survival analysis (ADSC, ADC or SCC tumors, N=17,785)

Figure 1. The flowchart of this study.

2.2. Propensity Score Matching

In this paper, gender, age, marital status, tumor site, TNM stage, and other patho-
logical characteristics were used as matching variables. The propensity matching score
was achieved using SPSS and SPSSAU, and the correction threshold was set as 0.1. The
difference in baseline characteristics between the two groups was matched in a 1:1 ratio.

2.3. Statistical Analysis

All statistical analysis was performed using SPSS Statistics 25.0 software (IBM SPSS,
Inc., Armonk, IL, USA) and GraphPad Prism 8 (Version 8.4.3). The chi-square test was
performed to compare the differences in clinical baseline characteristics. The trend in
the proportion of ADSC in the entire cohort was plotted. Risk ratios (RRs), and hazard
ratios (HRs) and 95% confidence intervals (Cls) were calculated using multivariable logistic
regression analysis and Cox regression analysis, respectively (the regression method was
Enter selection). A multivariate Cox regression model was established, and survival curves
were drawn to determine the survival in EC of different pathological types. Multivariable
Cox regression analysis was conducted according to the results of the univariable analysis
to determine independent prognosis factors. To prevent the statistical results from being
affected by missing data, we also performed Cox regression analysis and plotted survival
curves using the original data of 44,948 patients with EC to confirm the reliability of the
results. Two-sided P < 0.05 was considered statistically significant.

3. Results
3.1. Patient Characteristics

Our study initially identified 44,948 cases diagnosed with EC from 2004 to 2018. After
screening, we finally included 17,785 EC cases for survival analysis, including 137 ADSC
cases, of which 100 patients with ADSC died in the cohort at the end of follow-up. The
number of male patients with ADSC (N = 106) was more than that of females (N = 31),
and the age distribution was homogenized in this cohort. We analyzed the anatomical
location of ADSC, and the data showed that ADSC mainly occurred in the lower thoracic
esophagus (N =92, 67.2%), followed by the middle thoracic esophagus (N = 34, 24.8%). In
accordance with the 8th edition of the American Joint Committee on Cancer staging system
for SCC, 38 (27.7%) cases of cancers invaded the musculature propria, the musculature,
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or the submucosa (T1); 15 cases (10.9%) invaded the musculature propria (T2); 62 cases
(45.3%) involved the tunica adventitia (T3); and 22 cases (16.1%) invaded local structures
(T4). For the N stage, 81 (59.1%) patients had lymph node metastasis (N+). The detailed
characteristic information about the patients is presented in Table 1. Finally, 17,785 patients
met our selection criteria and were further analyzed using PSM. There were significant
differences in sex, age, race, marital status, location, TNM stage, surgery, and grade before
matching (Table 1). We adopted the PSM method to balance the differences in baseline
characteristics between the groups. Finally, 411 patients were selected according to the
ratio of 1:1, including 137 patients in the ADSC group, 137 patients in the SCC group, and
137 patients in the ADC group. A comparison of the baseline characteristics between the
matched groups showed that the differences in baseline characteristics between the groups
significantly reduced, as shown in Table 2.

Table 1. Baseline characteristics of three different pathological types of esophageal cancer in the SEER

database (N (%)).
ADSC SCC ADC 2
(N =137) (N = 6220) (N = 11,428) X P-Value
Sex 1157.654 <0.001 b
Female 31 (22.6%) 2177 (35.0%) 1509 (13.2%)
Male 106 (77.4%) 4043 (65.0%) 9919 (86.8%)
Age 6.816 0.033
<65 years 57 (41.6%) 2646 (42.5%) 5090 (44.5%)
>64 years 80 (58.4%) 3574 (57.5%) 6338 (55.5%)
Race 3493.035 <0.001 b
White patients 119 (86.9%) 3692 (59.4%) 10,838 (94.8%)
Other patients 18 (13.1%) 2528 (40.6%) 590 (5.2%)
Marital status 543.109 <0.001 "
Unmarried 62 (45.3%) 3150 (50.6%) 3805 (33.3%)
Married 72 (52.6%) 2795 (44.9%) 7154 (62.6%)
Unknown 3 (2.2%) 275 (4.4%) 469 (4.1%)
Location 6441.786 <0.001 2b
Upper thoracic esophagus 4 (2.9%) 1002 (16.1%) 117 (1.0%)
Middle thoracic esophagus 34 (24.8%) 2634 (42.3%) 733 (6.4%)
Lower thoracic esophagus 92 (67.2%) 2060 (33.1%) 10,342 (90.5%)
Unknown 7 (5.1%) 524 (8.4%) 236 (2.1%)
Radiotherapy 149.737 <0.001
No 41 (29.9%) 1742 (28.0%) 4239 (37.1%)
Yes 95 (69.3%) 4415 (71.0%) 7095 (62.1%)
Unknown 1 (0.7%) 63 (1.0%) 94 (0.8%)
Chemotherapy 5.637 0.060
No 42 (30.7%) 2056 (33.1%) 3580 (31.3%)
Yes 95 (69.3%) 4164 (66.9%) 7848 (68.7%)
Surgery 771.160 <0.0012
None 89 (65.0%) 4887 (78.6%) 6637 (58.1%)
Local treatment 1 (0.7%) 109 (1.8%) 607 (5.3%)
Surgical resection 46 (33.6%) 1190 (19.1%) 4089 (35.8%)
Unknown 1(0.7%) 34 (0.5%) 95 (0.8%)
Grade 164.213 <0.001 b
I 0 (0.0%) 318 (5.1%) 610 (5.3%)
I 20 (14.6%) 2627 (42.2%) 4031 (35.3%)
1-1v 96 (70.1%) 2210 (35.5%) 4906 (42.9%)
Unknown 21 (15.3%) 1065 (17.1%) 1881 (16.5%)
T 109.641 <0.001
T1 38 (27.7%) 2087 (33.6%) 3955 (34.6%)
T2 15 (10.9%) 780 (12.5%) 1471 (12.9%)
T3 62 (45.3%) 2270 (36.5%) 4638 (40.6%)
T4 22 (16.1%) 1083 (17.4%) 1364 (11.9%)

60



J. Pers. Med. 2023, 13, 468

Table 1. Cont.

ADSC SCC ADC »
(N =137) (N = 6220) (N = 11,428) X P-Value
N 18.875 0.016
NO 56 (40.9%) 3023 (48.6%) 5258 (46.0%)
N+ 81 (59.1%) 3197 (51.4%) 6170 (54.0%)
M 71.458 <0.001
MO 98 (71.5%) 5048 (81.2%) 8653 (75.7%)
M1 39 (28.5%) 1172 (18.8%) 2775 (24.3%)
Note: Compared with the SCC group, ADSC group ? P < 0.05; compared with the ADC group, ADSC group
b P <0.05.
Table 2. Demographic and clinical characteristics of the three groups after PSM (N (%)).
ADSC (N =137) SCC (N =137) ADC (N =137) X2 P
Sex 2.450 0.294
Female 31 (22.6%) 33 (24.1%) 23 (16.8%)
Male 106 (77.4%) 104 (75.9%) 114 (83.2%)
Age 2.187 0.335
<65 years 57 (41.6%) 68 (49.6%) 58 (42.3%)
>64 years 80 (58.4%) 69 (50.4%) 79 (57.7%)
Surgery 4.541 0.604
None 89 (65%) 94 (68.6%) 85 (62%)
Local treatment 1(0.7%) 1(0.7%) 0 (0%)
Surgical resection 46 (33.6%) 42 (30.7%) 52 (38%)
Unknown 1 (0.7%) 0 (0%) 0 (0%)
Radiotherapy 4.036 0.401
No 41 (29.9%) 32 (23.4%) 41 (29.9%)
Yes 95 (69.3%) 105 (76.6%) 96 (70.1%)
Unknown 1 (0.7%) 0 (0%) 0 (0%)
Chemotherapy 3.602 0.165
No 42 (30.7%) 32 (23.4%) 29 (21.2%)
Yes 95 (69.3%) 105 (76.6%) 108 (78.8%)
Marital status 5.799 0.215
Unmarried 62 (45.3%) 64 (46.7%) 52 (38%)
Married 72 (52.6%) 71 (51.8%) 85 (62%)
Unknown 3(2.2%) 2 (1.5%) 0 (0%)
Grade 10.387 0.109
I 0 (0%) 0 (0%) 4 (2.9%)
I 20 (14.6%) 28 (20.4%) 28 (20.4%)
I-1v 96 (70.1%) 90 (65.7%) 87 (63.5%)
Unknown 21 (15.3%) 19 (13.9%) 18 (13.1%)
Location 23.427 0.001°
Upper thoracic esophagus 4 (2.9%) 8 (5.8%) 1 (0.7%)
Middle thoracic esophagus 34 (24.8%) 39 (28.5%) 17 (12.4%)
Lower thoracic esophagus 92 (67.2%) 84 (61.3%) 117 (85.4%)
unknown 7 (5.1%) 6 (4.4%) 2 (1.5%)
T 6.892 0.331
T1 38 (27.7%) 46 (33.6%) 41 (29.9%)
T2 15 (10.9%) 16 (11.7%) 10 (7.3%)
T3 62 (45.3%) 54 (39.4%) 72 (52.6%)
T4 22 (16.1%) 21 (15.3%) 14 (10.2%)
N 3.683 0.451
NO 56 (40.9%) 59 (43.1%) 60 (43.8%)
N1 3(2.2%) 0 (0%) 1 (0.7%)
N2 0 (0%) 0 (0%) 0 (0%)
N3 78 (56.9%) 78 (56.9%) 76 (55.5%)
N+ 0 (0%) 0 (0%) 0 (0%)
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Table 2. Cont.

ADSC (N =137) SCC (N =137) ADC (N =137) x2

M 3.992
MO 98 (71.5%) 110 (80.3%) 97 (70.8%)
M1 39 (28.5%) 27 (19.7%) 40 (29.2%)

0.136

Proportion(%)

1.000 -

0.900 -

0.800 -

0.700

=)
b=
=]

=
s
S
=)

=]
B
=]
=]

0.300 -

0.200

0.100

0.000

Note: Compared with the ADC group, ADSC group ° P < 0.05.

3.2. Proportion of ADSC

The proportion of ADSC in the entire cohort was 0.7 per 100 patients and decreased
from 2004 to 2018 (Figure 2; 0.834 per 100 patients (95% CI 0.005-0.012) in 2004; 0.548 per
100 patients (95% CI 0.003-0.008) in 2018). Among the 44,948 cases in the EC cohort, the
largest proportion of ADC showed a continuous increase year by year, with a slow decrease
in the proportion of SCC (Figure 3). Multivariable logistic regression indicated that the
proportion of ADSC presented a declined trend over the year (Table 3; adjusted RR = 0.972,
95% C10.947-0.998, P = 0.037). In addition, linear regression analysis led to the same results
(R=0.578, P < 0.05). In addition, the high incidence rate among Caucasians was significant
(adjusted RR =1.461, 95% CI 1.045-2.044, P = 0.027).

== ADSC
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2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Time(Year)

Time(Year)

2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
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18
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0.003-0.008

Figure 2. The proportion of esophageal adenosquamous carcinoma over time in the 44,948 patients
with esophageal cancer.

Table 3. The results of multivariable logistic regression analyses.

Multivariable Analysis

RR 95% CI P-Value
Sex (male =1 vs. female = 0) 1.115 0.838-1.484 0.455
Year of diagnosis (continuous) 0.972 0.947-0.998 0.037
Age (<65 years = 0 vs. >65 years = 1) 0.910 0.722-1.147 0.424
Race (Caucasians = 1 vs. others = 0) 1.461 1.045-2.044 0.027

Note: The results of multivariable analysis were adjusted for other confounding factors, such as sex, age, and
race/ethnicity. RR: risk ratio; CI: confidence interval. The logistic regression method was Enter selection.
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Figure 3. The crude incidence rate of three different pathological types of esophageal cancer over
time in 44,948 patients.

3.3. Survival Analysis of Histology Classification

Our results showed that the survival rate of EC was at a low level. We found no signif-
icant difference in survival between the ADSC group and the more common histological
classification of EC in the results of the multivariable analysis before PSM. Patients with
SCC (unadjusted HR = 1.081, P < 0.05) had a worse prognosis than patients with ADC. The
unadjusted survival curves were consistent with these results (Figure 4A). After PSM, data
analysis showed that the median survival time of ADC, SCC, and ADSC was 15 months
(95% CI 11.0-20.0 months), 12 months (95% CI 10.0-15.0 months), and 11 months (5% CI
9.0-13.0 months), respectively. Besides, further analysis found that the survival rate of
patients with ADSC (PSM-adjusted HR = 1.497, P = 0.007) was lower than that of patients
with ADC (Figure 4B). We found that the SCC group had a higher survival rate than the
ADSC group, but the difference was not statistically significant (PSM-adjusted HR = 1.249,
P =0.127; Figure 4C). The PSM-adjusted survival curve was consistent with these results.
We performed survival analysis again using the pre-deletion data and obtained results that

were generally consistent with our selection of patients by condition (see Supplementary
Figure S1).
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Figure 4. (A) The unadjusted survival curves of different histology classifications before PSM. The
COX survival curves of EC with different histology classifications after PSM. (B) Survival comparison
between the ADC and ADSC groups. (C) Survival comparison between the SCC and ADSC groups.

3.4. Survival Analysis of Different Treatment Groups in ADSC

According to the different treatment methods, patients with ADSC were divided
into four groups: patients without surgery, radiotherapy, and chemotherapy were cate-
gorized into the untreated group (N =9), patients who only underwent surgery without
radiotherapy or chemotherapy were categorized into the surgery-only group (N = 15),
patients without surgery but radiotherapy or chemotherapy were categorized into the
chemoradiotherapy group (N = 79), and patients who underwent surgery, radiotherapy,
and chemotherapy were categorized into the combined treatment group (N = 33). Survival
analysis was performed on these four groups of patients (Figure 5). Cox survival curve
analysis showed that the survival rate of patients in the combined treatment group was
significantly higher than that in the other three groups (P < 0.001). The survival rate of
patients in the surgery-only group was higher than that in chemoradiotherapy group.
These results further confirmed that surgery combined with chemoradiotherapy has a
higher clinical application value than chemoradiotherapy alone in patients with ADSC.
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Figure 5. COX survival curves for different treatment groups of patients with ADSC.

3.5. Prognostic Analysis for ADSC

About one-third of the 137 patients with ADSC underwent surgery. The number of
patients who received radiation therapy was 95 (69.3%), the same as those who received
chemotherapy. The relationship between clinicopathological features and prognosis is pre-
sented in Table 4. Among them, surgical resection, radiotherapy, and chemotherapy could
significantly improve the outcomes of patients (adjusted HR = 0.326, 95% CI 0.168-0.631,
P =0.001; adjusted HR = 0.532, 95% CI 0.299-0.949, P = 0.032; and adjusted HR = 0.409,
95% CI1 0.215-0.777, P = 0.006, respectively). By adjusting for confounders, we identified
surgical resection, radiotherapy, and chemotherapy as independent prognostic factors
(Table 4). In addition, there were no significant differences in mortality by patients’ sex,
age, marital status, tumor differentiation, location of the tumor, and TNM classification in
both univariable and multivariable analyses (all P > 0.05). The results of the Cox survival
analysis of the 380 patients with ADSC before censoring were consistent with those after
screening (see Supplementary Table S1).

Table 4. Univariable and multivariable Cox proportional hazard regression analyses for mortality in

137 patients with ADSC.
Univariable Analysis Multivariable Analysis
Variables
HR 95% CI P HR 95% CI P
Sex
Female 1 Reference 1 Reference
Male 0.952 0.600-1.509 0.833 1.010 0.595-1.717 0.969
Age
<65 years 1 Reference 1 Reference
>64 years 0.951 0.641-1.409 0.801 0.742 0.477-1.153 0.184
Surgery
None 1 Reference 1 Reference
Local treatment 1.428 0.197-10.361 0.725 3.930 0.352-43.871 0.266
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Table 4. Cont.

Univariable Analysis Multivariable Analysis
Variables
HR 95% CI P HR 95% CI P
Surgical resection 0.419 0.269-0.653 0 0.326 0.168-0.631 0.001
Unknown 0.596 0.082-4.315 0.608 0.127 0.006-2.738 0.188
Radiotherapy
No 1 Reference 1 Reference
Yes 0.656 0.430-1.002 0.051 0.532 0.299-0.949 0.032
Unknown 7.593 0.977-59.007 0.053 3.703 0.407-33.716 0.245
Chemotherapy
No 1 Reference 1 Reference
Yes 0.627 0.408-0.965 0.034 0.409 0.215-0.777 0.006
Marital status
Unmarried 1 Reference 1 Reference
Married 0.709 0.476-1.057 0.092 1.016 0.618-1.672 0.949
Unknown 1.228 0.296-5.086 0.777 4.436 0.492-39.950 0.184
Grade
I 1 Reference 1 Reference
-1V 1.070 0.602-1.903 0.818 0.994 0.515-1.918 0.986
Unknown 1.510 0.732-3.111 0.264 1.172 0.520-2.643 0.701
Location
Upper thoracic esophagus 1 Reference 1 Reference
Middle thoracic esophagus 0.523 0.181-1.509 0.231 0.928 0.234-3.683 0.915
Lower thoracic esophagus 0.490 0.178-1.353 0.169 1.023 0.262-3.993 0.974
Unknown 0.556 0.156-1.985 0.366 0.920 0.176-4.805 0.921
T
T1 1 Reference 1 Reference
T2 0.997 0.492-2.020 0.993 1.793 0.798-4.029 0.158
T3 0.674 0.416-1.092 0.109 1.048 0.598-1.835 0.871
T4 1.488 0.817-2.708 0.193 1.474 0.716-3.034 0.292
N
NO 1 Reference 1 Reference
N1 3.560 1.073-11.810 0.038 1.119 0.206-6.079 0.896
M
MO 1 Reference 1 Reference
M1 2.106 1.374-3.228 0.001 1.372 0.776-2.425 0.277

4. Discussion

ADSC is a relatively rare tumor. Besides, there is a lack of research to inform treatment
recommendations and prognostic assessments for patients with ADSC. We used a large
database to investigate the clinicopathological characteristics and prognostic factors of
patients with ADSC. In addition, the patient outcomes for different treatment modalities
are of great interest to clinicians in developing treatment plans and assessing prognosis.
In this study, we used the data of 44,948 patients with EC to calculate the proportion
of ADSC cases. The proportion of ADSC was 0.7% in our study, and the proportion of
ADSC was on the decline between 2004 and 2018. Besides, 137 patients with ADSC were
included in baseline characteristics analysis and further Cox regression analyses. According
to the results, the survival rates in ADSC were similar to those in SCC but significantly
lower than those in ADC. Gender, age, grade, and marital status were not independent
protective prognostic factors for ADSC. By adjusting for confounders, surgical resection,
radiotherapy, and chemotherapy were identified as independent prognostic factors. In
addition, combined treatment with surgery was more effective than other treatment options
in improving the survival rate. Therefore, we believe that comprehensive treatment based
on surgical resection is the optimal treatment for some patients with ADSC.

The prognosis of esophageal malignant tumors is poor. Because their symptoms are
hidden, most patients are already in the middle and late stages of clinical treatment. In
this study, the disease of most patients was in the medium or low differentiation level,
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and more than half of them had metastasis of the lymph nodes. For patients with this
disease staging, surgical treatment is often not recommended, which leads to the 5-year
survival rate of the patients being less than 20% [14]. At present, ESCC mainly occurs
in two-thirds of the stratified squamous epithelium of the esophagus. Histopathology
can observe squamous differentiation of the esophageal epithelium; damage to basal and
underlying structures; and matrix reactions, vascular lymphatic vessels, and peripheral
nerves [15]. EC is common in men. A previous study found that sex hormone levels may
be a factor affecting the gender difference in EC incidence [16]. In addition, EC is directly
related to alcohol and tobacco consumption. Long-term tobacco and alcohol stimulation
changes the tissue microenvironment, which can greatly increase the risk of cloning and
evolution of cancer cells [17]. ADC usually occurs in the lower third of the esophageal
mucosa, mainly originating from the Barrett mucosa. Since the 1970s, the incidence of
ADC in Europe and the United States has gradually increased. One of the reasons may be
the increase in the proportion of people with obesity, which increases the prevalence of
gastroesophageal reflux. The lower esophageal mucosa is in a low-pH environment for a
long time, and the risk of ADC also increases [2]. ADSC is more invasive than epidermal
cancer, with a spread of more than 75% in local lymph nodes, distant metastasis of more
than 25%, and a 5-year survival rate of 15-25% [15]. In fact, regardless of histology, the
prognosis level of esophageal cancer is unsatisfactory. Only about 20% of patients can
survive for 3 years or more after diagnosis [18]. Therefore, primary prevention and early
diagnosis of EC require successful strategies. Primary prevention of EC mainly involves
lifestyle changes, such as avoiding smoking and drinking alcohol; secondary preventions,
such as endoscopy monitoring programs and chemical prophylaxis, are equally important.

ADSC is a special mixed cell type of EC and a comparatively scarce pathological type
of EC, which means that the cancer tissue incorporates both SCC and ADC components.
Due to the extremely low incidence of ADSC, most of the current studies on ADSC are
isolated case reports or clinicopathological series reports [19-22]. However, the specific
incidence and prognostic characteristics of ADSC in different countries or regions are not
well described. According to the current literature, the proportion of ADSC is between
0.37 and 1% [23]. This study showed that the number of ADSC cases account for about
0.7% (300/44,948) of primary EC, which is basically consistent with literature reports.
Furthermore, the proportion of ADSC in the entire EC alignment decreased from 2004 to
2018. The promotion of computed tomography and upper gastrointestinal endoscopy may
have contributed to the decline in the overall trend [24-27].

However, the accuracy of upper gastrointestinal endoscopic biopsy in diagnosing
ADSC is low. Preoperative endoscopic biopsy just diagnosed 1 (4.2%) case of ADSC in
the study by Sun et al. [28]. Most patients were diagnosed with SCC on preoperative
biopsy [20,29]. This might be because the SCC component was located in the mucosa, while
the ADC component was mainly located in the deeper region of the tumor or in metastatic
lymph nodes [23]. Another important reason was that almost all ADSCs were covered
by normal epithelial cells or intraepithelial neoplasia [30]. A combination of magnifying
endoscopy with narrow-band imaging (ME-NBI), endoscopic ultrasonography (EUS), and
deeper biopsy potentially improves preoperative diagnostic accuracy [31].

At present, due to a lack of cases, there is no large sample of prospective randomized
control results to clarify the biological characteristics and prognosis of ADSC, and there
is also disagreement about the survival and prognosis in ADSC. Existing studies are
controversial in comparing the prognosis in ADSC, ADC, and SCC. ADSC has been proven
to be more aggressive than ADC and SCC alone, with a high rate of lymph node metastasis
and inferior prognosis [21,32]. Most of the previous studies have found that the OS of
patient with ADSC is worse than that of patient with ADC or SCC [19,33]. Data from Evans
et al. showed that the 2- and 5-year OS rates in ADSC are 23.8 and 12.8%, respectively,
which is lower in ADC and SCC [9]. Our results showed that ADSC survival is similar to
SCC survival but inferior to ADC survival. We hypothesized that although ADSC confuses
two different tumor components, the prognosis is not a general combination of the two.
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Coincidentally, Yendamuri et al. and Chen et al. reported that the prognosis of ADSC is
consistent with that of SCC [34,35]. In addition, Yachida et al. found that ADSC had better
prognosis than SCC in their series of 18 patients with this disease [36]. This paradoxical
result might be explained by the fact that the ADSC tumors included were early tumors
with a low T status. Another possibility is that due to the small number of ADSC cases,
there was selection bias of clinical factors, and sample size analysis needs to be further
expanded to improve the accuracy.

Surgery, radiotherapy, and chemotherapy are the main treatment approaches for
patients with EC [37,38], which were recognized as independent protective predictors of
prognosis in our results. The prognosis of patients undergoing surgery and chemotherapy
were better in both single-factor analysis and multi-factor analysis. Patients undergoing
surgical resection have a superior prognosis, which is related to the clinical stage of ADSC,
and in general, patients who get an opportunity for surgery tend to have earlier stages of
the disease. In this study, 137 patients with ADSC were analyzed, and it was found that
the prognosis was correlated with the selection of treatment methods and the difference
was statistically significant. The survival time of patients treated with surgery combined
with radiotherapy or chemotherapy was generally longer than that of patients treated
with surgery alone. This may be because ADSC easily invades the surrounding tissues
and organs, so surgical resection alone often cannot completely remove the cancer foci.
Preoperative or postoperative chemoradiotherapy may help to remove the residual lesions,
thus improving the survival time of patients. Therefore, it is believed that the preferred
treatment of ADSC should be surgery assisted with local radiotherapy or chemotherapy,
which is also a relatively recognized treatment method at present [39-41]. It is important to
note that the cloning dynamics of cancer are altered by the introduction of drugs or radiation
therapy, with consequent mass cell death, providing selective pressure on the proliferation
of mutated cells. However, many chemotherapy drugs are genotoxic, and surviving cancer
cells may develop genetic mutations that increase their fitness and malignancy potential.
In addition, in recent years, drugs targeting the immune checkpoint mechanism are a
new and widely used and effective means [42,43]. A large number of studies have shown
that immunotherapy is effective for EC, a tumor with a high mutation burden, and has
now become another effective treatment method for middle and advanced esophageal
malignancies after surgical resection, radiotherapy, and chemotherapy.

Recent studies have reported that lymph node metastasis is the exclusive independent
prognostic factor for ADSC [29,44]. In 2016, Qian et al. believed that after correcting the
interference of other mixed factors, a higher combined stage, a frequent lymph node metas-
tasis rate, and higher distant metastasis are associated with poor prognosis of ADSC [33].
Contrary to the findings of this previous study, our series did not find the tumor location,
TNM stage of the tumor, and tumor grade affecting the prognosis of ADSC. The reason
may be that some data were limited by the availability of the database. On average, 5.1%
of cancers were classified as overlapping or unspecified locations and 15.3% of the patients
were not clearly graded. Another reason is that the sample size included was relatively
small, and the baseline level of included cases was uneven.

Our research still leaves something to be desired. First, we could not obtain some
crucial information, such as distant metastases, the serous membrane invasion area, and the
tumor infiltration depth, because we could not obtain exhaustive data of esophagoscopy
and computerized tomography examination from the SEER database. Therefore, we did
not conduct an in-depth classification and evaluation of ADSC. Second, this study lacked
specific diagnosis and treatment information. We only compared the prognosis after surgi-
cal resection, radiotherapy, and chemotherapy, and the exact combination and sequence of
treatments are unclear. Finally, since this study was retrospective, expanding the sample
size analysis is required to further explore and verify the incidence, clinicopathological
features, diagnosis, and prognostic factors of patients with ADSC.
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5. Conclusions

ADSC is a special type of tumor different from SCC and ADC, and its prognosis is
similar to that in SCC but significantly lower than that in ADC. Surgery, radiotherapy,
and chemotherapy can improve the prognosis of patients. Comprehensive treatment with
surgery as the main treatment is more beneficial for some patients. Further large-scale or
multi-center randomized prospective trials are required to explore the biological behavior
of esophageal ADSC, improve the accuracy of early diagnosis, and set more effective
diagnostic guidelines and therapeutic strategies.
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Abstract: Background: Rectal prolapse (RP) predominantly affects women over the age of 50 and
presents as mucosal, internal, or full thickness prolapse. Strangulated rectal prolapse requires im-
mediate medical intervention, and surgical treatment options include both abdominal and perineal
approaches. We aim to present a case series of perineal rectosigmoidectomy performed urgently due
to strangulation and argue that Altemeier’s procedure is the preferred method for treating strangu-
lated rectal prolapse. Methods: Perineal rectosigmoidectomy, particularly Altemeier’s procedure,
is effective for incarcerated cases. Altemeier’s procedure with diverting ileostomy was used in all
three patients. Results: All patients were successfully treated, with no recurrence of prolapse and
stool incontinence. Conclusions: Altemeier’s procedure is ideal for the treatment of strangulated
rectal prolapse.

Keywords: rectal prolapse; incarcerated; perineal rectosigmoidectomy; Altemeier’s procedure

1. Introduction

Rectal prolapse is an uncommon condition that occurs more frequently in women
after the fifth decade. A strangulated (or incarcerated) rectal prolapse refers to a condition
in which the full thickness prolapsing rectum cannot be manually repositioned. Unlike
reducible prolapse, which can be pushed back into place, a strangulated prolapse remains
extended, leading to mucosal or full thickness ischemia and resulting in septic complica-
tions. This condition requires immediate surgical intervention [1,2]. Surgical treatment
options include both abdominal and perineal approaches [3]. Altemeier’s procedure is
considered the preferred technique for treating strangulated rectal prolapse [1-3]. Here,
we aim to present three cases of strangulated rectal prolapse treated at our hospital with
Altemeier’s procedure, along with a literature review.

2. Description of Surgical Technique

Rectal prolapse can manifest clinically as mucosal prolapse (partial or pseudoprolapse),
internal prolapse (rectal intussusception), or full thickness prolapse.
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Various techniques have been proposed for the treatment of rectal prolapse, including
abdominal approaches (Ripstein, Wells, and Orr-Loygue) and perineal procedures (Al-
temeier, Delorme, and Thiersch). Additionally, laparoscopic and open techniques have
been developed, with or without the use of mesh. The choice of surgical method should
be tailored to each patient’s specific condition and the extent of rectal prolapse. Perineal
procedures are often performed under regional anesthesia. They are associated with lower
morbidity and mortality, although they may have higher recurrence rates. Altemeier’s
procedure typically involves perineal rectosigmoidectomy combined with anterior leva-
torplasty, which addresses the separation of the levator muscles seen in this condition,
theoretically improving fecal continence [3-5]. Preoperatively, the large intestine is me-
chanically cleansed one day one day before surgery. The patient is positioned in the prone
jackknife or Lloyd-Davies position, and a Foley catheter is inserted immediately after
caudal anesthesia. Patients receive routine antibiotic prophylaxis.

During surgery, the prolapsed rectal mucosa is gradually grasped with Babcock
or Allis clamps until the full-thickness prolapse is exposed, with eversion of the dental
line. A circumferential incision is made 1.5 cm above the dentate line to achieve tissue
dissection. The anterior peritoneal reflection is then incised to access the peritoneal cavity.
The mesentery of the rectum and sigmoid colon is systematically clamped and ligated,
and the mesenteric vessels are coagulated before removing the excess bowel. Optionally,
the surgeon may perform anterior and posterior levatorplasty using separate 2-0 non-
absorbable sutures to address the levator ani diastasis. The colon is then excised, and a
coloanal anastomosis is created using interrupted sutures or staples. A protective ileostomy
may also be performed, depending on the viability of the anastomosis.

3. Case Report

We present three cases of strangulated rectal prolapse using Altemeier’s procedure in
an emergency setting:

Case 1: A 62-year-old male, a long-distance swimmer, presented with severe pain and
a full-thickness incarcerated prolapse, showing signs of ischemia (Figure 1). Symptoms had
begun earlier that day. The patient had a history of three previous hemorrhoidectomies and
a lateral internal sphincterotomy for an anal fissure. The prolapse occurred five hours prior
during defecation. An Altemeier procedure with a prophylactic ileostomy was performed
under epidural anesthesia. The postoperative course was uneventful (Clavien-Dindo
Classification: Grade 0), and the patient was discharged five days later. Ileostomy reversal
was performed six months later. No levatorplasty was performed.

Case 2: An 83-year-old female presented with a 20 cm full-thickness rectal prolapse,
which she had been managing for the past five years. Initially, the prolapse was mechani-
cally reducible, but over time, it progressively increased in length and became strangulated
eight hours before admission (Figure 2). The patient had a history of three vaginal deliver-
ies. Inflammatory markers were within normal range. Conservative treatments, including
positioning the patient in the Trendelenburg position and applying granulated sugar top-
ically, were attempted but unsuccessful. A rectosigmoidectomy was required, and an
Altemeier procedure with a prophylactic ileostomy was performed. She was discharged
seven days later with no postoperative complications (Clavien—Dindo Classification: Grade
0). No levatorplasty was performed.

Case 3: A 43-year-old female with a prolonged history of psychiatric institutional-
ization presented with pain and an incarcerated rectal prolapse that had worsened over
the previous five days (Figure 3). The patient had a history of chronic constipation but
no pregnancies. Altemeier’s procedure with a prophylactic ileostomy was performed
under epidural anesthesia. On the fourth postoperative day, the patient developed sepsis
due to aspiration pneumonia, presenting with fever and abnormal auscultatory findings.
She recovered with antibiotic treatment (Clavien-Dindo Classification: Grade II) and was
discharged on the fifteenth postoperative day. No levatorplasty was performed.
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Figure 2. An 83-year-old female with large incarcerated prolapse.
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Figure 3. A 43-year-old female with a psychiatric background with pain and an incarcerated rec-
tal prolapse.

4. Follow-Up

Patients were scheduled for follow-up visits at 2 weeks and 3, 6, and 12 months after
ileostomy reversal to ensure proper monitoring. Additional follow-up visits were scheduled
at 24 and 36 months. Prolapse recurrence was assessed clinically, and incontinence was
measured using the Cleveland Clinic Incontinence Score after ileostomy reversal. All three
patients reported complete continence within the first 6 months after surgery. None of the
patients experienced a recurrence of prolapse or stool incontinence during the follow-up
period. To prevent incontinence, we advised all patients to perform Kegel pelvic floor
exercises three times daily after undergoing Altemeier’s procedure.

5. Discussion

The prevalence of external rectal prolapse in the general population is less than 0.5%,
with the majority of patients being women over the age of 50 [6]. Although the exact etiology
of rectal prolapse is unknown, the most widely accepted theory, supported by defecography
studies, is rectoanal intussusception [2]. Several factors appear to contribute, including
multiple childbirths, the deterioration of the rectoanal inhibitory reflex, intermittent high-
pressure rectal motor activity, anorectal sensory disorders, and pudendal neuropathy [1].
Rectal prolapse is more common among elderly patients, those with a history of vaginal
births, chronic psychiatric disorders, and Ehlers-Danlos syndrome type 2. The literature
associates rectal prolapse with age, multiparity, pelvic floor dysfunction, and perineal
injury. Anatomical abnormalities, such as loose attachment of the rectum to the sacrum, lax
lateral ligaments, a redundant sigmoid colon, a patulous anus, and diastasis of the levator
ani muscles, are also linked to the development of rectal prolapse [3].

Initially, the prolapse may descend during defecation or straining but retract sponta-
neously afterward. Patients often report feeling a mass or lump that needs to be manually
repositioned after bowel movements. Some may experience fecal incontinence caused by
the prolapse or a persistent sensation of moisture and mucus discharge in the perineal area.
A minor or spontaneously retractable prolapse can eventually progress to a chronically
prolapsed rectum, requiring manual reduction. Over time, the rectal mucosa can become
thickened or ulcerated, leading to significant bleeding. In rare cases, the prolapsed segment
may become trapped below the anal sphincter, necessitating urgent surgical intervention.

According to the latest WSES-AAST (World Society of Emergency Medicine-American
Association for the Surgery of Trauma) guidelines, the initial management of uncompli-
cated rectal prolapse involves non-operative methods, such as submucosal injection of
epinephrine or hyaluronidase, rectal insertion of hypertonic dextrose- or mannitol-treated
gauze, and elastic band wrapping, typically performed in a mildly sedated patient posi-
tioned in the Trendelenburg position. Strangulation of rectal prolapse is an uncommon
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complication, occurring in 2-4% of cases. In such instances, or when complications like
hemodynamic instability, peritonitis, gangrene, or perforation arise, prompt surgical inter-
vention through either perineal or abdominal approaches is recommended [4].

Various techniques exist for rectal prolapse repair, including abdominal and perineal
approaches. Perineal surgery is associated with a higher recurrence rate, while abdominal
surgery has a lower recurrence rate but a higher mortality risk and may be associated with
complications such as impotence and infertility [5]. Abdominal approaches include suture
rectopexy with or without resection, posterior mesh rectopexy, anterior sling (Ripstein
procedure) rectopexy, and laparoscopic rectopexy [2]. Surgical options are more challenging
in cases of incarceration due to the increased risk of anastomotic complications from bowel
edema [6]. In cases where the bowel is irreducible and ischemic, excision may be required,
which is typically achieved through a perineal approach [7]. The goal of surgery is to
excise the affected bowel and any redundant tissue to prevent recurrence, although this
can be difficult to assess, particularly when dealing with thickened, edematous tissues in
strangulated cases.

The two preferred techniques for managing strangulated prolapse are mucosal re-
section with muscular plication (Delorme) and perineal rectosigmoidectomy (Altemeier),
with younger, healthier individuals potentially benefiting from a transabdominal approach.
Delorme’s procedure is suitable when ischemia is confined to the mucosa. In our series,
all the patients presented with strangulated full-thickness rectal prolapse. In these cases,
Delorme’s procedure, although less risky in older adult patients, is not problem-solving.
For rectal prolapse repair, a perineal approach is generally favored over abdominal surgery,
particularly for older or medically complex patients, as it results in fewer postoperative
complications. One key advantage of this method is that it can be performed under epidu-
ral anesthesia, making Altemeier’s procedure especially appropriate for older patients
with significant comorbidities. Ramanujan and Venkatesh underscored the effectiveness of
perineal rectosigmoidectomy by successfully treating 8 older adult women among 70 cases
over an 8-year period [8,9]. Despite its higher recurrence rate, the perineal approach is often
preferred in older patients with comorbidities due to its lower complication rates and better
patient tolerance. It is also a viable option in irreducible cases requiring emergency surgery.

Postoperative morbidity following perineal rectosigmoidectomy has been reported
to be low, with complications occurring in only 10-12% of cases. The most serious com-
plication, anastomotic leak, is more common in cases of incarcerated prolapse due to the
presence of edema, which complicates anastomosis and increases the risk of breakdown.
The risk of anastomotic leak in elective rectosigmoidectomy is 2-6%, but this rises to 25%
in cases of incarceration [2]. Factors such as inadequate perfusion, edema, tension, and
elevated intraluminal pressure contribute to the risk of anastomotic leaks, with an inci-
dence of 10-15% in high-risk areas like the rectum and 5-10% elsewhere [10,11]. While
fecal diversion can reduce the risk of leak, it does not eliminate it entirely.

Two recent studies found partial anastomotic dehiscence and leaks in a small number
of patients undergoing perineal rectosigmoidectomy with or without diversion [12,13]. A
case series reported two patients with incarcerated prolapse, with one requiring diversion
due to concerns about mucosal necrosis; both had uneventful post-operative courses [6].
This suggests that anastomotic leaks are multifactorial and may still occur despite diver-
sion [14-16], Thus, the decision to use adjunctive ileostomy should be customized according
to the patient’s individual condition, overall health, and the specific circumstances of the
prolapse. In our case series, a diverting loop ileostomy was performed in all three cases, and
none of the patients experienced dehiscence. We used a trephine loop ileostomy technique,
accessing the abdominal cavity through a small incision, which avoided the need for a
full laparotomy. This approach is minimally invasive, and spinal anesthesia was sufficient.
Spinal anesthesia was preferred, as it avoids further strain on already compromised pa-
tients, especially given the presence of bowel strangulation and serious comorbidities. Even
when ileostomies are performed under general anesthesia, spinal anesthesia helps with
postoperative pain management. Thus, the ability to perform this perineal technique under
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spinal anesthesia remains advantageous. The decision for stool diversion was particularly
important considering the patients” poor nutritional status, as the procedure was performed
on an emergency basis in older adult patients with nutritional and psychiatric challenges.
Moreover, this method facilitates the subsequent reversal of the ileostomy and the creation
of an ileo-colonic anastomosis at a later stage.

Stool continence is another critical factor. Our patients reported intermittent inconti-
nence due to constant bowel irritation before surgery. Stool incontinence in rectal prolapse
results from the disruption and weakening of the anal sphincters and pelvic floor muscles,
as well as nerve damage and irritation from chronic prolapse. These factors impair the
ability to control stool passage and maintain continence. In all cases, continence was
restored within 3 to 6 months after the procedure.

Many studies have evaluated continence following elective Altemeier’s procedure.
The results of these studies are presented in Table 1. For this reason, perineal rectosig-
moidectomy has been modified with the addition of levatorplasty. The main reasons for
adding levatorplasty are to address the high preoperative rate of fecal incontinence and to
prevent recurrent prolapse. Chun et al. reported recurrence rates of 7.7% with levatorplasty
compared with 20.6% without it [17]. This procedure improves anal continence by restoring
the anorectal angle and offers additional benefits, such as lower short-term recurrence rates
and a longer recurrence-free interval. However, other studies suggest that levatorplasty
may not add significant value when combined with Altemeier’s procedure [18-21]. As a
team, we opted not to perform levatorplasty in some cases because the levator ani mus-
cle is often already weakened, and attempts to restore it might further compromise its
integrity, potentially worsening incontinence. Bananzadeh et al. compared the outcomes of
Altemeier’s procedure performed with and without posterior levatorplasty [22]. In their
retrospective study, they found no significant reduction in fecal incontinence with posterior
levatorplasty. The pathophysiology of incontinence related to rectal prolapse involves
pelvic muscle relaxation, pudendal nerve paralysis, and sphincter relaxation. Therefore,
we believe that postoperative muscle training, biofeedback, and nerve stimulation may be
more beneficial than levatorplasty in improving patient outcomes. These treatments have
been used successfully for incontinence improvement in the past [23-25].

The relationship between sphincterotomy in one of our patients and rectal prolapse
is not definitively proven. The internal sphincter contributes approximately 25-30% to
the continence mechanism [19,20]. In the first case, in which the patient had previously
undergone internal sphincterotomy, attempting to surgically restore the internal sphincter’s
anatomy would likely not have significantly affected the patient’s continence. Our approach
is to follow up postoperatively and, in cases of severe incontinence, assess the sphincter
mechanism using manometry, endoscopic ultrasound, and MRI, and then decide whether
anatomical restoration is warranted. The authors suggest that internal sphincter restoration
would not benefit neither the continence nor the recurrence rates.

Recurrence rates are generally higher with the perineal approach (up to 20% after Alte-
meier’s procedure and up to 30% after Delorme’s) than with the abdominal approach [16].
According to the literature [7], several technical factors play a significant role. Kim et al.
found that patients who underwent stapled anastomosis had a significantly higher re-
currence rate than those with hand-sewn anastomosis [26]. Additionally, patients with
a shorter length of resected tissue were at greater risk of relapse than those with longer
resections. Furthermore, having a prolapse for more than six months prior to surgery was
associated with a higher risk of recurrence, although this increase was not statistically
significant [26]. Several studies indicate that recurrence is linked to factors such as the
length of bowel resected, the surgeon’s level of experience, and the type of anastomosis
performed [19,27,28]. In our opinion, attempting to repair the internal sphincter may
compromise the sphincter mechanism more than it would benefit continence or reduce
recurrence. While the literature identifies various factors contributing to recurrence, many
of these are unrelated to the sphincter mechanism. Thus, we believe that repairing the inter-
nal sphincter would not significantly reduce the risk of recurrence. Recurrence following
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Altemeier’s procedure typically depends on technical fouls, and the majority of recurrences
present in the first year following the operation. The most common cause of recurrence is
excision of inadequate sigmoid resection. In these cases, the spare mobile sigmoid colon
prolapses again and results in early recurrence. In our series, the follow-up was 36 months,
which is considered a sufficiently safe time frame to make conclusions about recurrences
related or unrelated to technical errors.

All techniques for the restoration of rectal prolapse, whether perineal or abdominal,
carry recurrence rates ranging between 0-30% [16,29,30]. Altemeier’s procedure does not
directly affect the internal sphincter or pelvic floor muscles, but it can alleviate constipa-
tion by removing the redundant sigmoid colon. However, the underlying causes of pro-
lapse often remain, and perineal techniques are generally associated with higher—though
acceptable—recurrence rates. The literature links recurrence more to technical factors
than physiological ones [19,27,28]. It is important to note that our case series involves
strangulated rectal prolapse with ischemic bowel, which made the abdominal approach
unsuitable. Our primary goal was to salvage the remaining colon, as Altemeier’s procedure
was performed as an emergency. In this context, recurrence was a secondary concern.

Incorporating laparoscopy into the perineal approach for rectal prolapse is an in-
novative technique. It aids in evaluating the length of the sigmoid, facilitates colonic
mobilization, and ensures thorough excision of redundant bowel. By directly assessing
bowel length and redundancy, laparoscopy helps the surgeon determine the necessary
extent of resection [15]. However, laparoscopy is contraindicated in cases of strangulation,
as attempting to reduce ischemic or necrotic bowel back into the abdominal cavity can lead
to infection spread and sepsis due to compromised tissue.

Most of the articles published regarding Altemeier’s procedure, as shown in Table 1,
either do not specify the type of prolapse (whether chronic or acutely complicated by
incarceration and strangulation) or refer to elective surgeries. In the context of incarcerated
prolapse, surgical treatment options are extremely limited, and the literature suggests that
the ideal approach is Altemeier’s procedure [8,31]. Altemeier’s procedure is typically pre-
ferred for patients with comorbidities because it can be performed under spinal or regional
anesthesia, avoiding the need for laparotomy and allowing for quicker recovery and earlier
mobilization [21]. Altemeier’s procedure is typically preferred for patients with comorbidi-
ties because it can be performed under spinal or regional anesthesia, avoiding the need
for laparotomy and allowing for quicker recovery and earlier mobilization [18,21,27,32,33].
By contrast, abdominal repair requires general anesthesia and poses the risk of pelvic
adhesions, which may compromise fertility in young women and cause impotence in men.
There is also the risk of anastomotic leakage if a resection rectopexy is performed, though
resections are now rarely performed [34]. The minimally invasive nature of Altemeier’s
procedure and its ability to be repeated without significantly increasing the risk of com-
plications make it an ideal choice for patients with strangulated prolapse and those with
comorbidities [21].

Most studies focus on patients undergoing rectosigmoidectomy in an elective setting,
as strangulation is a rare complication. When the prolapsed bowel becomes incarcerated
or gangrenous and cannot be repositioned using standard methods, surgical intervention
becomes an emergency, as was the case for our patients. Immediate surgery is crucial
to prevent compromising bowel viability, as gangrene significantly increases the risk of
complications and mortality [5]. Altemeier’s procedure remains the gold standard for treat-
ing incarcerated prolapse, surpassing abdominal approaches since necrotic bowel cannot
be returned to the abdominal cavity and requires full-thickness resection. Additionally,
the perineal approach avoids the use of mesh, reducing the risk of infection at a new site.
As noted earlier, perineal procedures are particularly suitable for high-risk patients. An
abdominal surgery to remove the affected segment would likely require a colostomy and
would carry higher risks for these already compromised patients.

Apart from those presented in Table 1, there are several case reports in the literature
regarding the treatment of strangulated prolapse using Altemeier’s technique. Voulimeneas
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et al. reported a complicated case of gangrenous rectal prolapse treated with Altemeier’s
procedure and prophylactic ileostomy [5], while Nguyen et al. successfully treated two
cases of irreducible incarcerated prolapse with perineal rectosigmoidectomy, one of which
required fecal diversion [35]. Cernuda et al. found no recurrence of prolapse six months
after performing Altemeier’s procedure with loop ileostomy [9]. Recent case reports also
demonstrate positive outcomes in treating strangulated rectal prolapse using Altemeier’s
technique, further underscoring its effectiveness [36-38].

Our study, while limited by its retrospective design and small sample size, addresses
the rare emergency of rectal prolapse complicated by strangulation. The design of an RCT
or a meta-analysis is difficult, considering the rarity of strangulated cases. The available
literature on this condition is sparse, and most studies in our literature review focus on
elective Altemeier’s procedures. For this reason, our sample is very specific, and to our
knowledge, there are no systematic reviews or larger studies regarding the management of
strangulated rectal prolapse specifically. Furthermore, since our cases involved strangulated
prolapse, abdominal procedures were not a viable option, precluding a comparison of
approaches. When strangulation and ischemic bowel are present, there is an indication for
Altemeier’s technique [1,2,5-9,31]. The goal of this study was to present the outcomes of
our case series involving three patients who underwent urgent Altemeier’s procedures
due to strangulation. There is limited evidence regarding outcomes with other techniques
in cases of strangulation, but individual case reports support our view that Altemeier’s
technique is the ideal treatment for this rare emergency.

Table 1. Literature review of results after Altemeier’s Procedure.

Authors N Study Levatorplasty Inc.;ri‘e;:)ated Mm;tozl)ity # Conti/zlence Cons:/(i)pation Re;u(f)ze)nce FOIIJII:W-

Months
Johansen et al., 1993 [39] 20 Not stated No No 1(5) 21 Not stated 0 26
Ramanujam et al., 1994 [40] 72 Not stated No 9 (13) 0 67 Not stated 4 (6) 120
Deen et al., 1994 [41] 10 Prospective No No 0 80 Not stated 1(10) 18
Agachan et al., 1997 [29] 32 Retrospective No No 0 + Not stated 4(13) 30
Takesue et al., 1999 [31] 10 Not stated Yes (7) Not stated 0 + Not stated 0 42
Kim et al. 1999 [28] 183 Retrospective No Not stated Not stated 53 61 (+) 29 (16) 47
Kimmins et al. 2001 [21] 63  Retrospective Yes (29) 4(6) 0 87 31.7 4(6.3) 21
Zbar et al., 2002 [42] 80  Retrospective Yes Not stated 0 100 Not stated 3(3.8) 22
Chun et al., 2004 [17] 109  Retrospective Yes Not stated 0 100 Not stated 18 (16.5) 29
Habr gama et al., 2006 [43] 44 Retrospective Yes Not stated 0 85 Not stated 3(7.1) 49
Boccasanta et al., 2006 [44] 40 RTC Yes Not stated Not stated 100 Not stated 5(12.5) 28
Altomare et al., 2009 [16] 93 Retrospective No Not stated 0 47 + 5 (25) 41
Cirocco WC 2010 [27] 103 Not stated Yes Not stated 0 85 94 (+) 0 43
Ris et al., 2011 [18] 60 Not stated Yes Not stated 1.6 62 Not stated (14) 48
Senapati et al., 2013 [33] 102 RTC Not stated Not stated 2) (+) Not stated 24 (24) 60
Kim et al., 2014 [26] 63  Retrospective Yes (33) Not stated (1.6) Not stated Not stated 8 (12.7) 33
Trompeto et al., 2019 [45] 43 Retrospective Yes (21) Not stated 0 No change (+) (40) 49
Boccasanta et al., 2021 [30] 130  Retrospective Yes Not stated 4(3.1) (+) (+) 27 (20.8) 82

#: absolute number; (+): favorable results but no specified percentage.

6. Conclusions

In conclusion, perineal rectosigmoidectomy stands as a viable treatment option for
incarcerated and strangulated rectal prolapse, offering low mortality and acceptable re-
currence rates. The literature, as well as our experience, emphasizes the importance of
early surgical intervention, particularly in cases of strangulated rectal prolapse complicated
by necrosis. This underscores the value of perineal proctosigmoidectomy in addressing
this rare surgical emergency. Overall, Altemeier’s procedure is ideal for the treatment of
strangulated rectal prolapse.
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Abstract: Background: The intestinal wound healing process is a complex event of three overlapping
phases: exudative, proliferative, and remodeling. Although some mechanisms have been extensively
described, the intestinal healing process is still not fully understood. There are some similarities
but also some differences compared to other tissues. The aim of this systematic review was to
summarize all studies with knockout (KO) experimental models in bowel anastomoses, underline
any recent knowledge, and clarify further the cellular and molecular mechanisms of the intestinal
healing process. A systematic review protocol was performed. Materials and methods: Medline,
EMBASE, and Scopus were comprehensively searched. Results: a total of eight studies were in-
cluded. The silenced genes included interleukin-10, the four-and-one-half LIM domain-containing
protein 2 (FHL2), cyclooxygenase-2 (COX-2), annexin Al (ANXA-1), thrombin-activatable fibrinol-
ysis inhibitor (TAFI), and heparin-binding epidermal growth factor (HB-EGF) gene. Surgically, an
end-to-end bowel anastomosis was performed in the majority of the studies. Increased inflammatory
cell infiltration in the anastomotic site was found in IL-10-, annexin-A1-, and TAFI-deficient mice
compared to controls. COX-1 deficiency showed decreased angiogenesis at the anastomotic site.
Administration of prostaglandin E2 in COX-2-deficient mice partially improved anastomotic leak
rates, while treatment of ANXA1 KO mice with Ac2-26 nanoparticles reduced colitis activity and
increased weight recovery following surgery. Conclusions: our findings provide new insights into
improving intestinal wound healing by amplifying the aforementioned genes using appropriate gene
therapies. Further research is required to clarify further the cellular and micromolecular mechanisms
of intestinal healing.

Keywords: knockout genes; anastomosis; rat; surgery; intestinal wound healing

1. Introduction

Anastomosis construction is considered one of the most crucial steps in gastrointestinal
(GI) surgery. An anastomotic leak is a potentially fatal complication, resulting in higher
reoperation rates as well worse prognosis, with increased morbidity and mortality [1-3].
Furthermore, apart from the physical and psychological burden, an anastomotic leak
represents a significant economic burden for healthcare facilities, mainly due to prolonged

J. Pers. Med. 2024, 14, 553. https://doi.org/10.3390/jpm14060553 83 https:/ /www.mdpi.com/journal /jpm



J. Pers. Med. 2024, 14, 553

hospital stay [4]. Despite progress in GI surgery techniques and materials, GI anastomoses
currently present high leakage rates; up to 4% for ileocolic, 18% for colorectal, and 19%
for coloanal anastomoses [5]. The problem is exacerbated in patients with inflammatory
diseases, sepsis, malnutrition, or in those receiving steroids, immunosuppressives, and
neoadjuvant radio-chemotherapy [6].

There are three phases of intestinal wound healing, including inflammation, prolif-
eration, and remodeling, which partly occur simultaneously. The inflammatory phase
begins immediately after injury, in which leukocytes infiltrate the submucosa along with
accompanying oedema. This process lasts for two weeks, initially with a neutrophil-rich
acute response which slowly changes into a chronic macrophage response. Fibroblast and
smooth muscle cell proliferation lead to small amounts of collagen formation in order to
initially strengthen the anastomosis. Mucosal resurfacing starts early and is completed
within one week. Remodeling starts after one week through additional collagen formation
and substitution of the already existing collagen with stronger types of collagen. However,
the architecture of muscularis mucosa and muscularis propria remains irregular compared
to healthy tissue [7].

Intestinal anastomosis healing follows a process quite similar to that encountered
in other tissues, with some remarkable differences. The rate of healing in the GI tract is
rapid (weeks), whereas in the skin it is more prolonged (months) [8]. The serosa in the GI
tract give additional healing strength. The shear stress in the GI tract is increased due to
intraluminal bulk transit and peristalsis. GI healing bears a high aerobic and anaerobic
bacterial load while skin only has aerobic bacteria. A study from Wahl et al. showed that
E. coli species’ predomination in the GI tract can produce toxins, disrupting epithelial
integrity and collagen synthesis [9]. Another difference exists in the cellular source of
collagen; fibroblasts are responsible for this in the skin, whereas smooth muscle cells are
responsible for this in the GI tissues [10]. Furthermore, there are differences in the healing
process between different sections of the GI tract. For example, collagen synthesis occurs
more rapidly in the ileum compared to the colon [8]. Small bowel anastomosis strength
approaches the strength of unwounded tissue about four weeks post injury, while the large
bowel needs four months to gain only 75% of its initial strength.

Despite our knowledge of GI healing processes, there are still many molecules and
molecule interactions to be identified in order to get a complete idea of their importance
and their participation in serious complications, such as improper healing leading to
anastomotic leak. A useful tool to explore and analyze the action of certain molecules
is the use of knockout mice. Knockout (KO) mice are genetically modified laboratory
animals lacking a certain gene and its codified protein. KO mice have been increasingly
utilized in recent years to study the immunological and molecular mechanisms involved
in anastomotic would healing and interactions therein. This systematic review aims to
summarize all significant findings of KO mice experiments in GI wound healing and
potentially clarify their relationship to anastomotic leak occurrence.

2. Materials and Methods
2.1. Study Design and Inclusion/Exclusion Criteria

This systematic review was conducted according to the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines, in line with the protocol
developed and agreed a priori by all authors. Studies investigating the impact of genetic
KO mouse or rat models’ effects on bowel anastomosis integrity were deemed eligible for
analysis. Control mice or rats among the studies were animals that received no intervention,
drinking normal water, or being mentioned in the text as wild-type animals. Exclusion
criteria were as follows: (i) articles published in languages other than English, (ii) narrative
or systematic reviews and meta-analyses, (iii) case reports, errata, comments, perspectives,
letters to the editor, and editorials that did not provide any extractable data, (iv) published
abstracts with no available full text, and (v) non-comparative studies (single-arm studies).
No publication date, sample size restrictions, or any other search filters were applied.
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2.2. Search Strategy

Eligible studies were identified by searching through the MEDLINE (via PubMed),
Cochrane Library, Embase, and Scopus databases (end-of-search date: 1 October 2023).
These searches were conducted by two independent researchers. The search strategies used
were the following: (knockout) AND (anastom*). The search algorithm included all of the
available synonyms and related terms. Any disagreements were resolved by a third reviewer.
The reference lists and all previously published systematic reviews were thoroughly searched
for missed studies eligible for inclusion based on the “snowball” methodology [11].

2.3. Data Extraction

A standardized, pre-piloted form was used for data tabulation and extraction.
Two reviewers extracted the data independently, and any disagreements were identi-
fied and resolved by a third reviewer. We extracted the following data from the included
studies: study characteristics (first author, year of publication, country, and number of mice
in each group), (ii) gene characteristics (KO gene, gene function, underlying condition),
(iii) operation characteristics (method of anastomosis, suture material), and (iv) post-operative
analysis (hydroxyproline, bursting pressure, histological characteristics).

3. Results
3.1. Study Characteristics

A total of one hundred and forty studies were identified and a total of eight studies
were included for data extraction, published between 2003 and 2021 [12-19]. Two studies
were from Germany [15,16], two studies were from the USA [12,13], another two were from
the Netherlands [14,18], one was from Canada [19], and one from China [17]. All studies
included KO mouse models. A total of 767 mice were included in the review, averaging
95.9 mice per study (Table 1). A flow diagram is shown in Figure 1.

EMBASE MEDLINE Scopus
through Ovid through PubMed (n=129)
(n=161) (n=104)
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Figure 1. PRISMA flowchart.
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3.2. Experimental Animals Characteristics

Three studies used IL-10 KO mice [12,17,19]. In one of these studies, triptolide was
used to reverse the pro-inflammatory effect of IL-10 deficiency [17]. These mice subse-
quently developed Crohn’s disease as a result of IL-10 deficiency. One study modeled
Crohn’s disease by FHL?2 deletion, a multifactorial cofactor for gene transcription which neg-
atively regulates mitogen-activated protein kinase (MAPK) signaling [16]. Another study
used cyclooxygenase-2 (COX-2) KO mice mimicking a non-steroidal anti-inflammatory
drug (NSAID) effect. The result was immune modulation, myoblast proliferation, and
reduced vascular-endothelial-growth-factor- (VEGF-) induced angiogenesis [14]. One study
used annexin Al (Anxal) gene KO mice to induce inflammatory colitis by leukocyte ac-
tivation and transmigration [15]. Another study used thrombin-activatable fibrinolysis
inhibitor (TAFI) KO mice, compared to wild type (WT) mouse models, for anastomotic
studies [18]. One study used heparin-binding epidermal growth factor (HB-EGF) KO mice
for their experiments, again compared to WT mice used as control [13] (Table 1).

3.3. Operative Characteristics

The majority of studies used interrupted sutures to form an end-to-end anastomosis [12-17].
One study used continuous sutures for their end-to-end anastomosis [18] and another
study formed a side-to-side anastomosis with interrupted sutures [19]. Three studies
used 8-0 prolene for the anastomosis [14,18,19]. Two used 9-0 nylon [12,17], and one used
4-0 nylon [13]. Two studies used vicryl sutures [15,16] (Table 2).
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3.4. Histological Characteristics

All studies assessed the histological characteristics of the bowel anastomosis in gene
KO mice. In IL-10 KO mice, a study found no significant difference in collagen deposition
between IL-10 KO mice and control [19], while another study found significantly increased
collagen mRNA in IL-10 KO mice compared to WT mice. This additional collagen mRNA
translated into increased collagen deposition and fibrosis at the anastomosis [12]. The
microbiome is also likely to play a role, with reduced fibrosis in germ-free IL-10 KO mice
compared to conventional IL-10 KO mice [12], although the exact mechanisms have not
been identified. Wu et al. [17] found epithelial cell hyperplasia, mucin depletion, and crypt
abscess formation in IL-10 deficient mice at the anastomosis site and more extensively
throughout the bowel.

FHL2 KO mice demonstrated reduced submucosal collagen type I and III deposition
around the injury site, with no difference in collagen in areas of unaffected bowel com-
pared to WT mice acting as controls [16]. Inhibition of COX-2 correlated with reduced
vascularization around the anastomosis site compared to controls [14]. Annexin A1 KO
mice demonstrated a reduced histological healing score (Scored 0—4 for inflammatory cells,
angiogenesis, collagen synthesis, fibroblast ingrowth, and overall healing quality, adapted
from Phillips et al. [20]) compared to control, which was improved with the addition of
Ac2-26 nanoparticles [15]. TAFI KO mice showed no differences in granulation tissue
deposition between the KO group and WT [18]. HB-EGF KO mice showed reduced heal-
ing scores compared to WT. Transgenic (TG) HB-EGF mice, engineered to overexpress
HB-EGEF resulting in additional HB-EGF produced, showed increased collagen deposi-
tion and mature vascularization around the anastomosis site compared to WT mice [13].
Seven studies assessed inflammation differences around the anastomosis site [12-15,17-19].
IL-10 KO mouse models showed increased lymphocyte infiltration when compared to
WT mice that faced either surgical intervention or a non-operative study arm [12,17,19].
This was reversed with administration of triptolide [17]. Increased inflammation (defined
as increased numbers of morphonuclear leukocytes, lymphocytes, and macrophages on
histological analysis) was found in HB-EGF KO, compared to WT, which demonstrated
increased inflammation compared to TG HB-EGD mice [13]. Increased inflammation and
matrix metalloproteinase (MMP) expression was found in Anxal KO mice compared to
WT, with reduced inflammation upon addition of Ac2-26 nanoparticles [15]. However, no
anastomotic area inflammatory differences were noted between COX-2 KO mice and WT
mice [14]. Interestingly, Te Velde et al. [18] only found increased inflammation around the
anastomotic site in TAFI KO mice who experienced anastomotic leak, but not in other TAFI
KO mice (Table 2).

3.5. Bursting Pressure

Three studies assessed bursting pressure. Kirfel et al. [16] demonstrated a reduced
bursting pressure in FHL2 KO mice compared to control at days 2, 5, and 14, postop-
eratively. TAFI KO mice also had a reduced bursting pressure despite no granulation
tissue differences when compared to WT mice [18]. HB-EDF KO mice had reduced burst-
ing pressure compared to WT mice. TG HB-EGF mice had increased bursting pressure
when compared to WT, again correlating with collagen deposition noted on histological
analysis [13] (Table 2).

4. Discussion

Bowel resection and anastomosis represents a significant component of GI disease
surgical management. Anastomotic leak represents a severe post-operative complication,
with varying incidence up to 36% [21]. The clinical presentation of leaks varies significantly,
from low-grade fever and overall delayed recovery of the patient to severe peritonitis
and sepsis [22]. This results in longer inpatient stays, increased mortality, and higher
healthcare expenses [23-25]. Therefore, it is of utmost importance to elucidate intesti-
nal wound healing pathways in order to find ways to improve healing and reduce the
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incidence of anastomotic leaks. This systematic review identified several studies investigat-
ing the lack of the following molecules: IL-10, cyclooxygenase-2, annexin A1, TAFI, and
heparin-binding epidermal growth factor genes. Increased inflammatory cell infiltration in
the anastomotic site was found in IL-10-, annexin-A1-, and TAFI-deficient mice compared
to controls. COX-1 deficiency showed decreased angiogenesis at the anastomotic site. Our
findings provide new ways to improve intestinal wound healing through amplifying the
aforementioned genes with appropriate gene therapies. Genetic modification of mouse
models has translated into different results of clinical parameters. Various agents have
been shown to be useful in reducing anastomotic leaks and their relative complications.
For example, Radulescu et al. [13] generated mouse models over-expressing HB-EGF.
This increased bursting pressure and collagen deposition. In a different included study
conducted by Reischl et al., Ac2-26 nanoparticles added to ANXA1 KO mice improved
histological healing [15]. Addition of prostaglandin E2 in COX-2-deficient mice partially
improved anastomotic leak rates, closer to those of WT mice [14]. HB-EGF KO mice
models led to higher mortality and complication rates (including bleeding, anastomotic
dehiscence, abscess formation, and obstruction) [13]. Treatment of ANXA1 KO mice with
Ac2-26 nanoparticles reduced colitis activity and increased weight recovery following
surgery [15]. Use of diclofenac to inhibit COX-2 resulted in significantly increased rates
of anastomotic leak compared to control [14]. TAFI KO mice had significantly increased
weight loss, adhesions, bleeding, and mortality compared to WT mice [18].

4.1. Interleukin 10, miR-155/SHIP-1 Pathway and Wound Healing

IL-10, as a regulatory cytokine of inflammation, has been the subject of extensive
study in the context of anastomotic healing. IL-10 is primarily produced from macrophages
residing in the lamina propria of the bowel and regulatory T-cells in order to reduce the
immune response to proinflammatory molecules on cell membranes of local bacteria [26].
In addition, epithelial cells and Th1 cells triggered by lipoproteins of commensal bacteria
are capable of producing IL-10 in order to maintain bowel homeostasis [27,28]. Incubation
of IL-10 KO mice’s intestinal epithelial cells with recombinant IL-10 enhanced wound repair
in vitro because IL-10 binding reversed the KO effect [29]. In vivo, macrophage-derived
IL-10 was crucial for small intestine epithelial healing during the acute phase of injury, ulti-
mately driving re-epithelialization in the small intestine [30]. The exact mechanism through
which IL-10 promotes bowel wound healing remains unclear. Following biopsy-induced in-
jury, IL-10 activates cyclic adenosine monophosphate (c-AMP) Response-Element-Binding
Protein (CREB) signaling and its downstream target WNT1-inducible-signaling pathway
protein 1 (WISP-1). This, in turn, promotes (3-catenin signaling to induce epithelial prolifer-
ation and wound closure [31]. It is therefore possible that IL-10 works directly on epithelial
cells. An alternative mechanism suggests that IL-10 works primarily on immune cells,
resulting indirectly in wound healing. IL-10 binding to CD11+ myeloid cells regulates
T cell activation and proliferation of intestinal crypt cells [12,32]. The broad functions of
IL-10 have generated significant interest in it as a therapeutic target for multiple dis-
ease states. Significant research involving manipulation of IL-10 has been undertaken
in the context of inflammatory bowel disease (IBD) [25]. IL-10-deficient mice develop
colitis [33], which is managed successfully following administration of IL-10 [34,35]. In 1993,
Kiithn et al. [36] showed that interleukin-10-deficient (IL-10—/—) mice presented a
Thl-mediated chronic colitis similar to human IBD. However, administration of recombi-
nant IL-10 yielded only a minor clinical improvement in the treatment of IBD in humans [37],
likely due to the low concentrations achieved in the gut following systemic administra-
tion. Lactococcus lactis bacteria, modified to deliver IL-10 to the gut, improved clinical
disease scores of a small number of Crohn’s disease patients [38]. The effects of IL-10
have also been studied in dermal wound healing. Fetal skin has a tendency to regenerate,
whereas postnatal skin heals with scar formation. Fetal skin has elevated levels of IL-10,
promoting high molecular weight hyaluronan formation, which reduces inflammation and
fibrosis [39,40]. IL-10 administration in IL-10-deficient mice resulted in reduced inflam-
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matory cell numbers and restoration of normal skin architecture, with reduced scar size.
This resulted in accelerated dermal healing and increased tissue strength [41]. Regarding
IBD, it has been demonstrated that triptolide ameliorates the severity of IL-10-deficient
mouse colitis via inhibition of TLRs (toll-like receptors)/NF-«B and IL-6/STAT3 signal-
ing pathways, and down-regulation of IL-17 [42,43]. Triptolide is a bioactive compound
produced by the plant Tripterygium wilfordii Hook F (TwWHF) and has been widely used
in clinical practice due to its anti-inflammatory and immunosuppressive properties [44].
Its mechanisms of action include the following: (1) inhibition of expression of RPB1 (the
RNA polymerase II main subunit), (2) inhibition of xeroderma pigmentosum group B
(XPB) protein, which is a subunit of transcription factor II-H, and (3) inhibition of in-
duction of miR-155 in LPS-stimulated macrophages [17]. In particular, miR-155 targets
SHIP-1 (Src-homology-2-containing inositol phosphatase-1), which is an inhibitor of many
inflammatory processes and regulates the balance of T cell subsets [17,42,43].

4.2. Cyclooxygenase (COX) and Wound Healing

COX is an essential enzyme in the synthesis of prostaglandins, occurring in two iso-
forms. COX1 is constitutively expressed, whereas COX2 is expressed in response to injury.
In dermal injury, COX-2 expression peaks 3 days later, when the anastomosis is thinnest
and at increased risk of rupture [45]. The quantity of COX-2 produced also correlates
with the magnitude of the inflammatory response [46]. Hypoxia, partly due to connective
tissue deposition during wound healing, stimulates angiogenesis through HIF-1c induc-
tion of VEGEF secretion. VEGEF is also responsible for fibroblast differentiation and tissue
remodeling. The COX-VEGF axis plays an important role in wound healing, since pharma-
cologically induced downregulation of COX-2 correlates with significantly increased VEGF
levels. A study of full-thickness skin incisions in mice demonstrated increased angiogen-
esis and collagen deposition on histology, which correlated with a significant increase in
wound contraction and reduced wound area macroscopically [47]. These findings are in
contrast to those of another paper included in our analysis, indicating that COX-2 KO mice
demonstrate reduced VEGF-induced angiogenesis at the anastomosis [14]. This could be
due to an alternative mechanism for VEGF production, or a difference in healing between
dermal and bowel injury. However, COX-2 and the resulting production of prostaglandin
E2 have been shown to accelerate healing of gastric ulcers, further demonstrating the
importance of this pathway in gastrointestinal mucosal repair [48]. Prostaglandin (PG)
biosynthesis is mediated by the synergic action of two enzymes: phospholipase, responsible
for the metabolism of arachidonic acid (AA) from cell membrane phospholipids, and COX.
Prostaglandin E2 (PGE2) is the most abundant and important COX-2 product regarding
intestinal wound healing [49]. Under normal conditions, the PGE2 signaling pathway
can potentially trigger stem cell differentiation towards enterocytes [50]. After an injury,
epithelial restitution is a crucial process that is performed in the intestine by a special cell
population with transient repair features named wound-associated epithelial cells (WAE)
and, in combination with non-canonical Wnt signaling activation, this ensures controlled
wound repair [51]. Epithelial restitution is a protective mechanism including the migration
of epithelial cells from intact wound margin into the injured basal lamina to reseal the
intestinal barrier. Miyoshi et al. showed that PGE2 signaling through its receptor promotes
WAE differentiation of intestinal epithelial stem cells in an in vitro model. In vivo studies
in mice with depletion of the PGE2 receptor led to insufficient intestinal wound repair
due to impaired production of WAE cells, and they exhibited impaired wound repair [52].
In addition, it has been found that increased COX-2 expression is noted in macrophages
and myofibroblasts after exposure to proinflammatory signals, triggering intestinal tissue
proliferation [14]. Numerous studies have shown the regenerative role of PGE2, a prod-
uct of the COX-2 gene, for intestinal wall repair under a wide range of pathological
circumstances, such as dextran-sulfate-sodium- (DSS-) induced inflammation and ischemia-
reperfusion injury [53,54]. In addition, PGE2 and COX-2, through activation of the PGE2
receptor and following upregulation of VEGF expression, stimulate neoangiogenesis but
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also promote the proliferation and migration of epithelial intestinal cells [55]. Finally,
PGE?2 regulates myofibroblast function, which is responsible for producing collagen, the
main structural component of the extracellular matrix [56]. In terms of clinical application,
there is conflicting evidence regarding whether COX-2 blockage is associated with impa-
iastomotic leak development. Two recent meta-analyses involving patients undergoing
operations for colorectal cancer have concluded in undetermined relationships between
postoperative NSAID administration and anastomotic leakage [57,58]. On the other hand,
a subgroup analysis by Jamjittrong et al. focused on colorectal anastomoses revealed a sig-
nificantly increased anastomotic leakage rate in patients who were administered NSAIDs
perioperatively [57]. In human genome studies, the PTGS2 —765G > C polymorphism
lies in the promoter region of the gene that encodes COX-2 and leads to lower levels of
COX-2 [59]. Reisinger and Makar suggested that the homozygous state for PTGS2-765G > C
polymorphism, which is encountered with a prevalence of 3% in humans, led to decreased
COX-2 expression and increased anastomotic leakage rates [14,60].

4.3. Anxal and Wound Healing

Annexin Al (AnxAl), also named lipocortin-1, is a calcium-dependent phospholipid-
binding protein from the family of SPMs. Clinical studies have shown that higher AnxA1l
expression is associated with milder symptomatology and severity in both Crohn’s dis-
ease (CD) and ulcerative colitis (UC) [61]. A 26-amino acid ANXA1 N-terminal peptide
Ac2-26, a part of the full-length molecule, is the active part of ANXA1 [62]. AnxAl’s
anti-inflammatory role is based on inhibition of neutrophil accumulation, transendothelial
migration, and activation, as well as promotion of neutrophil apoptosis after binding to
the formyl peptide receptor 2 (FPR2/ALX) and formyl peptide receptor 1 (FPR1) [15]. In
addition, AnxA1l induces monocyte chemotaxis and removal of apoptotic leukocytes by
macrophages. It promotes keratinocytes” motility and differentiation, which is important
for wound re-epithelization [63]. Finally, AnxA1l controls macrophage cell reprogramming
towards reduced production of proinflammatory molecules and increased production of
anti-inflammatory agents [64]. Annexin 2 is a calcium-dependent phospholipid-binding
protein associated with cytoskeleton coordination [65]. Through annexin 2 [66], epithelial
cell migration re-establishes the epithelial barrier and reseals the mucosal defect of the
bowel following surgery. Our review included a study [15] investigating the role of an-
nexin Al on the resolution of inflammation following surgery for colitis. Epithelial injury
of the bowel brings into contact the immune cells of the intestinal wall and the lumen’s
bacteria, resulting in an inflammatory response. Anxal is a component of the extracellular
vesicles of these immune cells [67]. When released into the extracellular space, it modifies
the inflammatory response of phagocytes and epithelial cells through binding to formyl
peptide receptors [68]. Our included study [15] found an increased inflammatory score
and increased MMP in Anxal KO mice, which is consistent with the process described
above. Therefore, Anxal deficiency reduces epithelial integrity by exposing inflammatory
cells to the gut microbiome. Clinically, increased Anxal expression in mouse models of
CD correlated with histological recovery of the gut mucosa [69]. Further evidence suggests
that Anxal mediates the positive response of infliximab in CD patients [70].

4.4. FHL? and Wound Healing

FHL2 belongs to the LIM protein superfamily and exhibits a key role in a wide range of
cell functions, including regulation of cell proliferation, gene expression, survival, control
of cell architecture, cell adhesion, apoptosis, cell motility, and signal transduction [71].
FHL2 has a distinctive signaling role for mesenchymal cells, controlling their migration,
contraction, and differentiation into myofibroblasts through expression of x-smooth mus-
cle actin [16]. During the inflammation phase, FHL2 contributes to pathogen clearance,
synthesis, and release of proinflammatory cytokines and immune cell infiltration. During
the migration/proliferation phase it has a key role in the function of myofibroblasts, in
their differentiation from fibroblasts or from epithelial cells via epithelial mesenchymal
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transition, and in suppression of MMPs, leading to sufficient contraction and formation
of granulation tissue. Finally, during the remodeling phase of the wound healing, FHL2
participates actively in ECM synthesis and remodeling [72]. The literature contains many
reports regarding the role of FHL?2 in cardiovascular disorders and carcinogenesis [73,74].
However, emerging evidence indicates its role in all phases of wound healing and inflam-
mation. Although under normal conditions FHL2 expression is very low in most tissues,
it is upregulated in the skin during wound repair, especially in phases of migration and
proliferation. FHL2 suppression is associated with healing failure or prolonged wound
healing [72]. In terms of anastomosis healing, Kirfel et al. [16] explored the healing of
an end-to-end small bowel anastomosis in FHL2-deficient mice compared to WT mice.
They found that FHL2 KO mice presented a statistically significant increase in anastomotic
failure rate and lower anastomotic bursting pressure. Histopathologically, insufficient
wound healing was noted in anastomotic specimens derived from KO mice, characterized
by decreased mucosal and muscular continuity and reduced granulation tissue formation
at the fifth and fourteenth postoperative day. On the fifth postoperative day, WT mice
presented a dense pattern of organized collagen formation, mainly in the submucosal layer
of injured tissue, while submucosa in the FHL2 KO mice presented significantly thinner
collagen I/collagen III networks. This was due to downregulation of collagen IIl mRNA
expression in FHL2 KO mice at the anastomotic site. Depletion of FHL2 did not lead to
difference in local MMP expression [16].

4.5. HB-EGF and Wound Healing

HB-EGF belongs to the epidermal growth factor (EGF) family. It binds to heparin,
as well as to human epidermal growth factor receptors ErbB-1 and ErbB-4, and triggers
cellular proliferation, migration, adhesion, and differentiation [75]. Especially for intestinal
tissue, it has been shown that HB-EGF exerts a protective effect on intestinal epithelial
cells, intestinal stem cells, immunocytes, vascular endothelial cells, pericytes, and intesti-
nal neuronal cells after injury by preserving their cytoskeletal structure and proliferative
potential [76,77]. Furthermore, its role in intestinal injury has been delineated in exper-
imental models of necrotizing enterocolitis [78], ischemia/reperfusion injury [79], and
resuscitation after hemorrhagic shock [80]. It has been demonstrated that HB-EGF repairs
the intestinal epithelium via a phosphatidylinositol 3-kinase (PI3K) and extracellular signal-
regulated kinase (ERK)1/2 pathways [81]. Angiogenesis and capillary formation are the
basic mechanisms of action of the HB-EGF molecule, which has been shown both in vitro
and in vivo [82]. To investigate the role of HB-EGF in intestinal anastomotic healing, Rad-
ulescu et al. [13] studied outcomes after division and re-anastomosis of the terminal ileum
in HB-EGF KO mice and HB-EGF transgenic (TG) mice. In addition, an extra group of WT
mice receiving per os HB-EGF (800 ug/kg) was also included in the experiment [13]. HB-
EGF KO mice showed significantly reduced anastomotic bursting pressure and impaired
healing scores on the sixth postoperative day. Moreover, higher mortality and greater
complication rates postoperatively were reported in HB-EGF KO mice compared to normal
controls. Histopathologically, lower collagen levels, severe inflammation in the submucosal
space around the anastomosis, and reduced angiogenesis were noted in KO mice. In
contrast, HB-EGF TG mice presented increased anastomotic bursting pressure and higher
healing scores on the sixth postoperative day, similar mortality, and lower complication
rates postoperatively. Histological examination revealed increased angiogenesis and colla-
gen production, minimal signs of inflammation, improved epithelialization, and significant
submucosal healing. Per os administration of HB-EGF showed increased anastomotic
bursting pressure and significantly lower complication rates. These findings are supportive
of the possible cytoprotective role of HB-EGF for intestinal epithelial cells [83].

5. Conclusions

In conclusion, we have identified numerous genes which play crucial roles in anasto-
motic healing as evidenced by mouse models. IL-10 plays a role in regulating the immune
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response to prevent excessive inflammation. FHL-2 gene products and HB-EGF improve
the structural integrity of the anastomosis, promoting collagen deposition and reducing
the bursting pressure. COX-2 gene products are important for signaling VEGF production,
contributing to vascularization of the anastomosis.
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Abstract: Pancreatic cancer is one of the most aggressive, heterogeneous, and fatal types of human
cancer; therefore, more effective therapeutic drugs are urgently needed. Human epidermal growth
factor receptor 2 (HER2) overexpression and amplification have been identified as a cornerstone
in this pathology. The aim of this review is to identify HER2 membrane overexpression in relation
to pancreatic cancer pathways that can be used in order to develop a targeted therapy. After
searching the keywords, 174 articles were found during a time span of 10 years, between 2013
and 2023, but only twelve scientific papers were qualified for this investigation. The new era of
biomolecular research found a significant relationship between HER2 overexpression and pancreatic
cancer cells in 25-30% of cases. The variables are dependent on tumor-derived cells, with differences
in receptor overexpression between PDAC (pancreatic ductal adenocarcinoma), BTC (biliary tract
cancer), ampullary carcinoma, and PNETs (pancreatic neuroendocrine tumors). HER2 overexpression
is frequently encountered in human pancreatic carcinoma cell lines, and the ERBB family is one of
the targets in the near future of therapy, with good results in phase I, II, and III studies evaluating
downregulation and tumor downstaging, respectively.

Keywords: pancreatic cancer; protein receptors; HER2; overexpression; molecular pathway

1. Introduction

Pancreatic cancer (PC) is the seventh leading cause of cancer-related deaths worldwide,
comprising 2.5% of all forms of cancer [1]. However, the heterogeneity of the disease
makes the incidence higher in developed countries. The reasons for the vast differences
in mortality rates of periampullary tumors are not yet completely understood, but they
may be due to a lack of appropriate diagnosis, treatment, and follow-up [1]. Periampullary
tumors are a widely used term to define a heterogeneous group of neoplasms deriving from
completely different types of primordial cells: head of the pancreas (PDAC/PNET), distal
common bile duct (BTC), and ampulla of Vater (ampullary carcinoma). This term should
be correctly distinguished from ampullary carcinoma, or ampulloma, which is a tumor
topographically centered in the region of the ampulla of Vater, deriving from the duodenal
mucosal cells. Despite accounting for less than 10% of the total length of the small intestine,
the duodenum, especially D2 (the second portion of it), is the site of 25% to 45% of all small
bowel cancers. Ampullary carcinoma is a relatively uncommon neoplasm that accounts for
approximately 6% of the total periampullary malignancies, with an incidence estimated at
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2.9 cases per million in the general population and accounting for approximately 0.2% of
gastrointestinal tract carcinomas. Distal cholangiocarcinoma is a rare malignancy of the
biliary tract, occurring in 27% of total extrahepatic biliary adenocarcinomas [1,2]. With a
5-year survival rate of only 9% for pancreatic cancer and even lower depending on the
histopathological type [2], this neoplasia caused 432, 242 new deaths in 2018 alone, and
458,918 new cases of pancreatic cancer are diagnosed every year [2,3]. To date, the etiology
of pancreatic carcinoma is still insufficiently described due to the multitude of incriminating
factors, although certain risk factors have been identified, such as diabetes mellitus, tobacco,
dietary elements, alcohol abuse, obesity, age, ethnicity, family history, genetic factors,
Helicobacter pylori infection, non-0 blood group, and chronic pancreatitis [4]. Surgery
remains the main curative treatment, but only 15-20% of tumors are resectable at the
time of diagnosis, and the prognosis is still poor, even for RO resections [5-7]. Adjuvant
chemotherapy seems to provide moderate improvements, with a medium survival of
about 12 months; the regimen has not yet established favorable results [8,9]. Therefore,
it is imperative to provide targeted therapy in order to improve overall and disease-free
survival. Multiple studies are searching for the key components of protein receptors in the
abnormal proliferation of neoplastic cells. Growth factors are essential for the development,
growth, and homeostasis of multicellular organisms. Acting through cell surface receptors,
growth factors are required for cell-to-cell communication, sustaining embryonic tissue
induction, cell survival, apoptosis, tissue specialization, and cell migration. The epidermal
growth factor family consists of four members: EGFR (ErbB1, HER1), ErbB2 (HER2, neu
in rodents), ErbB3 (HER3), and ErbB4 (HER4). ErbB2, however, is unique in that it has no
known ligand but is the preferred dimerization partner for other EGFRs [6,7]. HER2 is a
protooncogene located on chromosome 17 at q21 that encodes epidermal growth factor
receptors with tyrosine kinase activity. In breast cancer, the HER2 gene is amplified in
15%-20% of invasive breast cancers, and its amplification is closely linked to HER2 protein
overexpression [10]. HER2 amplification is a poor prognostic factor associated with a
high rate of recurrence and mortality and is a predictive factor for response to certain
chemotherapies [1,2]. Most importantly, it is a sole predictive marker for treatment benefits
from HER2-targeting agents such as trastuzumab, lapatinib, and pertuzumab. As HER2-
targeted therapy is exclusively effective in HER2-overexpressed and/or HER2-amplified
breast cancers, precise assessment of HER2 status is an essential step in breast cancer
treatment. The role of HER? in digestive tumors regarding both prognostic and therapeutic
purposes provides heterogeneous results [11,12]. Novel testing and treatment guidelines
are introducing HER?2 evaluation in gastric and colorectal cancer, but for periampullary
tumors, this protein receptor is less investigated. The rate of HER2 positivity in BTC (biliary
tract cancers) has been reported to be 5-20% and between 5-50% for PDAC (pancreatic
ductal adenocarcinoma). Case reports and clinical trials declare a good response to HER2
inhibitors as a treatment strategy, with abnormal cell proliferation reduction and tumor
downstaging [10,13-15]. Above all carcinogenic pathways, the HER2 pathway seems to be
one of the most underestimated and undiagnosed protein receptors in pancreatic cancer.
The main scope of this study is to bring together all the available information regarding
HER?2 overexpression in relation to tumor type, pancreatic ductal adenocarcinoma, distal
cholangiocarcinoma, and ampullary tumor. Its overexpression and gene amplification are
involved in tumor growth by cell proliferation and cell differentiation from normal into
neoplastic ones [16-20]. HER?2 lacks specific ligands, so it can form heterodimers only when
activated by another receptor, such as EGFR, HER3, and HER4. In addition to abnormal
overexpression, this receptor is able to spontaneously homodimerize, compared to HER3 or
HER4 [21,22]. Worldwide, research attempts exist to identify the exact role of this receptor
in abnormal cell proliferation in pancreatic cancer and periampullary tumors in general for
anti-HER? targeted therapy development. There is no standard therapy at the moment for
HER?2-positive pancreatic cancer patients, and this is the reason for our focus.

The aim of this review is to identify the overexpression of the HER2 protein receptor
in relation to cephalopancreatic cancer and periampullary tumors in order to find out
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its role in cell proliferation. Consequently, the systematic review follows two trends of
research—the role of the HER2 pathway in pancreatic carcinogenesis and the rate of HER2
positivity according to the following tumor subtypes: pancreatic adenocarcinoma, distal
cholangiocarcinoma, and ampullary carcinoma.

2. Materials and Methods

The methodology of this systematic review consists of defining search algorithms,
selection criteria, and data extraction protocols. The present research followed the guide-
lines outlined in the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) statement (Figure 1). From January 2013 until December 2023, articles published
in English in the online databases PubMed (Medline), Embase, and Clarivate Web of Science
were analyzed. This systematic review has not been registered.

~\

[ Screening ][ Identification

J

Articles identified in database (n = 260)

Articles published outside the mentioned
period of 10 years (n = 85)

4
Articles in English, published between 2013-
2023 containing data on HER2

Articles in a language other than English (n =
1)

overexpression in pancreatic cancer (n = 174)

The articles excluded because not reffering
to the subject matter (n =79)
Records screened (n = 174) >
Articles removed because open acces was
4 h not available (n = 58)
S
2
=
o0 4 Articles removed because they are not
i Articles eligible for abstract evaluation (n = 37) applicable on human (n = 21)
—
— Records after duplicates were removed (n =
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k-]
5
3 4
2 Total articles included in the review (n = 12)
-

Figure 1. PRISMA flow diagram for the selected studies included in the systematic review identified
in three databases, i.e., PubMed, Embase, and Clarivate Web of Science.

The research was performed using the following keywords: “pancreatic cancer” AND
“protein receptors” AND “HER2” using “AND” and “OR” between the mentioned elements
as Boolean operators. All titles referred to in English and published over a precise period
of 10 years were assessed for eligibility by title and abstract by three separate researchers to
reduce bias.

The inclusion criteria follow studies containing information about HER2 overexpres-
sion, the HER2 pathway, protein receptors in pancreatic cancer, distal cholangiocarcinoma,
ampullary carcinoma, and pancreatic carcinogenesis. All studies were conducted on hu-
man cell lines. Exclusion criteria meant articles published earlier in 2013, not referring
to the subject, letters to the editor, short reports, narrative reviews, non-English papers,
articles focusing on HER? in other types of cancer (such as breast cancer, gastric cancer, and
colorectal cancer), studies about other pathways in pancreatic cancer, and studies focusing
on therapeutic effects on different cell lines and cell proliferation. For the risk of bias
evaluation, we applied the updated quality assessment for diagnostic accuracy studies-2
(QUADAS-2) method to each article selected for analysis. It covered five areas of bias:
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patient selection, index test, reference standard, subject flow, and timing. Microsoft Excel’s
extraction tool was used for data collection and database settlement. For the quality evalu-
ation, we utilized standardized criteria, including study participation, factor measurement,
value, and applicability. In the process of data selection and extraction, any inconsistencies
identified by the three primary reviewers were subjected to further examination by two
additional ones. The list of references for specific research projects was systematically
examined to identify potential publications, following the snowball technique.

Using the above-mentioned keywords for search, 260 articles were found. By reducing
the timeframe to 10 years, from 2013 until 2023, a number of 175 articles containing data on
pancreatic cancer, cholangiocarcinoma, ampullary carcinoma, receptors, and HER2 were
found. From this selection of articles, 1 article was removed because it was not written
in English, and 79 were removed because they were not referring to the subject matter.
Furthermore, 21 studies were excluded because they did not involve human subjects. A
total of 58 articles were discarded because they were not open access. Moreover, 4 articles
were removed because they were duplicates between the databases; therefore, 12 scientific
papers remained eligible for the systematic review.

This systematic review has several limitations, mainly linked to inter-study hetero-
geneity. In some articles, a clear definition of the primary tumor site was not available, or
the results were not reported separately for each subgroup, thus limiting the eligible data
for inclusion in subgroup analysis. Since there are no standardized techniques and scores
to assess HER2 amplification and expression available in PC and because there are no
internationally established and validated methods for HER?2 testing in any type of tumor,
inconsistency in methodology may be an important issue. Differences in methodology,
disease stage (early vs. advanced), tumor specimen (resection specimen vs. biopsy), site of
tumor specimen (primary vs. metastatic), and IHC and ISH technical issues may explain
the wide range of HER2 expression rate (1.1% to 76%) reported in this review. Finally, no
survival data were available, making it impossible to assess the prognostic implications of
HER?2 overexpression or amplification.

3. Results

All articles included in the study (n = 12) focused on identifying the overexpression of
the HER2 protein receptor in different cancer cell lines in relation to the histopathological
type and possible upcoming targeted therapies. Among the evaluated articles, there were
different HER2 determinations applied to inhomogeneous cohorts. All articles used human
tissue or human cell lines obtained either by EUS (endoscopic ultrasound) biopsy—FNAC
(fine needle aspiration cytology)—or resected samples after pancreatoduodenectomies.
Protein receptor pathways involved in periampullary tumor development were analyzed,
including the entire epidermal growth factor family, with a focus on HER2 overexpression
and amplification, in order to provide quality data regarding targeted therapy against these
dreadful tumors.

Each article examined a certain member of the growth family, like EGF, EGFR, HER1,
HER?2, HER3, and HER4, in accordance with a certain tumoral subtype; their aim is shown
in Table 1.

Table 1. Author, year of publication, title of the article, and aim of the study.

Authors Year of Publication Title Aim of the Study
Bittoni et al. [23] 2015 HER farr.ul.y Receptor .Expresswn and Identifying HER family
Prognosis in Pancreatic Cancer overexpression in PDAC
HER? aberrations and heterogeneity in Identifying HER?2 aberrations and
Nicola et al. [24] 2016 cancers of the digestive system: Implications  overexpression in periampullary
for pathologists and gastroenterologists tumors
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Table 1. Cont.

Authors

Year of Publication

Title

Aim of the Study

Prognostic role of HER2 amplification based
on fluorescence in situ hybridization (FISH)

Identifying the prognostic role of

Xiaoping etal. [25] 2016 in pancreatic ductal adenocarcinoma HER2 positivity in PDAC
(PDAC): a meta-analysis
Expression and Prognostic Significance of gﬁrﬁgfﬁni}sggf’a Iifﬁzéﬁgd
Elebro et al. [26] 2016 Human Epidermal Growth Factor Receptors ) P! -
. . . amplification status in
1,2 and 3 in Periampullary Adenocarcinoma .
periampullary tumors
HERZ/ HER?) pathway in b111.ary tract Identifying the HER2
Salvatore et al. [27] 2017 malignancies; systematic review and . .
L . . overexpression rate in BTC
meta-analysis: a potential therapeutic target?
The ERBB receptor inhibitor dacomitinib Evaluating dacomitinib’s effect
Majid et al. [28] 2019 suppresses proliferation and invasion of upon EGFR, HER2, and HER3
pancreatic ductal adenocarcinoma cells expression in PDAC
Phase II study evaluating the association of
gemcitabine, trastuzumab and erlotinib as Evaluating survival rate in
Assenat et al. [29] 2020 first-line treatment in patients with patients with HER2+ advanced
metastatic pancreatic adenocarcinoma PDAC
(GATE 1)
Synergistic activity of agents targeting
growth factor receptors, CDKs and
downstream signaling molecules in a panel ~ Identifying cells” surface
Tanzeel et al. [30] 2020 of pancreatic cancer cell lines and the expression of various growth
identification of antagonistic combinations: ~ factor receptors in PDAC
Implications for future clinical trials in
pancreatic cancer
énzgllg;zlﬂi;gngiiz?: iI;an—HER Identifying and understanding
Rabia et al. [31] 2021 ymuhe) el . the pathways of the pan-HER
gemcitabine-resistant pancreatic cancer . o
antibody family in PDAC
models
Analysis of polymorphisms in EGF, EGFR Identifying the overexpression of
Marinovic et al. [32] 2022 and HER? genes in pancreatic EGE EGFR, and HER? receptors
neuroendocrine tumors (PNETs) in PNET
Multicenter phase II trial of trastuzumab Identifying the benefit of
Akihiro et al. [33] 2022 deruxtecan for HER2-positive unresectable trastuzumab deruxtecan on the
or recurrent biliary tract cancer: HERB trial ORR in HER2-positive BTC
Phase II study (KAMELEON) of single-agent  Identifying the relationship
de Vries et al. [34] 2023 T-DM1 in patients with HER2-positive between biomarkers and tumor

advanced urothelial bladder cancer or
pancreatic cancer/cholangiocarcinoma

response to treatment in PDAC
and BTC

HER2, human epidermal growth factor receptor 2; HER3, human epidermal growth factor receptor 3; EGFR,
epidermal growth factor receptor; ORR, objective response rate; T-DM1, antibody-drug conjugate trastuzumab
emtansine; FISH, fluorescence in situ hybridization; PDAC, pancreatic ductal adenocarcinoma; BTC, biliary tract
cancer; CDKs, cyclin-dependent kinase inhibitors; PNET, pancreatic neuroendocrine tumors.

Akihiro et al. [33] have demonstrated an overexpression rate of 10-20% for HER2 in
biliary tree carcinomas, making trastuzumab-deruxtecan more active than FOLFIRINOX
in difficult-to-treat, unresponsive, and HER2-expressing cases (Table 2). In addition, Majid
et al. [28] demonstrated that dacomitinib, an irreversible tyrosine kinase inhibitor, exhibits
stronger anti-tumor efficacy than single-targeted ERBB inhibitors in PDAC. Tanzel et al. [30]
identified that afatinib in combination with the insulin-like growth factor 1 receptor (IGF-
IR) inhibitor NVP-AEW541 resulted in a synergistic growth inhibition of pancreatic cancer
cells. Assenat et al. [29] show that combining gemcitabine, trastuzumab, and erlotinib
is more effective in terms of disease control rate, progression-free survival, and overall
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survival. The present systematic review reveals that sole inhibition of HER2 may not be
enough because of the consequent upregulation of other ERBB family members, which can
stimulate abnormal cell proliferation. In their study, Elebro et al. [26] demonstrated that
the HER2-HER3 homodimer is a powerful activator of the PI3K/Akt pathway, causing
aberrant proliferative and antiapoptotic intracellular signals. Inhibition of HER2 activity,
however, causes upregulation of HER3, so simultaneous blockage of HER2 and HER3
activity gives more potent tumor cell inhibition than one receptor blockage alone.

Table 2. Authors, pathways targeted, drug agents used, number of patients related to carcinoma type,
and detection methods used.

Pathways and

Authors Number of Patients Detection Method
Drugs Used
Bittoni et al. [23] N.A. 91 PDAC IHC 1+
Topoisomerase inhibition
Nicola et al. [24] Trastuzumab deruxtecan + 17 PDAC [AC2+ and 3+
o ISH 2+ and 3+
Capecitabine
Xiaoping et al. [25] N.A. 764 PDAC ISH 1+ and 2+
(TMAs)
Elebro et al. [26] N.A. 175 PDAC + BTC + AVC IHC 2+ and 3+
920 BTC IHC2+ and 3+
Salvatore et al. [27] N.A. 303 AVC ISH 2+ and 3+
. ERBB inhibition
Majid et al. [28] Dacomitinib + lapatinib 96 PDAC MTT assay
Tyrosine kinase inhibition
Assenat et al. [29] Erlotinib + Trastuzumab + 62 PDAC IHC 2+ and 3+
Gemcitabine
Tyrosine kinase inhibition Flow cytometry
Tanzeel et al. [30] Dinaciclib + afatinib + dasatinib 96 PDAC (fluorescence intensity MFI)
. . 45 PDAC
Rabia et al. [31] Pan-HER Inhibition (Gemcitabine-resistant cells) IHC 2+ and 3+
Marinovic et al. [32] N.A. 68 PNETs SNP genotyping
iy Topoisomerase inhibition IHC 2+ and 3+
Akihiro et al. [33] Trastuzumab deruxtecan 32BIC ISH 2+ and 3+
Topoisomerase inhibition
de Vries et al. [34] Trastuzumab emtansine 133 PDAC THC 3+
82 BTC

SNP, single nucleotide polymorphism; TMAs, tissue microarrays; MTT assay, cell metabolic activity; FISH,
fluorescence in situ hybridization; IHC, immunohistochemistry; PNETs, pancreatic neuroendocrine tumors;
PDAC, pancreatic ductal adenocarcinoma; BTC, biliary tract cancer/cholangiocarcinoma; AVC, ampulla of
Vater carcinoma.

Regarding the pathways targeted and drug agents used in their studies, authors fa-
vored topoisomerase inhibitors, panERBB receptor inhibitors and tyrosine kinase inhibitors
to reduce cancer cell proliferation and increase survival (Table 3). The most frequently used
inhibitory agent was trastuzumab. Tanzeel et al. [30] mentioned that the combination of
dinaciclib, afatinib, and an insulin-like growth factor 1 receptor inhibitor is the most effec-
tive downstaging treatment in pancreatic cancer. Majid et al. [28] show that dacomitinib
induces cell apoptosis in PDAC by inhibiting XIAP, cIAP1, and cIAP2.

Table 3. Author and significant therapeutic findings.

Immunotherapy vs. Chemotherapy in HER2+

Bittoni et al. [23]

Trastuzumab + Capecitabine > Capecitabine alone in PDAC
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Table 3. Cont.

Title Immunotherapy vs. Chemotherapy in HER2+
Nicola et al. [24] Trastuzumab-emtansine + Gemcitabine > Gemcitabine alone in BTC and metastatic digestive tumors
Xiaoping et al. [25] Trastuzumab + gemcitabine > chemotherapy + gemcitabine in PDAC
Elebro et al. [26] Erlotinib + gemcitabine > chemotherapy + gemcitabine in BTC and PDAC
Salvatore et al. [27] Pertuzumab + trastuzumab/pertuzumab emtansine + Gemcitabine > Cisplatin + gemcitabine in BTC
Majid et al. [28] Afatinib > erlotinib in PDAC
Assenat et al. [29] FOLFIRINOX > Trastuzumab + erlotinib + Gemcitabine > Nab-paclitaxel + gemcitabine in PDAC
Tanzeel et al. [30] Afatinib + IGF-IR/afatinib + dasatinib/dasatinib + gemcitabine > chemotherapy + gemcitabine in PDAC
Rabia et al. [31] Cetuximab + trastuzumab + pertuzumab > chemotherapy + gemcitabine in PDAC
Marinovic et al. [32] Cetuximab + trastuzumab > Erlotinib + trastuzumab in PNET
Akihiro et al. [33] Trastuzumab deruxtecan > FOLFOX/FOLFIRI in BTC
de Vries et al. [34] Trastuzumab deruxtecan/trastuzumab duocarmazine + chemotherapy > chemotherapy alone in BTC

BTC, biliary tract cancer; PDAC, pancreatic ductal adenocarcinoma; PNET, pancreatic neuroendocrine tumors; >,
better treatment outcome in terms of efficacy.

A large variation in the number of patients included in the cohorts evaluated in each
study exists. Furthermore, there is no specific histopathological division between distal
cholangiocarcinoma and suprapancreatic cholangiocarcinoma regarding BTC.

In pancreatic cancer, Rabia et al. [31] showed that simultaneous targeting of EGFR
and HER? with cetuximab and trastuzumab induces a synergistic therapeutic effect. They
extended their strategy by adding pertuzumab (an anti-HER?2 antibody) to 9F7-F11 (an anti-
HERS3 antibody) in PDAC. The monoclonal antibody combination blocked MAPK and AKT
pathways by disrupting hetero- and homodimers and induced receptor down-regulation.

Regarding the technique used for HER2 detection, 8 out of 12 authors used immuno-
histochemistry, i.e., Tanzeel et al. [30] used flow cytometry; Marinovic et al. [32] used SPN
genotyping; Majid et al. [28] used MTT assay-cell metabolic activity; and Elebro et al. [26]
used tissue microarrays (TMAs). Moreover, Akihiro, Nicola, and Salvatore used both
IHC and ISH to reveal HER2 overexpression. The researchers struggle to find the best
technique in terms of both qualitative and quantitative values, according to purpose and
funds [24,27,33].

HER2 positivity rates vary largely from study to study, mainly due to the differences
in sample quality and cohort size. Akihiro et al. [33] included 32 patients in their study,
compared to Salvatore et al. [27], who conducted the research on 920 patients (Table 2).
Consequently, HER2 positivity rates oscillate between 1.1 and 76% in PDAC, with an
average of 30%, and 5 to 76% in BTC. For pancreatic neuroendocrine tumors, HER+ ranges
between 35 and 40%, more than the median of PDAC. Marinovic et al. [32] found a median
of 37.9% in nonfunctional neuroendocrine tumors and 36.11% in functional tumors (Table 4).
Xiaoping et al. [25] discovered that in some samples there is not just one ERBB receptor of
the family upregulated or overexpressed but two or three receptors, which co-stimulate
abnormal cell proliferation. The authors determined HER2+ in 24% of PDAC cases and the
combination of EGFR, HER2 2+, and HER3 2+ in 11%.

Table 4. Author, HER2+ expression and histopathological type, and drug agent.

Author HER2 Overexpression According to Histopathological Type Target Agents
Bittoni et al. [23] 1.1% in PDAC Trastuzumab
o . o o e Trastuzumab,

Nicola et al. [24] 5-76% overexpression and 1-8% amplification in BTC Pertuzumab,

0-50% overexpression and 2-29% amplification in PDAC Lapatinib, Neratinib, Afatinib
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Table 4. Cont.

Author HER2 Overexpression According to Histopathological Type Target Agents
Xiaoping et al. [25] 2.1-23.8% overexpression and 16% amplification in PDAC Trastuzumab
11% in PDAC
Elebro et al. [26] 7% in BTC Erlotinib
15% in AVC
19.9% in PDAC Trastuzumab
Salvatore et al. [27] 17.4% in BTC Ifast vz b,
27.9% in AVC ertuzuma
. 16% in resectable PDAC o
Majid et al. [28] 26% in metastatic PDAC Dacomitinib
Assenat et al. [29] 58.3% in PDAC Trastuzumab,
Erlotinib
Tanzeel et al. [30] 26.27% in PDAC Dinaciclib, Afatinib, IGF-IR
Rabia et al. [31] 24% in PDAC with 11% positive for combination of EGFR + Trastuzumab,
’ HER2 + HER3 Lapatinib, U3-1287
37.9% in nonfunctional PNET Trastuzumab
Marinovic et al. [32] 36.11% in functional PNET . !
.. . Cetuximab
42.31% in insulinomas
o . Trastuzumab
Akihiro et al. [33] 10-20% in BTC
Deruxtecan
. 6.3% in PDAC Trastuzumab
de Vries et al. [34] 7.9% in BTC Duocarmazine

BTC, biliary tract cancer; PDAC, pancreatic ductal adenocarcinoma; AVC, ampula of Vater cancer; U3-1287, anti-
HER3 antibody; PNET, pancreatic neuroendocrine tumors; IGF-IR, insulin-like growth factor 1 receptor inhibitor.

Akihiro et al. showed that trastuzumab deruxtecan is more effective than standard
chemotherapy (FOLFOX) in difficult-to-treat HER2+ cases of cholangiocarcinoma. In
particular, trastuzumab has greatly improved the therapeutic approach of advanced BTC
but has little evidence in other digestive cancers, as proved by Nicola et al. Trastuzumab
in combination with cytotoxic therapies in HER2-positive BTC has increased the tumor
response rate from 35% to 47%, improving progression-free survival from 5.5 months to
6.7 months and overall survival from 11.1 months to 13.8 months. The combination of
pertuzumab and trastuzumab has been reported to induce a synergistic inhibition of in vivo
tumor growth in BTC due to a more complex blockade of HER2/HER3 signaling, as shown
in Salvatore et al. All chemo- and immunotherapics are thoroughly explained in File S1
from the Supplementary Materials.

Comparing trastuzumab plus chemotherapy versus chemotherapy alone, de Vries
et al. showed an overall survival benefit with this combination instead of chemotherapy
alone, regardless of variability in HER2 staining, with a numerically greater benefit in
patients with less variable HER2 protein expression (>30% of stained cells), out of which
only one patient with PDAC and two with BTC had strong HER2+ and 3+ tumors.

Assenat et al. proved that increased co-expression of EGFR and HER? is associated
with advanced tumor stage, aggressive phenotype, the presence of distant metastases, and
shorter overall survival. Therefore, the combination of gemcitabine, trastuzumab, and
erlotinib is more effective in terms of disease control rate, progression-free survival, and
overall survival. The triplet has not reported unexpected toxicity results, except for a higher
rate of thromboembolic complications (33%) than usually described in metastatic PDAC
(15-20%), which is similar to the combination of gemcitabine and nab-paclitaxel.

In their study, Rabia et al. described that tumor resistance to gemcitabine is accom-
panied by HER2 and HER3 overexpression. Simultaneous targeting of EGFR and HER2
with cetuximab and trastuzumab induces a synergistic therapeutic effect. Afatinib is more
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effective than erlotinib in inhibiting growth factors in PDAC, more so in combination with
the insulin-like growth factor 1 receptor (IGF-IR).

4. Discussion

Despite major advances in the early diagnosis of solid tumors in the past three decades,
pancreatic cancer and distal cholangiocarcinoma, likewise, remain challenging in terms
of curative treatment [35]. By 2030, it is predicted to become the second-leading cause of
cancer-related deaths after lung cancer [36]. Due to their heterogeneous nature, retroperi-
toneal location, non-specific symptoms, and lack of screening methods, the overwhelming
majority of cephalopancreatic tumors are diagnosed in advanced stages [37]. Until now,
only a few HER inhibitors and EGFR-specific tyrosine kinase inhibitors (TKI), like erlotinib,
lapatinib, and gefitinib, have gained FDA approval for the targeted therapy of locally
advanced, unresectable, or metastatic pancreatic cancer in combination with the cytotoxic
agent gemcitabine. Erlotinib and gefitinib are most effective on EGFR, and lapatinib is
equally active against EGFR and HER2. Because of the late diagnosis and untargeted
treatment, most of these patients have a low survival rate of 10% at 5 years from diagnosis.
Almost 60-70% of PDAC cases are localized cephalopancreatic. It is mandatory to develop a
good algorithm for neoadjuvant treatment for tumor downstaging and downsizing targeted
at overexpressed receptor inhibition or downregulation. Similar to HER2+ therapy used in
breast and gastric cancer with good results, the biomolecular substrate of pancreatic cancer
may include HER?2 targeted treatment. Since not only a single receptor is overexpressed in
pancreatic cancer, additional information regarding ERBB is needed. This resides in the
entire HER family expression analysis to be able to block the whole HER signaling network
and increase the anti-tumor response. Most of the drug combinations effectively decrease
cell proliferation in experimental animal models, but their clinical efficiency needs to be
demonstrated [38—40].

The tyrosine kinase function of ERBB members is the key to intracellular signaling,
activation, and cell transformation, which can work as target agents for tyrosine kinase
inhibitors (TKIs). The binding characteristics of each TKI vary according to a specific
EGFR mutation, and the choice of TKI agents is based on the unique molecular features
of the tumor. Lapatinib connects to the inactive conformation of EGFR with a particularly
tight binding that affords a slow off-rate [41]. In a study conducted by Akihiro et al.,
trastuzumab deruxtecan is the next TKI to be the standard second line of targeted treat-
ment, proving benefit in HER2-positive unresectable or recurrent BTC. In a phase I study,
trastuzumab deruxtecan led to an almost 80% reduction in tumor size in patients with distal
cholangiocarcinoma. These data suggest that there may be promise in targeting HER2 in
non-breast/non-gastric carcinomas [28,42,43]. Chemo- and immunotherapy combinations
provide better results in terms of EGFR-HER2 or HER2-HER3 heterodimer disorganization,
more efficient and stable inhibition of signaling pathways, and increased degradation
of HER2 receptors [16]. Afatinib, a pan-HER blocker, is more effective than erlotinib in
inhibiting pancreatic cancer cell proliferation, as reported by Tanzeel et al. Furthermore,
of all agents examined in their study, CDK1/2/5/9 inhibitor-dinaciclib was the most
potent and effective agent against both primary and metastatic cell proliferation in all
periampullary tumors. Improved survival of normal pancreatic cells, a high apoptosis
rate, and enhanced radiosensitivity are shown by Majid et al. by treating the PDAC cells
with dacomitinib. Moreover, it demonstrated that the anti-tumor activity of single-targeted
ERBBs like cetuximab, trastuzumab, and erlotinib was marginal in downgrading the PDAC
microenvironment. These hypotheses suggest that for better results, pan-ERBB inhibitors
may yield stronger anti-tumoral activity than a single targeted ERBB agent.

Increased co-expression of EGFR and HER?2 is associated with advanced tumor stages,
aggressive phenotypes, distant metastases, and shorter overall survival. Furthermore,
co-expression of HER3 and HER4 is associated with increased tumor size, advanced tumor
stage, and high invasiveness [44,45]. Local tumor progression and early systemic dissemi-
nation of PDAC cells contribute to a bad prognosis, which is one of the major hallmarks of
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the disease. Elebro et al. reported that HER3 expression is a favorable prognostic factor in
the ampulla of Vater carcinoma-intestinal type, and EGFR overexpression is an adverse
one. In pancreato-biliary type, EGFR was found to be a negative prognostic factor, implying
resistance to adjuvant gemcitabine [46]. Moreover, HER2 overexpression is an important
prognostic factor both for the intestinal and pancreato-biliary types of periampullary tu-
mors. Taking all this into consideration, their statistical significance is moderate when we
consider these associations independent of other prognostic factors.

For pancreatic neuroendocrine tumors (PNETs), Marinovic et al. emphasized that
the combination of EGF, EGFR, and HER2 plays a significant role in carcinogenesis and
impacts susceptibility to various treatment strategies. EGFR overexpression is associated
with aggressive types of gastrinoma-functional PNET, similar to PDAC. However, none of
the variant genotypes of EGF, EGFR, or HER2 is associated with distant metastases. When
it comes to HER2 overexpression in PNETS, there is equal dissemination between functional
and nonfunctional tumors. Furthermore, insulinomas demonstrate approximately 42.31%
HER?2 positivity, higher than the median range, and they may be considered herapeutic
targets in PNET because of their high incidence. Tanzeel et al. reported that CDK inhibitor
dinaciclib, an irreversible pan-HER tyrosine kinase inhibitor afatinib, and SRC tyrosine
kinase inhibitor dasatinib were the most effective agents, inhibiting cell proliferation
and migration.

Because there are a multitude of pathological pathways and protein receptors, block-
ing just one pathway is not effective because carcinogenesis consists of a cumulation of
biomolecular alterations; therefore, the use of agents in combination is the key.

For BTC, there is no specific difference between distal cholangiocarcinoma and main
biliary duct tumors of the suprapancreatic area. There is no variation in protein receptors
between the ampulla of Vater carcinomas and duodenal tumors invading the head of the
pancreas. Salvatore et al. described a 17.4% positivity rate of HER2 overexpression in BTC
and 27.9% in ampulla Vater carcinoma, in line with the median range of HER2+ in PDAC.

Regarding the method used for HER2 overexpression assay and analysis, IHC (im-
munohistochemistry) and ISH (in situ hybridization) are frequently used for formalin-fixed
paraffin-embedded tissue. IHC measures the total number of HER2 receptors on the cell’s
surface for receptor overexpression quantification, and ISH detects the number of copies of
the HER? gene evidenced in tumor cells” nuclei. Currently, there is no standard guideline
for HER? status evaluation in pancreatic cancer, hence the necessity to develop a standard
procedure in order to efficiently compare results. Because of the heterogeneity of the
cohorts and the lack of a standard HER2 assay method, it is hard to compare the results of
multiple studies because they use different diagnostic methods.

Nagarkar et al. studied and presented a case report of HER2-positive distal common
bile duct carcinoma with multiple relapses and overexpression of the HER2 gene, which
was used as a potential target to treat the patient with trastuzumab. The combination of
trastuzumab with cyclophosphamide and methotrexate yielded an excellent treatment
response, with the patient remaining in complete response until the last follow-up [47].

Before considering chemotherapy, a complete proteomic profile of overexpressed
surface receptors in the cell membrane is necessary. For that, a preoperative biopsy is
performed to analyze HER2 overexpression. Studying the effects of combining pan-HER
with standard-of-care agents, such as gemcitabine or FOLFIRINOX, is essential. Specific
targeted therapy is also needed to downregulate and decrease tumor burden in order to
restore it to surgical resectability.

The limitation of the study resides in the fact that various articles provide hetero-
geneous results. They all convey that HER2 overexpression plays an important role in
tumor growth, cell invasion, and proliferation, but with different statistical data. Elebro
et al. show 58.3% of HER2+ in 62 patients, compared to a minimum rate of 2.1% found by
Xiaoping et al. These major discrepancies come from the distinct cohorts in various articles,
the lack of standard diagnostic protocols, and the HER2 overexpression analysis method,
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making the results difficult to compare between studies. Moreover, the sample size and
quality might generate inconsistencies in IHC or ISH positivity.

5. Conclusions

Pancreatic cancer remains one of the deadliest cancer types worldwide. During car-
cinogenesis, HER2 has been identified as an oncogene involved in the upregulation of
tumor cell proliferation and invasion. HER2 overexpression has been found in 20-30%
of all periampullary tumors, highly dependent upon the histopathological type. Inhibit-
ing the pan-ERBB receptors increases disease control and reduces PDAC growth, with a
favorable prognosis. Combined chemotherapy and immunotherapy in HER2+ tumors is
a new approach involving simultaneous targeting of each receptor pathway of the HER
family. Therefore, HER2 overexpression should be routinely evaluated in cephalopancreatic
adenocarcinomas, distal cholangiocarcinomas, and ampullary carcinomas prior to surgery
or chemotherapy in order to have a correct indication for systemic treatment and provide
targeted treatment.

Supplementary Materials: The following supporting information can be downloaded at:
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Abstract: Introduction: Hemoptysis is one of the most common symptoms of respiratory system
diseases. Common causes include bronchiectasis, tumors, tuberculosis, aspergilloma, and cystic
fibrosis. The severity of hemoptysis varies from mild to moderate to massive hemoptysis and can
easily lead to hemodynamic instability and death from suffocation or shock. Nevertheless, the most
threatening hemoptysis that is presented to the emergency department and requires hospitalization
is the massive one. In these cases, today, the most common way to manage hemoptysis is bronchial
artery embolization (BAE). Methods: A systematic literature search was conducted in PubMed and
Scopus from January 2017 (with the aim of selecting the newest possible reports in the literature) until
May 2023 for studies reporting massive hemoptysis. All studies that included technical and clinical
success rates of hemoptysis management, as well as rebleeding and mortality rates, were included. A
proportional meta-analysis was conducted using a random-effects model. Results: Of the 30 studies
included in this systematic review, 26 used bronchial artery embolization as a means of treating
hemoptysis, with very high levels of both technical and clinical success (greater than 73.7% and 84.2%,
respectively). However, in cases where it was not possible to use bronchial artery embolization,
alternative methods were used, such as dual-vessel intervention (80% technical success rate and
66.7% clinical success rate), customized endobronchial silicone blockers (92.3% technical success rate
and 92.3% clinical success rate), antifibrinolytic agents (50% clinical success rate), and percutaneous
transthoracic embolization (93.1% technical success rate and 88.9% clinical success rate), which all had
high success rates apart from antifibrinolytic agents. Of the 2467 patients included in these studies,
341 experienced rebleeding during the follow-up period, while 354 other complications occurred,
including chest discomfort, fever, dysphagia, and paresis. A total of 89 patients died after an episode
of massive hemoptysis or during the follow-up period. The results of the meta-analysis showed
a pooled technical success of bronchial artery embolization equal to 97.22% and a pooled clinical
success equal to 92.46%. The pooled recurrence was calculated to be 21.46%, while the mortality was
3.5%. These results confirm the ability of bronchial artery embolization in the treatment of massive
hemoptysis but also emphasize the high rate of recurrence following the intervention, as well as the
risk of death. Conclusion: In conclusion, massive hemoptysis can be treated with great clinical and
technical success using bronchial artery embolization, reducing mortality. Mortality has now been
reduced to a small percentage of cases.
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1. Introduction

Respiratory diseases are among the most common reasons for patients visiting hospi-
tals and emergency rooms. These diseases are most commonly manifested by one or more
symptoms: cough, chest pain, shortness of breath, or hemoptysis [1]. Further, the SARS-
CoV-2 virus infection that broke out recently and quickly spread in a pandemic appears
with these symptoms (most commonly, cough and shortness of breath) [2,3]. Hemoptysis
may therefore not be the most common clinical finding in COVID-19 patients [4], but it is
an urgent situation that requires observation, finding the cause, and taking steps to prevent
a more severe recurrence.

Hemoptysis is defined as the expulsion of blood through the oral tract from a source
located in the lower respiratory tract, i.e., below the level of the glottis [5,6]. It is a frequent
clinical finding that is usually due to bronchitis, pneumonia, bronchiectasis, tuberculosis,
neoplasms (bronchial carcinoma, intrabronchial tumors, sarcomas, and metastases), or even
pulmonary embolism [5-10]. Other less common causes include coagulopathy, platelet
disorders, pulmonary hypertension, aneurysm rupture, trauma (catheter, biopsy, iatrogenic,
or blunt trauma), foreign body aspiration, vascular and collagen diseases (such as Good-
pasture’s syndrome, Behget’s disease, systemic lupus erythematosus, granulomatosis with
polyangiitis, Henoch-Schonlein purpura, and rheumatoid arthritis), drugs and narcotics
(such as anticoagulants, penicillamine, solvents, crack, and cocaine), and even gastric
content aspiration or cryptogenic causes [5-12]. Its extent can vary from the presence of
blood in the sputum to potentially life-threatening massive hemoptysis [8]. The etiology of
hemoptysis affects the choice of appropriate treatment [5,6,9,11].

Massive hemoptysis is defined as blood loss that exceeds 600 mL per twenty-four
hours or 150 mL per hour [8]. Massive hemoptysis is related to pathologies that alter the
pulmonary vasculature, usually affecting the bronchial arteries, and can be either inflam-
matory or neoplastic. This emergency can easily and quickly lead to death due to airway
obstruction and hypoxemia from asphyxiation, rather than hemodynamic disturbance
and shock, which do not occur early [9]. Even a tiny vessel rupture can have significant
clinical consequences because of aspiration and the difficulty of stable thrombus formation
that prevents vessel healing in thin-walled airways. Due to the severity of the situation,
it is necessary to differentiate between the conditions with a similar picture which are
characterized as pseudohemoptysis [13]. These can be upper digestive, upper respiratory,
or even oral cavity bleeding. Hemoptysis has a bright red color as well as an alkaline
frothy sputum, while in other cases of pseudohemoptysis the blood is acidic and darker in
color [10,13].

Two pathways are blamed as pathophysiological mechanisms. The first and most
common one concerns bleeding from the bronchial arteries because they handle higher
pressures [10,14-17]. This pathway begins when diseases cause hypoxic vasospasm and
thereby limit pulmonary circulation. This implies an increase in blood supply with an
increase in the rupture of the fragile anastomotic vessels and bleeding into the alveoli and
bronchi. Other causative diseases are those that, through the release of angiogenic growth
factors, cause neovascularization and the development of collateral circulation. These
vessels are also fragile, and so their rupture causes hemoptysis. Hemoptysis, however,
can also occur from the vessels of the pulmonary circulation, either iatrogenically during
catheterization, during aneurysm rupture, or from other causes [10,14-17].

According to the guidelines [5,9-11,18], the first step is to diagnose massive hemopty-
sis. The diagnostic algorithm includes a general blood test as well as a coagulation profile.
The imaging examination usually does not start with an X-ray because the diagnostic accu-
racy and detection of bleeding are poor. For this reason, other imaging tests are preferred.
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These include bronchoscopy, which can detect bleeding in over 90% of cases. Another
advantage of this examination is that it does not require moving the patient, while at the
same time it offers information about the patient’s anatomy, a fact that facilitates subse-
quent intervention, increasing its effectiveness [19-21]. An alternative method is computed
tomography (CT), which has been shown to be even more effective in detecting bleeding
and can therefore replace bronchoscopy. Although it is an unusual finding, bronchial artery
bleeding can be seen at the time of the scan. This can indicate the site and cause of the
bleeding. Native CT can also indicate the site of bleeding, which may manifest as a ground
glass infiltration or as pulmonary consolidation, and permit the identification of the site
of major architectural distortion in the case of diffuse pathologies [22]. CT angiography
permits the identification of the origin of bronchial arteries from the thoracic aorta and
facilitates catheterization during interventional angiography. A bronchial artery diameter
greater than 3 mm is usually considered pathologic. There is great variability in the number
and site of origin of the bronchial arteries, but the most usual patterns are one or two
arteries for each lung that originate from the descending thoracic aorta around the level
of the tracheal bifurcation. Sometimes, a bronchial artery may arise as a common trunk
with an intercostal artery. On the other hand, lung pathology located superficially may
result in neovascularization from intercostal artery branches or from internal mammary
arteries [5,9,10,16,23-25].

Then, according to the guidelines, the hemoptysis is treated [26-28]. The treatment of
massive hemoptysis has two aspects. The first concerns the emergency arrest of bleeding
which does not stop spontaneously and constitutes an emergency. This can be accomplished
by using a rigid bronchoscope and adequate aspiration of blood, as well as intubation of
the lung and occlusion of the bleeding site, e.g., with a balloon, to ensure a non-bleeding
lung. Finally, hemostatic drugs, such as pituitrin, hemocoagulase, and others such as
carbazochrome sulfonate sodium and carbazochrome tablets, are applied. Therefore, after
the diagnosis is made and emergency treatment is applied, where necessary, follow-up
targeted treatment of massive hemoptysis is required. In this phase, the main technique
used is bronchial artery embolization (BAE). Alternatives are surgical treatment of the
bleeding or etiological treatment [5,9-11,18]. The prognosis of massive hemoptysis is
indicated by several factors. These include the amount of blood in the sputum, the etiology
of hemoptysis (such as cancer), and hemodynamic instability [29,30].

Furthermore, for the treatment of massive hemoptysis, it is important to take certain
factors into serious consideration. These include coagulation parameters as well as the
taking of anticoagulant drugs. Specifically, the number of platelets determines the safety
of both biopsy (safety thresholds of more than 50,000/ mm?) and bronchoscopy (safety
thresholds of more than 20,000/mm?) [31,32]. Anticoagulation, especially colpidogrel, also
increases the risk of bleeding during procedures such as biopsies [33]. From the laboratory
findings, urea and BUN are also considered important, as uremia and BUN > 30 mg/dL
increase the risk of bleeding during surgery [34].

Since massive hemoptysis is a life-threatening condition, an effective treatment method
is essential. Massive hemoptysis, unlike mild hemoptysis, is primarily treated invasively.
BAE is considered the method of choice and the first in line. This method can be applied
with various techniques. One of the most common is the Seldinger technique. The Seldinger
technique usually uses the right femoral artery for access and selective catheterization
of the bronchial and intercostal arteries using a 5 French catheter (Cobra, Simmons or
DESLER), which is inserted through the diagnostic catheter a few centimeters distally to
the vessel origin. This setup provides stability and impedes reflux of embolic material
to the thoracic aorta or into radiculomedullary vessels, which, when present, arise as
proximal branches [35-37]. Catheterization of bronchial arteries and contrast injection will
demonstrate enlarged, tortuous vessels with intense angiographic blush in the parenchymal
phase of the angiography. This pathologic imaging pattern is enough to justify embolization,
given that active contrast extravasation is usually not observed. Each angiographic run
should also be thoroughly examined to identify possible branches directed to the spinal
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canal. Sometimes, radiculomedullary arteries may arise from bronchial arteries as anatomic
variations or from a costobronchial trunk. The dominant radiculomedullary artery is the
artery of Adamkievitch and provides a major contribution to the anterior spinal artery. This
branch presents a characteristic hairpin configuration and projects on the vertebral column
along the midline. If angiographic interpretation is difficult, rotational angiography with
3D reconstructions might help. Superselective catheterization of anomalous arteries using 2-
F microcatheters is chosen, where possible, for the best results. Several different techniques
for access and embolization may be used as appropriate. Also, embolic agents, such as
polyvinyl alcohol, coils, gelatin sponges, and Embospheres, are more common [35-37]. The
embolic materials of choice are particles or microspheres. They should not be smaller than
250 microns, otherwise the probability of their entering dangerous collaterals, leading to
non-target embolization, is increased. Coils should be avoided because a new embolization
session in case of a relapse will be impossible [17]. It is important to identify and embolize
the bronchial artery that supplies the responsible pulmonary lobe, but in cases of diffuse
pathologies, embolization of all identified pathologic vessels can be considered, case by
case, to prevent future bleeding episodes. The double vascularization of the pulmonary
parenchyma usually prevents ischemic complications.

Therefore, knowledge regarding the treatment of massive hemoptysis is necessary to
reduce mortality risk. This systematic review aims to evaluate the available treatments for
massive hemoptysis according to the latest available studies in the literature, including
evaluation of the technical and clinical success of the methods for managing hemoptysis,
as well as recurrence, complications, and mortality. The technical success of an operation
is defined as successful intervention in massive hemoptysis, i.e., successful bronchial
embolization of the bleeding arteries and arrest of the bleeding. Clinical success is defined
as the resolution of the clinical findings of massive hemoptysis after the application of the
intervention, that is, the cessation of hemoptysis and other clinical findings that the patient
may present.

2. Materials and Methods
2.1. Study Protocol and Guidelines

This systematic review was written according to the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines [38]. This systematic review
is registered in the Open Science Framework (OSF) with the registration number: DOI
osf.io/r2n8w.

2.2. Eligibility Criteria
The eligibility criteria for this systematic review are presented and were defined with

the PICO framework. To be included in this systematic review, studies had to meet the
following inclusion criteria:

1. Involve adult patients with massive hemoptysis;

2. Report on the management of massive hemoptysis;

3.  Provide technical and clinical success rates of the treatment used;
4. Include data on recurrence and mortality.

Reviews, letters, comments, and case reports were excluded. Only original articles
that met the above criteria were included.

2.3. Information Sources, Search Strategy, and Selection Process

A systematic literature search was conducted in two databases (PubMed and Scopus)
using the keywords ‘massive hemoptysis” and ‘management’. The search was limited to a
six-year period from January 2017 (with the aim of selecting the newest possible studies
in the literature) until May 2023 and articles had to be written in English to be selected.
The selection process was carried out by two independent reviewers (D.T. and E. Kar.)
using Rayyan [39], who assessed the studies for inclusion in this systematic review. The
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two reviewers were blinded during both the title and abstract screening and the full-text
screening. Any disagreement was resolved by a third reviewer (E. Kot.).

2.4. Data Collection Process and Data Items

Data extraction was carried out by one reviewer (D.T.), and another reviewer (E.Kot.)
independently checked the results. The data were extracted in a standardized Excel form.
Data extraction was performed without the use of any automation tools. From the studies
that were reviewed, the relevant data for extraction were: the main characteristics of each
study; the identity of each study (author and year of publication); the total number of
participants, along with the mean age and the percentage of men; the type of study; the
management of bleeding; and the technical success rate of the method used.

2.5. Quality Assessment

Quality assessment of the included studies was performed using the Newcastle—
Ottawa Quality Assessment Scale for Cohort Studies by two independent reviewers (D.T.
and E.Kar.). Any disagreement was resolved by a third reviewer (E.Kot.). The Newcastle—
Ottawa tool consists of three evaluation domains. These are the selection of the participating
patients, comparability, and outcomes. The selection of participants includes: the represen-
tativeness of the exposed cohort, the selection of the non-exposed cohort, the ascertainment
of exposure, and a demonstration that the outcome of interest was not present at the start of
the study. With respect to the first question regarding the representativeness of the exposed
cohort, a star is given when the sample is truly or somewhat representative. Regarding
the selection of the non-exposed cohort, a star is given if the selection of the non-exposed
cohort is drawn from the same community as the exposed cohort. To be given a star for
the ascertainment of exposure, a secure record or structured interviews must be presented.
Finally, the last star is given if there is a demonstration that the outcome of interest was
not present at the start of the study. Regarding the 2nd domain, on comparability, two
stars may be given for the comparability of cohorts if the design or analysis controlled
for confounders. For the outcomes, the assessment of outcomes and the follow-ups are
evaluated. For the first, a star is given if the assessment was independent and blind or a
record linkage, while for the follow-up, a star is given if the assessment was sufficient to
evaluate the results and if several of the participants were included in it.

2.6. Statistical Analysis

Statistical analysis was conducted with R studio (R Core Team (2022). R: A language
and environment for statistical computing. R Foundation for Statistical Computing, Vienna,
Austria. URL: https:/ /www.R-project.org/ (accessed on 8 September 2023)). A propor-
tional meta-analysis was conducted using the metafor [40] and meta packages [41] using
a random-effects model. Cases and total numbers of participants were extracted for each
outcome from each individual study, and their proportions were calculated during the
meta-analysis. Publication bias was determined with visual inspection of funnel plots
for each outcome and Egger’s test [42]. Heterogeneity is presented with I? results, and
results between 0 and 40% were considered instances of non-important heterogeneity,
those between 40 and 60% instances of moderate heterogeneity, those between 60 and
75% instances of substantial heterogeneity, and those between 75 and 100% instances of
considerable heterogeneity [43,44].

3. Results
3.1. Study Selection

A total of 785 studies were found using the keywords “treatment” and ‘massive hemop-
tysis’, 395 of them in PubMed and 390 in Scopus. Of these, 658 were excluded, as they
were either duplicates or letters, case reports, reviews, or comments. Thus, the remaining
127 studies were screened for eligibility, 30 of which met the inclusion criteria and were
assessed for eligibility in the full-text screening. These studies therefore analyzed the
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success rate of the management of massive hemoptysis. The screening process for the
studies selected for inclusion in this systematic review is illustrated in a PRISMA 2020 flow
chart (Figure 1). All selection stages from the initial stage to the final stage are depicted.
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Figure 1. PRISMA 2020 flow chart. This diagram illustrates the process followed for the collection
and selection of studies used in our systematic review.

3.2. Study Characteristics
3.2.1. Major Characteristics of the Included Studies

The 30 studies included 2647 patients who developed massive hemoptysis and were
treated accordingly [45-74]. In these studies, treatment was applied either to stop bleeding
in cases of massive hemoptysis in which conservative treatment was unsuccessful or to
prevent recurrent bleeding. All these studies were retrospective observational cohort
studies. The largest sample size was 489 patients, in Ishikawa et al., 2017 [49]. This study
was conducted in Japan by a center specializing in hemoptysis. In contrast, the smallest
sample size was found in Clements et al., 2022 [72], with only three patients. Finally,
the majority of studies (26/30) used bronchial artery embolization for managing massive
hemoptysis. Despite the common methods applied in all these investigations, the different
tools, materials, and techniques applied in each investigation are of interest. These are
presented in Table 1.
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Table 1. Characteristics of included studies.

Study ID

Total Subjects
(% Male/

Study Type

Management of

Technical

Clinical Success

Median Age) Hemoptysis Success Rate Rate
Abid et al., 2021 [74] 46 (78.2/54.8) ORCS BAE 97.5 95
Yang et al., 2022 [73] 15 (80/55.9) ORCS Dual-vessel intervention 80 66.7
Clements et al., 2022 [72] 3 ORCS BAE 100 100
Mishra et al., 2018 [71] 52 (82.6/48) ORCS BAE NM 92
Silveira et al., 2021 [70] 17 (47/25) ORCS BAE 100 NM
Seyyedi et al., 2019 [69] 189 (58.3/NM) ORCS BAE NM 97.3
Fu et al., 2019 [68] 24 ORCS BAE 94.9 91.7
Ando et al., 2017 [67] 35 ORCS BAE 94.3 97
Kolu et et al., 2022 [66] 48 (68.7/52) ORCS BAE 97.9 93.7
Mehta et al., 2020 [65] 12 ORCS Customized endobronchial 9.3 923
silicone blocker
Keshmiri et al., 2020 [64] 153 (68/55) ORCS BAE 100 NM
Marcelin et al., 2018 [63] 19 (78.9/60.3) ORCS BAE 73.7 84.2
Miyano et al., 2017 [62] 179 ORCS BAE 93.2 92.8
Xiaobing et al., 2022 [61] 187 ORCS BAE 100 86.6
Han et al., 2019 [60] 84 ORCS BAE 98.9 82.1
Seki et al., 2017 [59] 10 ORCS BAE 100 100
Al-Samkari et al., 2019 [58] 21 ORCS Antifibrinolytic agents NM 50
Floridi et al., 2022 [57] 13 (NM/NM) ORCS BAE 94.7 923
Kucukay et al., 2018 [56] ( 45.;;‘;9' N ORCS BAE 100 919
Lal et al., 2021 [55] 27 (NM/ 41.4) ORCS Percutaneous transthoracic 93.1 88.9
embolisation
Lee et al., 2022 [54] 19 ORCS BAE 94.7 89.5
Frood et al., 2020 [53] 68 (60.2/53) ORCS BAE 90 86.5
Flight et al., 2017 [52] 27 ORCS BAE
Springer et al., 2018 [51] 30 (NM/33.5) ORCS BAE NM 95.75
Le-Jun et al., 2020 [50] 5 ORCS BAE 100 100
Ishikawa et al., 2017 [49] 489 (46.4/69) ORCS BAE 93.4 92
Ando et al., 2019 [48] 41 ORCS BAE NM 92.7
An et al., 2023 [47] 17 ORCS BAE 100 100
Li et al., 2023 [46] 105 (64/NM) ORCS BAE NM 84.8
BAE using Embospheres
Cheng et al., 2023 [45] 127 (Gro‘g };:55%6)58' Group ORCS Embzlsog‘}f;:fwith 92.99 & 97.14 85.96 & 97.14

gelfoam particles

Abbreviations: ORCS: observational retrospective cohort study, BAE: bronchial artery embolization.

3.2.2. Findings of the Studies

Some studies used techniques that differed greatly or slightly from bronchial artery
embolization or used the classical technique of bronchial artery embolization with various
variations depending on the circumstances and characteristics of the patients. Kucukay
et al. [56] used large-sized (700-900 Im) tris-acryl microspheres (Embospheres) for bronchial
embolization. The results showed the great clinical success of this technique, with very
high long-term success rates. Specifically, clinical success reached 100%. The disadvantage
of this technique is that the microspheres, due to their large size, can occlude the bronchial
artery, which is much more central to the lesion. However, the use of a microcatheter
significantly reduces the likelihood of this happening.

Xiaobing et al. and Seki et al. [59,61] used chemotherapeutic substances as means of
embolization of the coronary arteries. This variant is called bronchial artery chemoem-
bolization and seems to be advantageous over the classic technique with respect to the
long-term results of treating hemoptysis due to lung cancer. It requires repeated courses of
treatment, and various substances, such as epirubicin, nedaplatin, and etoposide, are used.
The trophic arteries of the tumor are embolized, and it seems to be a technique that solves
the problem of the difficult management of hemoptysis in cancer patients. This difficulty is
due to the different and complex pathophysiology of hemoptysis in lung cancer. BAE, on
the other hand, does not manage the tumor but only the hemoptysis, leading to the high
recurrence rates in these patients.
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In cases of anomalies, such as pseudoaneurysms, Marcelin et al. [63] suggested the use
of pulmonary embolization versus bronchial embolization or endoprosthesis placement.
This technique scored a high success rate relative to the difficulty and severity of the
condition, while two patients died due to massive bleeding. The stent ensures the patency
of the vessel; however, a complication is its occlusion due to the stent.

Mehta et al. [65] evaluated the use of customized endobronchial silicone blockers for
the management of massive hemoptysis in cases where BAE is not an option. With this
technique, a customized endobronchial silicone blocker is used to wedge and occlude the
bleeding, with quite favourable results. The clinical success rate reached 92.3%, making
this technique successful enough to replace BAE where it is not possible. Its only flaw is
that it has not been studied as well as BAE to ensure its safety and success. Yang et al. [73]
used the dual-vessel intervention (DVI) technique. This is a less successful technique
that scored technical and clinical rates of 80% and 66.7%, respectively. This technique
includes bronchial and pulmonary artery embolization with a hyperselective catheter and
the use of PVA and a spring coil. Finally, the lowest clinical success rate was achieved in
Samkari et al. [58], who used antifibrinolytic agents to manage hemoptysis. However, this
percentage was also affected by the population group, as it included patients with cystic
fibrosis, who have high failure rates in operations.

An et al. [47] examined bronchial artery embolization with a specific opening, namely,
the opening of the lower wall of the aortic arch. This study reports that this method was
particularly effective, with fewer complications and rebleeding, and involved the use of the
JL4 catheter. The use of this catheter is particularly important, as operations of this type
have not been as successful as operations using other catheters. The advantages of this
catheter are found in its shape, its rigidity, and the absence of the need to create a loop.

Finally, Cheng et al. [45] analyzed the safety and effectiveness of the use of embo-
spheres alone or in combination with gelfoam particles for BAE. The results showed that
the combination of these gave significantly better results, with technical and clinical success
scores of 97.14% and 97.14%, respectively. The use of pure embospheres scored technical
and clinical success rates of 92.99% and 85.96%, respectively. Therefore, the major differ-
ence between these two is found in the clinical success of the two techniques. For this
reason, the authors suggest the use of embospheres together with gelfoam particles to
avoid clinical failure.

Etiology of Massive Hemoptysis

In the studies included in this systematic review, bronchiectasis is reported as the
first cause, in 658 reported cases out of 2647 in total, thus covering a quarter of the causes
of massive bleeding (Table 2 and Figure 2). This is followed by tumors and tuberculosis,
comprising 444 and 397 cases, respectively. Cases of aspergilloma and cystic fibrosis are
also common and require special management.

Table 2. Etiology of massive hemoptysis in the studies included in this systematic review.

Etiology of Massive Hemoptysis Number of Incidents
Bronchiectasis 658
Tumor 444
Tuberculosis 397
Cystic fibrosis 64
Pulmonary artery pseudoaneurysms 29
Aspergilloma 196
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Etiology

M Bronchiectasis H Tumor
W Tuberculosis m Cystic fibrosis

Pulmonary artery pseudoaneurysms  Aspergilloma

Figure 2. Etiology of massive hemoptysis.

Radiological and Angiographic Findings

In the studies included in this systematic review, 460 cases of hypertrophy and dilata-
tion, 44 cases of parenchymal hypervascularity, 145 cases of parenchymal blush, 73 cystic
findings, 37 cavities, and 78 aneurysms were reported (Table 3). However, these numbers
underestimate the actual findings because many of the studies did not report the number
of findings included in the overall result.

Table 3. Radiological and angiographic findings.

Angiographic Findings Incidence
Hypertrophy and dilatation 460
Parenchymal hypervascularity 44
Parenchymatous blush 145
Cystic lesion 73
Cavity 37
Aneurysmal lesion 78

Recurrence, Complications, and Mortality

Table 4 presents the main postoperative complications, rebleedings, and deaths
that were recorded. The main complication was chest pain, sometimes mild and some-
times more severe, which required investigation and treatment with analgesics. At least
140 such cases were reported in the studies included in this systematic review. The next
most-frequent complication was fever (52 cases reported), but no further details were
available from the studies regarding its cause. Only 11 cases of dysphagia and throat
discomfort were reported, while even fewer, i.e., 2, were cases of paresis, one of the serious
complications of the operation. A total of 149 more complications were reported, includ-
ing nausea/vomiting (the most common), headache, and abdominal pain, while some of
the serious and life-threatening complications reported were aortic dissection, cerebellar
infarctions, and hematomas.
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Table 4. Recurrence, complications, and mortality.

Chest Dysphagia and . Other .
Study ID Discomfort Fever Throat Discomfort Paresis Complications Recurrence Mortality
Abid et al., 2021 [74] 2 0 0 0 1 (headache) 6/46 1
Yang et al., 2022 [73] 6 0 0 0 12 (ventricular arrhythmia) 2/15 1
Clements et al., 2022 [72] 0 0 0 0 0/3 0
Mishra et al., 2018 [71] 5 0 0 1 0 2/52 1
Silveira et al., 2021 [70] 0 0 0 0 0 10/17 3
Seyyedi et al., 2019 [69] 23 0 10 0 6 (S“b‘“;ﬁrgifggmnf and 53/189 20
Fu et al., 2019 [68] 6 2 0 0 1 (vagus reflex) 2/207 0
Ando et al., 2017 [67] 12 0 0 0 0 10/35
Kolu et et al., 2022 [66] 5 0 0 0 0 4/45 1
Mehta et al., 2020 [65] 0 0 0 0 0 1/13 0
3 (ischemia, pulmonary
Keshmiri et al., 2020 [64] 0 0 0 0 infarction, and spinal 43/153 1
complications)
Marcelin et al., 2018 [63] 0 0 0 0 0/19 2
Miyano et al., 2017 [62] 0 0 0 0 1 (aortic dissection) 12/179 3
87 (nausea/vomiting,
Xiaobing et al., 2022 [61] 34 38 0 0 lgzzzszrl‘nﬁzé ﬁg NM 15
abdominal pain)
Han et al., 2019 [60] 0 0 0 0 0 20/84 2
Seki et al., 2017 [59] 1 0 0 0 1 (allergic reaction) 3/10 2/10
Al-Samkari et al., 2019 [58] NM NM NM NM NM NM NM
Floridi et al., 2022 [57] NM NM NM NM NM NM NM
Kucukay et al., 2018 [56] 9 NM NM NM NM 14/174 0
Lal et al., 2021 [55] 0 0 0 0 1 (pneumothorax) 1/29 0
Lee et al., 2022 [54] 0 0 0 0 7/19 0
2 (cardio-pulmonary arrest,
Frood et al., 2020 [53] 0 0 0 1 cerebellar infarction) NM NM
Flight et al., 2017 [52] 14 0 0 0 15 (paraesthesia, headache) 31/49 5
3 (1 haematoma at the site of
Springer et al., 2018 [51] 0 1 0 0 microcatheter insertion and 10/30 6
2 vomiting)
Le-Jun et al., 2020 [50] 0 0 0 0 0 0
8 (1 aortic dissection, 2
symptomatic cerebellar
Ishikawa et al., 2017 [49] NM NM NM NM infarctions, and 5 57/489 23
mediastinal haematoma
cases)
Ando et al., 2019 [48] NM NM NM NM NM 21/41 NM
An et al., 2023 [47] 6 5 1 0 0 3/17 0
Li et al., 2023 [46] 8 1 0 0 1 (nausea) 29/64 NM
7 (2 vomiting, 2 poor
Cheng et al., 2023 [45] 9 5 0 0 appetite, 2 allergy, 1 NM 3
blindness)
TOTAL 140 52 11 2 149 341/1979 89

Regarding the occurrence of rebleeding, 341 cases occurred out of 1979 cases, while
it is not known what happened to the remaining 668 cases due to a lack of data. These
cases of rebleeding, however, were recorded at different follow-up times, that is, some
appeared in the first month after the operation, others in the first six months, others in the
first year, and so on. A total of 89 deaths related to hemoptysis were also recorded, which
highlights the seriousness and danger of the condition, as well as the need for proper and

effective treatment.

3.3. Quality Assessment

The results from the quality assessment using the Newscastle-Ottawa Scale are listed
in Table 5. The included studies did not use non-exposed cohorts and were not given a star
in the selection domain.
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Table 5. Quality assessment of included studies.

Selection Comparability Outcome
Demonstration ~Comparability
Representa- Selection of hat of Cohorts on Follow-Up i
Study ID tileness of the Non- Ascertainment 1(1)1‘{[::5[:‘ 5\]22 theDBe:Si‘SnD;:he Assessment of En(}uﬂn}% £ Achi?“af% of Total Quality
the Exposed Exposed of Exposure Not Present Analysis Outcome Outco%nesotro o(f’ C‘;‘i“’onl;
Cohort Cohort at Start of Controlled for Occur
Study Confounders
Yang e[;g}, 2022 . * * . * * * 8/9 Good
Cle;gggt[si'i al., * * * 2% % * * 8/9 Good
M%}iga[;tl iﬂl., * % * e * * * 8/9 Good
Silzvoeziga[%]al., ¥ * * o * * * 8/9 Good
Se)zlaf;:gi[ggt]al./ " % * . % * * 8/9 Good
Fu et[zls,j 2019 * * * . * * * 8/9 Good
Azrbc}g %7&]1 N * * . * * * 8/9 Good
K(;lou2 ;t[gg ]al,, * % “ o “ * * 8/9 Good
Mzeohzfoa [eét;]l«, N " + ot * * * 8/9 Good
Kesz%rznolr[léit] al., * % * o * * * 8/9 Good
Ma;(cﬁgr[\ézt] al., . * * . * * * 8/9 Good
Miz)z)all}olgglal./ * % * o * * * 8/9 Good
Xia;)bzi;\%;lt] al., . % * - * * * 8/9 Good
Han e[tgg)l],, 2019 . * * e * * * 8/9 Good
Seki efszlj’ 2017 ¥ * * st * * * 8/9 Good
A * * : * * L e
Fl%izgi[est’?'?lq * * * ot * * * 8/9 Good
Ku;gi(g{se;] al., % * * ot * * * 8/9 Good
Lal et[saé], 2021 " * * . * * * 8/9 Good
Lee e'i ;i}, 2022 * * * 2% * * * 8/9 Good
FE%%% F5t3a]l., * * * £ * * * 8/9 Good
Flzlgil; [e;za]lq . * * w5 * * * 8/9 Good
Spgiglgsef;lt]al., . * * . * * * 8/9 Good
Lez-g%\ [?;':tO z]il./ B * « . « * * 8/9 Good
Ishikawa egt] al., . * * . * * * 8/9 Good
AZIE)C}S fi;}lq ¥ * * - * * * 8/9 Good
An et[217.], 2023 % % * 2% * * * 8/9 Good
Liet [a416,]2023 * * * *k * * * 8/9 Good
nggsg [e4t5z]iL, . * * ot * * * 8/9 Good
Abid e[tﬂaﬁ., 2021 * * * o * * * 8/9 Good

With *, the star given to each category that excludes the risk of bias is denoted. Each category is evaluated with a
blank or a *, except for the Comparability category which is evaluated with a blank or a * or **.

3.4. Meta-Analysis Results

A proportional meta-analysis was performed for all studies that used a common mode
of management of massive hemoptysis, that is, BAE, and provided relevant

data [45-54,56,57,59-64,66,68-72,74].
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3.4.1. Technical Success Meta-Analysis

The results of the statistical analysis showed a pooled technical success rate of 97.22%,
confirming the technical success of the operation. Technical success is defined as successful
embolization of the bronchial arteries. These results are presented with a forest plot in
Figure 3. Significant heterogeneity between the included studies was observed (12 = 77%,
p < 0.001). Publication bias for technical success presented significant asymmetry (Figure 4,

p = 0.0024).
Study Cases Total Prevalence 95% C.I.
Abid_2021 40 #4 97.56 [87.14; 99.94] —a
Clements_2023 24 24 100.00 [85.75; 100.00] —h
Silveira_2021 39 39 100.00 [90.97; 100.00] —a
Fu_2019 37 39 94.87 [82.68; 99.37] —e
Ando_2017 33 35 94.29 [80.84; 99.30] —n
Kolu_2022 47 48 97.92 [88.93; 99.95] —a
Keshmiri_2020 150 150 100.00 [97.57; 100.00] -
Marcelin_2018 14 19 73.68 [48.80; 90.85] —
Miyano_2017 167 179 93.30 [88.58; 96.49] -
Xiaobing_2022 187 187 100.00 [98.05; 100.00] a
Han_2019 83 84 98.81 [93.54; 99.97] -
Seki_2017 10 10 100.00 [69.15; 100.00] —t
Floridi_2022 18 19 94.74 [73.97; 99.87] —e
Kucukay 2018 174 174 100.00 [97.90; 100.00] a
Lee_2022 18 19 94.74 [73.97; 99.87] BE—
Frood_2020 86 96 89.58 [81.68; 94.89] —= |
Le_2020 5 5 100.00 [47.82; 100.00] ————
Ishikawa_2017 650 696 93.39 [91.28; 95.12] L1
An_2023 17 17 100.00 [80.49; 100.00] —
Cheng_2023 53 57 92.98 [83.00; 98.05] —a
Cheng2_2023 68 70 97.14 [90.06; 99.65] —dl
Common effect model 99.31 [98.88; 99.73] d
Random effects model 97.22 [95.68; 98.75] .
Heterogeneity: I° = 77%, © = 0.0006, %3, = 85.42 (p < 0.01) I T I I I I
20 40 60 80 100

Prevalence of technical success

Figure 3. Forest plot for technical success [45,47,49,50,53,54,56,57,59-64,66—68,70,72,74].
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Figure 4. Funnel plot for technical success.
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3.4.2. Clinical Success

Clinical success is defined as complete cessation of hemoptysis after bronchial arterial
embolization. The statistical analysis of the results of 24 studies showed a pooled clinical
success equal to 92.46% (90.43; 94.50 95% CI), with moderate heterogeneity (1>: 57%,
p < 0.001). These results confirm the effectiveness of BAE in treating massive hemoptysis.
No significant asymmetry was observed in the funnel plot regarding publication bias
(p = 0.0772). The results are presented in Figures 5 and 6.

Study Cases Total Prevalence 95% C.I.

Abid_2021 38 40 95.00 [83.08; 99.39] —=
Clements_2023 3 3 100.00 [29.24; 100.00] *
Mishra_2018 48 52 92.31 [81.46; 97.86] —
Seyyedi_2019 184 189 97.35 [93.93; 99.14] b |
Fu_2019 22 24 91.67 [73.00; 98.97] —
Ando_2017 34 35 97.14 [85.08; 99.93] — =
Kolu_2022 45 48 93.75 [82.80; 98.69] —n
Marcelin_2018 14 19 73.68 [48.80; 90.85] a
Miyano_2017 166 179 92.74 [87.90; 96.08] -
Xiaobing_2022 162 187 86.63 [80.90; 91.16] -
Han_2019 69 84 82.14 [72.26; 89.65] —a—
Seki_2017 10 10 100.00 [69.15; 100.00] —
Floridi_2022 12 13 92.31 [63.97; 99.81] ——
Kucukay_2018 160 174 91.95 [86.87; 95.53] -
Lee_2022 17 19 89.47 [66.86; 98.70] —
Frood_2020 83 96 86.46 [77.96; 92.59] —a
Springer_2018 21 22 95.45 [77.16; 99.88] —
Le_2020 5 5 100.00 [47.82; 100.00] .
Ishikawa_2017 450 489 92.02 [89.26; 94.27] i
Ando_2019 38 41 92.68 [80.08; 98.46] —
An_2023 17 17 100.00 [80.49; 100.00] — =
Li_2023 67 79 84.81 [74.97; 91.90] ——
Cheng_2023 49 57 85.96 [74.21; 93.74] —a
Cheng2_2023 68 70 97.14 [90.06; 99.65] I ]
Common effect model . 93.46 [92.36; 94.55] *
Random effects model 92.46 [90.43; 94.50] : - :

Heterogeneity: I° = 57%, t° = 0.0011, 13, = 53.68 (p < 0.01) J I T T
0 20 40 60 80 100
Prevalence of clinical success

Figure 5. Forest plot for clinical success [45-51,53,54,56,57,59-63,66—69,71,72,74].
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Figure 6. Funnel plot for clinical success.
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3.4.3. Recurrence

All episodes of recurrence and rebleeding recorded in the studies in this systematic
review during follow-up were used to calculate the prevalence of recurrence. The pooled
recurrence was calculated to be equal to 21.46% (14.04; 28.89 95% CI), which shows the
frequent occurrence of recurrence in patients, which can often be life-threatening. The
result was considered statistically significant, with p < 0.0001, while high heterogeneity
was also distinguished. These results are visible in Figures 7 and 8, below.

Study

Abid_2021
Clements_2023
Mishra_2018
Silveira_2021
Seyyedi_2019
Fu_2019
Ando_2017
Kolu_2022
Keshmiri_2020
Marcelin_2018
Miyano_2017
Han_2019
Seki_2017
Kucukay_ 2018
Lee_2022
Flight 2017
Springer_2018
Le_2020
Ishikawa_2017
Ando_2019
An_2023
Li_2023

Common effect model
Random effects model

6
0
2
10
53

2
10

Cases Total Prevalence

46

3
52
17

95% C.1.
13.04 [4.94;26.26] —@—
0.00 [0.00; 70.76] #——
3.85 [0.47;13.21] &
58.82 [32.92;8156] | | —&——
28.04 [21.76;35.02] ' @
8.33 [1.03;27.00] —@——
28.57 [14.64;46.30) | —@—
8.33 [2.32;19.98] - —:
28.10 [21.14;35.93] | —@—
0.00 [0.00; 17.65]M—— :
6.70 [3.51;11.42] &
23.81 [15.19;34.35] —@—
30.00 [6.67;65.25] —f—@——
8.05 [4.47;13.13) ®
36.84 [16.29;61.64] '——=——
63.27 [48.29;76.58] 1 : ——
33.33 [17.29;52.81] | —+—&——
0.00 [0.00; 52.18] #—f———
1166 [8.95;14.84] ®
51.22 [35.13;67.12] ' | —@—
17.65 [3.80;43.43] —®——
27.62 [19.34;37.20) | +@—
13.09 [11.60; 14.58] +
21.46 [14.04; 28.89] ——

Heterogeneity: 1 = 90%, t° = 0.0266, 2, = 210.70 (p < 0.01)
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Figure 7. Forest plot for recurrence [46-52,54,56,59,60,62-64,66-72,74].
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Figure 8. Regression test for funnel plot asymmetry. Significant asymmetry was observed (p = 0.0246).
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3.4.4. Mortality

The pooled result for mortality was 3.5% (95% CI: 1.78; 5.21). Mortality, although
it is a rare complication of massive hemoptysis, is a real risk that has not yet been elimi-
nated. Significant asymmetry was observed in the funnel plot, indicating publication bias
(p = 0.0002). The results are presented in Figures 9 and 10.

Study Cases Total Prevalence 95% C.I.

Abid_2021 46 2.17 [0.06; 11.53] #—
Clements_2023 3 0.00 [0.00; 70.76] *-
Mishra_2018 52 1.92 [0.05; 10.26] ®—
Silveira_2021 17 17.65 [3.80;43.43] 1————
Seyyedi_2019 20 189 10.58 [6.58; 15.87] - -~
Fu_2019 24 0.00 [0.00; 14.25] #—
Kolu_2022 48 2.08 [0.05; 11.07] #—

Keshmiri_2020
Marcelin_2018

WOWOMOUTOONNOAOWN-_2A_200W-_0 -
(o]
S

0.65 [0.02; 3.59]®
10.53 [1.30; 33.14] -

Miyano_2017 179 1.68 [0.35; 4.82] ®
Xiaobing_2022 15 187 8.02 [4.56; 12.88] |-
Han_2019 2.38 [0.29; 8.34]
Seki_2017 10 20.00 [2.52; 55.61] -
Kucukay_2018 174 0.00 [0.00; 2.10]&:

Lee 2022 19 0.00 [0.00; 17.65] #——
Flight_2017 27 18.52 [6.30; 38.08] 1 —+——
Springer_2018 30 20.00 [7.71; 38.57] || —=——
Le_2020 5 0.00 [0.00; 52.18] +————
Ishikawa_2017 23 489 4.70 [3.00; 6.97] 'm
An_2023 17 0.00 [0.00; 19.51] #+—
Cheng_2023 57 5.26 [1.10; 14.62] r=—

Common effect model
Random effects model

Heterogeneity: 1 = 73%, v = 0.0008, %2, = 74.82 (p < 0.01)
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Figure 9. Forest plot for mortality [45,47,49-52,54,56,59-64,66,68-72,74].
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Figure 10. Funnel plot for mortality.
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4. Discussion

In this systematic review, 30 studies related to the management of massive hemop-
tysis were included, of which 26 used bronchial artery embolization as a management
method [45-54,56,57,59-64,66-72,74]. The 30 studies were observational retrospective co-
hort studies. As a result, no definitive conclusions can be made about the success of the
methods for treating massive hemoptysis. The technical success of BAE ranges from 73.7%
to 100%, while the clinical success ranges from 82.1% to 100%. This large variation depends
on various factors, such as the technique and agents used, as well as the cause of the
hemoptysis. Regarding the techniques, these initially include access to the vascular tree
of the pulmonary parenchyma. This usually occurs via the femoral artery, although the
transaxillary route has also been used. Embolization of the visible abnormal arteries then
follows. The choice of the appropriate embolization factors is also important, as it has
been found that they affect the success of the operation [35-37,75,76]. The most common
agent is polyvinyl alcohol; however, a combination of agents has been found to slightly
increase the technical success but significantly increase the clinical success [35-37,75,76].
Cheng et al. [45] showed that with the combination of embospheres and gelfoam par-
ticles, the technical success increased by 4.18%, while the clinical success jumped from
85.96% (without gelfoam particles) to 97.14%. It is worth mentioning the value of supers-
elective arterial catheterization, which achieves the best results with the fewest possible
complications [35-37,75,76].

The results of the meta-analysis demonstrate the success of BAE in the treatment of
massive hemoptysis. Specifically, BAE scored a pooled technical success equal to 97.22%
as well as a pooled clinical success equal to 92.46%. Therefore, BAE can with great ability
both achieve arterial embolization and interrupt massive hemoptysis. However, the level
of recurrence seems to be high (21.46%). Therefore, despite the immediate success of the
intervention, the long-term success is limited due to the high recurrence numbers. Finally,
mortality is limited to 3.5%, which also confirms the success of the intervention.

Surgical treatment is an alternative to BAE, which, however, is not minimally invasive,
instead requiring a long operation with lobectomy of the bleeding lung segment. It is
chosen in patients in whom temporary hemostasis or BAE will not produce a long-term
effect, leading to rebleeding in a short period of time. It is a prerequisite that the patient is
cardiorespiratorily fit for such an operation and that the bleeding is unilateral. Etiological
therapy is chosen for respiratory diseases that do not cause anatomical damage and must be
accompanied by respiratory support by administering oxygen [10,11,18]. It is the method
of choice for conditions such as aspergilloma as well as for iatrogenic injuries that cause
massive hemoptysis [77,78].

In the current systematic review, we defined massive hemoptysis as the expulsion of
blood through the oral route in an amount exceeding 200 mL per twenty-four hours. In
smaller amounts, hemoptysis is categorized as mild or moderate. In these cases, the patient
is usually hemodynamically stable and the way to deal with hemoptysis changes, including
treatment of the etiology that causes hemoptysis, and thus, together with the treatment of
the cause of the hemoptysis, the hemoptysis itself is removed. However, it has been found
that hemoptysis can be treated in these cases with the use of nebulized tranexamic acids.
These are synthetic analogues of lysine with anti-fibrinolytic action. Specifically, they cause
the suspension activation of plasminogen to plasmin and block the action of plasmin on
fibrin. In the double-blind, randomized study by Wand et al., they were found to score 96%
in the treatment of hemoptysis versus placebo, which achieved only 50%. This confirms
the success of TAs in the management of mild-to-moderate hemoptysis. Also, the study
showed that co-administration of antibiotics with TA does not increase the success of the
intervention [14,79-82].

However, it has been found that moderate hemoptysis can potentially have the same
prognosis of rebleeding as massive hemoptysis as well as the same mortality. For this
reason, it is suggested that it be treated in the same way as the massive one. In other words,
it is recommended to use BAE to treat it rather than etiological treatment or TA. In terms of
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success rates, these show the significant ability of BAE to manage moderate hemoptysis,
scoring more than 96% and 94% for technical and clinical success, respectively [14,79-81].

Many factors have been implicated as risk factors for hemoptysis in the population.
Initially, it was found that bronchiectasis is associated with an increased risk of hemoptysis,
as well as hypertrophic bronchial arteries that are associated with heavier and faster
hemodynamic instability [6,9,16,17,83,84]. As for hypertrophic arteries, it has been found
that these are located in patients carrying the mutated BMPR2 gene. However, this mutation
is not associated with an increased risk of hemoptysis but only with an increased frequency
of bronchial artery hypertrophy. Smoking also increases the risk of developing hemoptysis,
while anticoagulants and antiplatelet drugs increase both the risk of hemoptysis and the
severity of this hemoptysis. Diabetes was also implicated as a risk factor, perhaps due to
the vascular damage it causes. Hemoptysis occurs more often in males, while it occurs
less often in diseases with a course between 1 and 5 years. Finally, with regard to massive
hemoptysis, this occurs more often in diseases that affect two lobes or more, while the
lower left lobe is less often involved in episodes of massive hemoptysis [6,8,9,11,83-86].

It has been found that, over time, the rate of clinical success decreases significantly.
From the very first month after BAE, the clinical success rate can be significantly reduced
due to the resulting rebleeding cases, which can be fatal. For this reason, long-term follow-
up is considered useful in order to monitor the course of the patient’s disease. In particular,
certain conditions are associated with an increased risk of rebleeding in more than half
of patients. Such diseases are bronchiectasis, aspergilloma, and especially lung tumors
(primary and metastatic). In these cases, surgical treatment of hemoptysis should be
discussed to reduce the risk of rebleeding. Many times, during follow-up, the need for
re-interventions can be seen [45-54,56,57,59-64,66-72,74].

Rebleeding after BAE is the most frequent complication of surgery and determines the
prognosis, as it can be fatal. Rebleeding occurs most frequently after the first month to the
first year, with a mean day of occurrence of 293 postoperative days. It next most frequently
appears in the first month after BAE. Rarely, however, rebleeding can occur after one year
of BAE. However, these numbers vary quite a bit and are determined by the existence
or not of risk factors. Such factors are diabetes, aspergilloma, and the existence of an
arteriovenous shunt. In particular, with regard to aspergilloma, rebleeding can reach 100%,
emphasizing the need for regular follow-up and discussion of surgical lobectomy if the
patient is deemed cardiorespiratorily fit for such an operation [45-54,56,57,59-64,66-72,74].

Paresis, a serious complication, was reported twice in the included studies in this
systematic review. Mishra et al. [71] documented monoparesis of the right lower extremity
after BAE. This paresis was blamed on a small focal hyperintensity of the spinal cord due to
a possible embolism of the spinal artery, as confirmed by magnetic resonance imaging. This
complication requires physiotherapy that leads to partial-to-complete restoration of the
damage. Other serious complications reported include aortic dissection, which occurred in
one incident due to a fragile aortic wall. Two cases of cerebral infarction were also reported,
one of which was attributed to infarction arising from the vertebral artery. This emphasizes
the need for special care when embolizing near the vertebral artery.

Further investigation needs to be undertaken to find ways to treat massive hemoptysis
non-invasively. Also, further investigation is required into how to prevent the complications
of BAE, such as rebleeding, which occurs at a very high rate in some cases.

This research has certain limitations. One of them concerns the type of studies that
were selected, these being retrospective observational cohort studies and not randomized
controlled trials. This is due to the non-existence of other types of studies. Another
constraint is the restriction of studies for inclusion to those written in the English language,
which created publication bias, as well as the literature search being limited to a narrow
period of time. Our systematic review does, however, have several strengths. Firstly, there
is the rigorous methodology used according to the PRISMA guidelines and the exploration
and reporting of all possible treatments of massive hemoptysis, in addition to only recent
studies, i.e., those published in the last six years, having been selected.
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5. Conclusions

In conclusion, massive hemoptysis is a life-threatening condition and is a frequent
symptom of various respiratory diseases, such as COVID-19. Its treatment can be achieved
in terms of technical and clinical success with the use of bronchial artery embolization.
However, when this method is not indicated, the treatment of massive bleeding is achieved
by using other equally effective methods. Complications appear in a large number of pa-
tients, the most common of which is chest discomfort. Rebleeding is a major problem, with
massive bleeding occurring frequently, which can be fatal. Finally, mortality from massive
hemoptysis occurs in a low percentage of patients, which reinforces the effectiveness of the
methods of dealing with massive hemoptysis.
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