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ABSTRACT

Introduction: Increasingly, for pediatric patients with short bowel syndrome (SBS), intestinal lengthening proce-
dures such as serial transverse enteroplasty (STEP) are being offered with the hope of improving patients’
chances for achieving enteral autonomy. However, it remains unclear to what extent STEP reduces the long-
term need for intestinal transplant or improves survival.

Methods: Based on existing literature, a decision analytic Markov state transition model was created to simulate
the life of 1,000 pediatric SBS patients. Two simulations were modeled: 1) No STEP: patients were listed for trans-
plant once medical management failed and 2) STEP: patients underwent STEP therapy and subsequent transplant
listing if enteral autonomy was not achieved. Sensitivity analysis of small bowel length and anatomy was com-
pleted. Base case patients were defined as neonates with a small bowel length of 30cm.

Results: For base case patients with an ostomy and a NEC SBS etiology, STEP was associated with increased rates of
enteral autonomy after 10 years for patients with an ICV (53.9% [STEP] vs. 51.1% [No STEP]) and without an ICV
(43.4% [STEP] vs. 36.3% [No STEP]). Transplantation rates were also reduced following STEP therapy for both ICV
(17.5% [STEP] vs. 18.2% [No STEP]) and non-ICV patients (20.2% [STEP] vs. 22.1% [No STEP]). 10-year survival was
the highest in the (+) STEP and (+) ICV group (85.4%) and lowest in the (-) STEP and (-) ICV group (83.3%).
Conclusions: For SBS patients, according to our model, STEP increases rates of enteral autonomy, reduces need for
intestinal transplantation, and improves long-term survival.

Type of study: Economic/Decision Analysis or Modeling Studies

Level of evidence: Level III

© 2020 Elsevier Inc. All rights reserved.
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For neonates with short bowel syndrome (SBS), long-term mortality
remains as high as 30-60% despite significant advances in parenteral nu-
trition (PN) and central access catheter care [1,2]. Nearly 10-20% of pa-
tients will be referred for intestinal transplant (ITx) [3,4]. Although
outcomes following ITx have demonstrated increased quality of life,
long term survival remains stark, most recently noted at 50% at 5 years
for patients who have failed medical management of their SBS [5,6].

For providers managing SBS patients, the optimal decision-making
paradigm remains poorly defined. Typically, SBS patients remain on
PN until liver failure, lack of central access for PN, experience frequent
life-threatening catheter related complications or experience an unac-
ceptable quality of life; after which the option of ITx is considered [7].
In contrast to adult SBS patients, for pediatric SBS patients, particularly
those with major intestinal resections in the first few months of life, in-
testinal lengthening procedures have increasingly been performed and
seem to offer great promise [8,9]. Intestinal lengthening procedures
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such as serial transverse enteroplasty (STEP) aim to increase rates of en-
teral autonomy in SBS patients, and as such, to decrease the future need
for ITx [10-12].

Beyond small case series, few large-scale studies have explored the
complex decision-making paradigm surrounding surgical lengthening
procedures for pediatric SBS patients [13-15]. No randomized con-
trolled trials have been performed on the matter likely due to the costly,
time-consuming and controversial nature of such a study in the pediat-
ric population. STEP has been increasingly offered for pediatric patients.
However, it remains unclear whether the initial short-term improve-
ments in enteral autonomy rates merely delay the need for future trans-
plant. Furthermore, the impact of small bowel length and the presence
or absence of the ileocecal valve bias outcomes following STEP proce-
dures and make interpretations of the current available literature diffi-
cult. As such, the aim of this study was to create a decision analytic
Markov model to quantify, across a spectrum of bowel anatomy, the im-
pact of STEP therapy on rates of enteral autonomy, need for future trans-
plantation, and survival for pediatric SBS patients.

1. Methods

Markov decision analysis is a predictive modeling technique which
aims to use data from existing literature to model stochastic processes,
as is often present in medicine. Markov models have increasingly been
utilized in the healthcare setting, particularly in situations where long-
term trial data is lacking. Although limited by their inherit need for ex-
trapolation, Markov models offer the advantage of providing decision
makers guidance/forecasts on clinical decisions in a data-driven man-
ner. Our group has previously created Markov models to describe the
role of bariatric surgery for kidney and liver transplant candidates
[16-18].

For this study, our aim was to build upon our prior Markov experi-
ence to create a model in order to quantify the potential utility that
STEP offers SBS patients. Although intuitively and anecdotally surgeons
are aware that STEP offers benefit, current literature which describes
this benefit in a granular, long-term nature is lacking.

As such, a decision analytic Markov state transition model was cre-
ated in order to estimate the impact of STEP on SBS patients on PN. Med-
ical decision-making software was utilized (DATA 3.5; TreeAge
Software, Inc., Williamstown, MA). Base case patients were defined as
neonatal pediatric SBS patients (<12 months of age), with 30cm of
small bowel length (lowest measured length in patient’s history). Base
case definitions were created to be reflective of the typical SBS patient
who may need an ITx in the future. Baseline characteristics from pa-
tients in the included studies for the Markov model approximated that
of our base case patient (median age ~1 year, SB length ~ 30cm, no
ICV present, ostomy present, and NEC etiology of SBS).

1.1. Decision model structure

A decision analytic Markov state transition model was created in
order to simulate the life of 1,000 pediatric SBS patients on parenteral
nutrition. Transition probabilities from the initial state (SBS with PN)
were to achieve enteral autonomy, or have a “medical failure” requiring
either intestinal transplant or intestinal and liver transplant. Waitlist
times were assumed to be uniform for all patients. Patients had a mor-
tality risk in every state, as represented by state transition to death.
Two simulations were modeled: (1) No STEP: patients were immedi-
ately listed for intestinal transplant (intestinal or intestinal/liver) once
medical management of SBS failed and (2) STEP: patients underwent
STEP therapy followed by transplant listing if enteral autonomy was
not achieved (Fig. 1). Three-month cycle lengths were utilized until all
patients died. Of note, it was assumed that all patients were surgical
candidates for STEP. During the first 3-month cycle, patients faced a
postoperative 30-day mortality risk (Table 1). Among patients who

did not have enteral autonomy 6 months following STEP, they were
re-entered into a re-do STEP arm.

1.2. State transition probabilities

Transition probabilities were extracted from existing, published lit-
erature using MEDLINE electronic search (Table 1). As has been previ-
ously described by Naughler et al. and utilized by our group
previously, transition probabilities available in the literature for various
time periods were converted into rates per cycle with the actuarial
method for 3-month cycle probabilities [18,19].

1.3. Sensitivity analysis

Sensitivity analysis of initial small bowel length (shortest length in
patient’s medical history) was performed. Data points for 20 intervals
between 10cm and 100cm of small bowel length was simulated in sev-
eral iterations of the models. Presence of an ICV valve, ostomy, and NEC
vs non-NEC etiology of SBS was also altered in each version of the
model.

2. Results
2.1. State Transitions (Fig. 2)

At 10 years following initiation of the model, for non-ICV base case
patients who did not undergo STEP, 22.1% had required transplantation
(either ITx or ITx + LTx) (and were alive), 25% remained TPN-
Dependent, and 36.3% were alive with enteral autonomy. In compari-
son, at 10 years, among such patients who did undergo STEP, 20.2% of
patients were transplanted 20.4% remained TPN-Dependent and 43.4%
of patients were alive with enteral autonomy.

For base patients with the presence of an ICV and who did not un-
dergo STEP, 18.2% of patients were transplanted 15.6% remained TPN-
Dependent and 51.1% of patients were alive with enteral autonomy. In
comparison, such patients who underwent STEP, 17.4% of patients
were transplanted 13.9% remained TPN-Dependent and 53.8% of pa-
tients were alive with enteral autonomy.

2.2. Survival

Markov simulation of long-term survival was completed across a
spectrum of bowel anatomy (Fig. 3). Outcomes of base case patients
(SB length 30cm) were modeled, with variation in presence of ICV, os-
tomy, and NEC vs. non-NEC etiology of SBS simulations (16 total
scenarios).

Among patients with an ICV, the highest 10 year survival was ob-
served with patients who underwent STEP, did not have an ostomy
and had a NEC SBS etiology (86.5%). Lowest survival was observed
amongst patients who did not undergo STEP, had an ostomy and had
a non-NEC SBS etiology (84.5%).

Survival trends for non-ICV patients followed similar trends. The
highest observed 10 year survival was among patients who underwent
STEP, did not have as ostomy, and had a NEC SBS etiology (85.6%); while
the lowest survival was observed amongst patients who did not un-
dergo STEP, had an ostomy, and had a non-NEC SBS etiology (83.2%).

2.3. Small bowel length, sensitivity analysis

Sensitivity analysis of small bowel length (among patients with +
ostomy and + NEC, and +/- presence of ICV) demonstrated that under-
going STEP and retaining ICV was associated with improved survival re-
gardless of initial small bowel length (Fig. 4).
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Fig. 1. Markov model bubble diagram.

2.4. STEP timing, sensitivity analysis

Timing of STEP while patients (base case: 30cm, -ICV, + ostomy,
+ NEC) were TPN dependent was altered to estimate the impact of
delay/inability to perform STEP immediately (Fig. 5). Compared to Non-

STEP patients, patients who immediately underwent STEP has improved
rates of enteral autonomy at 10 years (43.4% [STEP] vs 36.3% [Non-
STEP). Longer delay to STEP was associated with lower rates of enteral au-
tonomy. Of note, STEP continued to improve rates of enteral autonomy
compared to No-STEP up and until 54 months of delay.

Table 1
Transition probabilities for Markov model.

Variables

Estimate (time)

Reference

Parenteral nutrition related mortality rate (no medical failure)
Intestinal transplant related long-term mortality rate

Intestinal and liver transplant related long-term mortality rate
Intestinal transplant rate if failure to achieve enteral autonomy

Failure to achieve enteral autonomy, requiring ITx for SBS patients on
PN (small bowel length, NEC, ostomy, and ileocecal valve sensitivity
analysis parameters)

Liver disease requiring liver transplant listing for SBS patients on PN

Survival rate once/if enteral autonomy achieved
Improvement rate in enteral autonomy after STEP

Procedure related mortality rate of STEP

35% dead in 35 years
41% dead in 5 years

52% dead in 5 years

26% transplanted in 6 years
10cm of SB length: 57% at 60 months; 20 cm: 44%; 30 cm: 31%;

40 cm: 21%; 50 cm:13%; 60 cm: 8%; 70 cm: 5%; 80 cm: 3%; 90 cm:

2%; 100 cm:
1%; lack of ICV, HR-2.86; Non-NEC SBS etiology, HR=2.84;
presence of ostomy, HR=2.55

18% with clinically significant cholestasis in 3 years; 2% need for
liver transplant in 6 years if history of cholestasis

98% alive in 5 years

21% reduction in need for transplant following STEP

0% mortality rate after 30 days

Colomb et al., 2007 [41]
Lao et al., 2010 [42]

Lao et al., 2010 [42]
Squires et al., 2012 [43]
Fallon et al., 2014 [34], Demehri

et al. 2015 [30], Khan et al.,
2015 [43]

Squires et al., 2012 [44], Puder
et al., 2009 [34]

Fullerton et al., 2016 [45]

Avitzur et al., 2015 [46]

Mercer et al. 2014 [47]
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Fig. 2. State transition diagram (base case patient: 30 cm SB length, + ostomy, + NEC).

3. Conclusions

In the present study, Markov decision modeling was used in order to
assess outcomes such as long-term survival and need for intestinal (and
liver) transplant following STEP in pediatric patients suffering from SBS.
For the majority of SBS patients modeled, STEP therapy improved rates
of enteral autonomy, reduced need for subsequent transplant and in-
creased long-term survival.

Dietary proteins and carbohydrates are absorbed in the small intes-
tine after enzymatic digestion via specific enterocyte transporters
[20-24]. The importance of the intestinal nutrient absorption becomes
evident in situations of intestinal failure. Intestinal failure reflects the re-
duction of functional bowel below the minimum necessary for digestion
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and absorption to maintain growth in children. Short bowel syndrome
describes a reduction in functional bowel length and is the most com-
mon etiology of intestinal failure in children [25]. Several diseases of
the gastrointestinal tract including necrotizing enterocolitis, intestinal
atresias, midgut volvulus, and long-segment Hirschsprung's disease
may lead to excessive intestinal resections ending in short bowel syn-
drome and intestinal failure [26]. These patients are mostly dependent
on long-term parenteral nutrition with its inherent morbidity and mor-
tality and may require intestinal transplant in the future. Factors affect-
ing intestinal failure include length of the remaining small bowel [27],
as well as the presence or absence of an ileocecal valve; as published
in 1972 in a cohort of 50 patients following extensive small bowel resec-
tion at least 40cm small bowel without ICV or 15c¢m of small with an
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Fig. 3. Monte-Carlo simulation; 10 year survival (base case: SB length 30 cm).
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intact ICV are needed for survival [28]. However, these criteria were
questioned by later studies [27,29]. Nevertheless, shorter intestinal
length and the absence of an ICV have been repeatedly demonstrated
to be predictors of intestinal failure, TPN-related complications, poor
outcomes following transplantation, and thereby poor long-term sur-
vival [28-32]. Children without an ICV and small bowel length <30 cm
are at especially high risk for poor outcomes, and many centers are

increasingly advocating for STEP in this population, however random-
ized controlled trials are lacking to support such a paradigm. Our
model suggests that there is indeed a survival benefit with STEP for
these patients. The model demonstrated that for patients with an ICV,
regardless of small bowel length, STEP therapy decreased need for
transplantation and improved survival. Previously, Lopushinksky et al.
utilized Markov analysis to explore the optimal timing of ITx for SBS

STEP Timing, Sensitivity Analysis

45

I a »
N w B
/

/

/
/

rS

-
/

/

w w
-] ©o

w
~N

-—-(+) STEP

—(-) STEP

Percent with Enteral Autonomy in 10yrs
Sy
o
/
/

w
o

w
w

30 40 50 60

Months of Delay

Fig. 5. STEP timing, sensitivity analysis (base case patient: 30 cm SB length, -ICV, 4+ ostomy, + NEC).
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patients; however, this model did not consider whether or when proce-
dures like STEP should be attempted prior to needing to list a patient for
ITx [33].

Although this study supports the current practice paradigm to ag-
gressively refer SBS patients early for STEP evaluation, the magnitude
of long-term survival benefit that STEP was estimated to offer in the
model was muted. Although significant improvements were observed
for rates of enteral autonomy, the survival benefit of STEP was <1yr
across a spectrum of bowel lengths and anatomy. Fish-oil/SMOF lipid
formulations of PN have drastically reduced liver injury thereby im-
proving long-term survival on PN, which thereby offers SBS patients a
longer time horizon to achieve enteral autonomy without a bowel
lengthening procedure. Indeed as PN formulations/strategy continue
to improve in the future, the true advantage of STEP appears to be in
its ability offer an expedited path to enteral autonomy rather than im-
proved survival. Increasingly, ITx has been offered as a quality of life sur-
gery in the setting of frequent hospitalization for TPN-catheter related
complications. The current lack of published long-term, broad based
quality of life assessments of SBS patients prevents the current model
from addressing/quantifying this potential future demand of ITx.

As a Markov analysis, the implications of this study are limited by the
extrapolatory nature of the model. Although, promising short-term re-
sults have been reported, the rapid expansion and innovation in relation
to STEP have not yet been well reported in a comprehensive manner
[25,34,35]. The inherit small volume nature of STEP, and need for
long-term follow-up portend that the true/maximal effect of STEP on
long-term enteral autonomy and reduced need for transplantation is
likely underestimated in the currently available literature. As this Mar-
kov extrapolates upon existing published data, it is likely that the pre-
dicted positive effect of STEP is also underestimated. As such, future
prospective studies will be required to validate the findings of this
model.

Additionally, a significant assumption of the model was that all pa-
tients, if they did not spontaneously achieve enteral autonomy while
PN-dependent, were surgical/medical candidates for STEP. Often, due
to either medical illness, or technical considerations, such as altered
anatomy or recent surgery related to the initial cause of SBS, STEP
must be delayed or altogether abandoned for certain patients. Our sen-
sitivity analysis of STEP timing suggests that STEP offers utility up to 54
months of delay. However, due to lack of granular data in the literature
on the matter, the model was not able to simulate specific causes of
delay (technical vs. access to care etc....).

Different intestinal lengthening procedures have been described in
the literature including longitudinal intestinal lengthening and tailoring
(referred to as LILT or Bianchi procedure) [36] and intestinal spring ex-
pansion [37,38]. Whereas the latter has only been tested in animal
models, LILT was described in 1980, before STEP was developed.
Whereas serial transverse enteroplasties are performed in STEP without
need for an intestinal anastomosis, the dilated small intestine is divided
longitudinally into two intestinal halves that are fashioned into two
narrower tubes, which are anastomosed together to increase the length
of the original intestinal segment during the Bianchi procedure. Due to
comparative technical simplicity, most surgeons use STEP as their intes-
tinal lengthening procedure of choice rather than Bianchi in the modern
era [39,40]. As such, we therefore only included STEP in this study.

In the current model, for SBS patients with or without an ICV, STEP
increases rates of enteral autonomy, reduces need for intestinal trans-
plantation, and improves long-term survival. When technically feasible,
intestinal lengthening procedures like STEP should generally be encour-
aged for all SBS patients who fail standard medical management strate-
gies. Additional studies are needed to identify additional characteristics
associated with STEP success vs. failure to further stratify which patients
with SBS should undergo STEP and which patients should be directly
listed for transplantation in order to optimize outcomes in this unique
patient population.
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