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Abstract

Background—The International Serial Transverse Enteroplasty (STEP) Data Registry is a
voluntary online database created in 2004 to collect information on patients undergoing the STEP
procedure. The aim of this study was to identify preoperative factors significantly associated with
1) transplantation or death, or 2) attainment of enteral autonomy following STEP.

Study Design—Data were collected from September 2004 to January 2010. Univariate and
multivariate logistic regression analyses were applied to determine predictors of transplantation/
death or enteral autonomy post-STEP. Time to reach full enteral nutrition was estimated using a
Kaplan-Meier curve.
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Results—Fourteen of the 111 patients in the Registry were excluded due to inadequate follow-
up. Of the remaining 97 patients, 11 patients died, and 5 progressed to intestinal transplantation.
On multivariate analysis, higher direct bilirubin and shorter pre-STEP bowel length were
independently predictive of progression to transplantation or death (p = .05 and p <.001,
respectively). Of the 78 patients who were >7 days of age and required parenteral nutrition (PN) at
the time of STEP, 37 (47%) achieved enteral autonomy after the first STEP. Longer pre-STEP
bowel length was also independently associated with enteral autonomy (p = .002). The median
time to reach enteral autonomy based on Kaplan-Meier analysis was 21 months (95% CI: 12-30).

Conclusions—Overall mortality post-STEP was 11%. Pre-STEP risk factors for progressing to
transplantation or death were higher direct bilirubin and shorter bowel length. Among patients
who underwent STEP for short bowel syndrome, 47% attained full enteral nutrition post-STEP.
Patients with longer pre-STEP bowel length were significantly more likely to achieve enteral
autonomy.

INTRODUCTION

The Serial Transverse Enteroplasty (STEP) procedure was first reported in 2003"2.
Clinically it has been used to increase intestinal length in children with short bowel
syndrome (SBS)Z, ameliorate bacterial overgrowth3 and primarily lengthen and taper dilated
proximal bowel in neonates with intestinal atresia and marginal bowel length - ~. The
International STEP Data Registry was established in 2004 to serve as a secure, online
database to collect information on patients undergoing this novel procedure. The first report
of the International STEP Data Registry contained 38 patients from 10 different centers, and
focused on immediate postoperative outcomes and complications, with a median follow-up
time of just over one year .

This report aims to provide data on the long-term follow-up of patients who have undergone
the STEP procedure. Specifically, we sought to determine: 1) pre-operative factors predictive
of death or small bowel transplantation after STEP, and 2) pre-operative factors that would
predict the ability to achieve full enteral autonomy after the STEP procedure in the subgroup
of patients with SBS.

METHODS

The International STEP Data Registry is maintained as a secure, password protected online
database (http://www.stepoperation.org) by the surgical research staff at Children's Hospital
Boston. Patient information is obtained through direct data entry by the participating
surgeon or with the assistance of registry personnel. The registry has maintained the
approval of the Investigational Review Board (IRB) at Children's Hospital Boston;
participants from other institutions are encouraged to obtain approval from their institutional
IRB as necessary.

For this study, registry data collected between September 2004 and January 2010 were used
for analysis. Attempts were made to contact all participating surgeons in the two months
prior to data analysis to ensure each patient's information was current and accurate. Data
collected in the registry includes pre-, intra-, and post-operative information on patients
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undergoing the STEP procedure and has been detailed previouslye. The pre-operative data
includes date of birth, gestational age, gender, race, primary diagnosis, co-existing medical
conditions, weight prior to surgery and presence of the ileocecal valve. Baseline preoperative
serum levels of bilirubin and INR, and the percentage of calories taken via the enteral route
were also recorded. Intra-operative data includes date of STEP, pre- and post-operative small
intestinal length and width, and the number of staple firings during the procedure. Post-
operative data includes complications and percent enteral nutrition. Multiple follow-up
points can be created for a single patient.

Statistical analyses were conducted using the Statistical Package for Social Sciences for
Windows (SPSS). The one-sample Kolmogorov-Smirnoff test was used to determine if
sample data were normally distributed. Normally distributed data were reported as means (+/
- standard deviation (SD)). Tests for skewed data were performed using a one-sample
Kolmogorov-Smirnoff test. The Mann-Whitney Test was used to compare non-parametric
data using means and inter-quartile ranges (IQR). Univariate and multivariate logistic
regression analyses were conducted to determine predictors of death/transplantation and
enteral autonomy. Kaplan-Meier analysis was used to estimate the time needed to wean from
parenteral nutrition after the STEP procedure. Significance was set at p <.05.

Fifty centers, representing 13 countries and 25 U.S. states (including Washington DC and
Puerto Rico) submitted a total of 111 patients to the STEP Registry between September
2004 and January 2010; including the 38 patients previously reported in the first Registry
updateﬁ. Figure 1 demonstrates the number of STEP procedures completed at each center.
There was a significant concentration of experience, with only 20% of centers reporting 3 or
more STEP procedures but 54% of the procedures being performed in those centers. The
baseline primary diagnosis for all patients is shown in Figure 2. Actual indications for STEP
were poorly reported. Fourteen patients had inadequate operative and postoperative data and
were therefore excluded from subsequent analysis. Demographic and clinical data for the
remaining 97 patients are shown in Table 1.

Figure 3 is a schematic representation of outcomes following STEP. 97 patients had
adequate follow-up for analysis following initial STEP; of these, 6 patients died and 4
patients progressed to small intestinal transplantation. Of the 87 transplant-free survivors of
the first STEP, 48 (55%) progressed to enteral autonomy, 14 (16%) had increased enteral
tolerance without full autonomy, 8 (9%) had no change or decreased enteral tolerance, and
14 (16%) underwent a second STEP. Three patients with incomplete enteral data were
excluded from further analysis. Of the 14 patients who underwent a second STEP procedure,
two patients died and one progressed to intestinal transplantation. A total of 11 patients died,
however three of these reached full enteral nutrition prior to death.

Figure 4 shows the outcomes of the 14 patients who underwent a second STEP. One patient
had no follow-up after the second STEP, and 3 patients had no enteral data available after the
second STEP. Of the remaining 10 patients, 2 died and 2 went on to a third STEP. As of last
follow up, the remaining 6 patients had either reached enteral autonomy (50%) or increased
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their enteral intake (50%). Of the two patients who underwent a third STEP, one eventually
underwent small bowel transplantation, and the other had a decrease in enteral tolerance at
last follow-up.

To determine pre-operative factors associated with progression to death or small intestinal
transplant after STEP, patients were subdivided into transplant-free survivors (n=81) and
those who died or were transplanted (n=16). Baseline comparisons of these two groups are
shown in Table 2. Univariate analysis demonstrated no statistical difference between the two
groups with regard to gender, ethnicity, gestational age, diagnosis, weight at STEP, serum
INR, or presence of the ileocecal valve. Statistically significant preoperative variables
identified by univariate analysis included serum total and direct bilirubin concentrations,
bowel length and bowel width. Patients who progressed to death or transplantation had
higher serum total and direct bilirubin concentrations, shorter pre-STEP bowel length and
smaller pre-STEP bowel width when compared with transplant-free survivors. All
preoperative variables with a p-value < .15 (age at STEP, pre-operative percent enteral
nutrition, serum total and direct bilirubin, pre-STEP bowel length and width) were included
in a multivariate analysis. On logistic regression analysis only higher serum direct bilirubin
(p = .05) and shorter pre-STEP bowel length (p < .001) were independently associated with
death or small bowel transplantation after first STEP. A subgroup analysis was performed to
identify factors associated with the ability to achieve full enteral autonomy following the
STEP procedure. We excluded 14 patients without follow-up, 12 patients who were on full
enteral nutrition prior to the first STEP, and 7 patients who underwent STEP at <7 days of
age. We assumed that patients who were on full enteral nutrition underwent STEP for
bacterial overgrowth and those who had the STEP at < 7 days of age were neonates with
intestinal atresia, dilated proximal bowel, and marginal bowel length. The outcomes for the
remaining 78 patients who underwent STEP for short bowel syndrome with inability to
wean from PN are detailed in Table 3. Thirty-seven patients (47%) reached enteral
autonomy, while 41 patients remained on PN. On univariate analysis, pre-STEP bowel
length, post-STEP bowel length, and number of staple firings were significantly associated
with the ability to wean from PN. Only longer pre-STEP bowel length was independently
associated with attainment of enteral autonomy after STEP on multivariate analysis (p=
0.002). Figure 5 demonstrates this relationship between preoperative bowel length and the
ability to achieve enteral autonomy. Kaplan-Meier modeling was used to estimate the time to
full enteral nutrition after STEP for the 37 patients who eventually reached full enteral
autonomy (Figure 6).

DISCUSSION

The STEP procedure was developed in 2003 as a novel bowel lengthening procedure, and
has since been shown to be safe and effective in the short and intermediate term, and as a
repeat procedure L7101 contrast to longitudinal intestinal lengthening (LILT), which
decreases the bowel circumference by half regardless of the degree of dilation, STEP allows
for the creation of uniform intestinal caliber in patients with variable degrees of bowel
dilation. Further potential advantages of STEP include the absence of intestinal
anastomoses, decreased risk of vascular compromise, and reduced technical complexity
when compared with other bowel lengthening procedures.
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The largest experience with LILT was reported as a review of 8 published studies in 2006,
and showed survival ranging from 30-100% with PN weaning rates of 33-100% among
survivors™, The largest single center experience with STEP was published by Sudan et al in
2007. They reported 21 patients who underwent 34 STEP procedures, with a 95% overall
survival and PN weaning rate of 60%12. Additionally, Oliveira et al recently reported five
year outcomes in 12 patients undergoing primary STEP; transplant-free survival was 66%
(8/12) and 7 of those 8 patients achieved enteral autonomy by four years following STEP13.
When compared with these findings, the cohort of patients with SBS from the International
STEP Data Registry demonstrated overall survival of 89% after first STEP, with
approximately half of surviving patients progressing to enteral autonomy. An additional 17%
of patients with SBS had improved enteral tolerance after first STEP, but had not reached
autonomy at the time of data collection for this report. Follow up of registry patients
undergoing a repeat STEP yielded an 80% survival rate, with 37% of patients achieving full
enteral autonomy and an additional 37% with improved enteral tolerance. The mechanism
for this salutary effect in patients undergoing STEP may include improved absorption of
enteral nutrients, decreased bacterial overgrowth, improved motility, and enhanced intestinal
adaptation6v14'15. Similar to that seen in LILT, preoperative bilirubin and baseline intestinal
length were found to be indicators for progression to intestinal transplantation or death™.

Limitations of the registry include its retrospective nature and potential for selection and
reporting bias. The voluntary nature of the database precludes guaranteed follow-up for all
patients, as evidenced by the 14 patients for which no follow-up data was available.
Additionally, the registry does not provide a co-temporal control group. Nonetheless, this
remains the largest review of patients undergoing autologous intestinal reconstruction
surgery (AIRS).

In the cohort of patients who reached full enteral tolerance after STEP, the median time to
full EN was 21 months. This suggests that small bowel continues to adapt post-STEP, a
concept that is supported by animal data14. Decreasing caloric requirements may also play a
role in weaning from PN over time. During infancy, the total caloric requirements can be
120-140 Kcal/kg/day whereas a healthy teenager or young adult may only require 35
Kcal/kg/day or less. This four-fold decrease in total caloric needs with increasing age may
allow a child with a relatively fixed absorptive capacity to eventually achieve full enteral
autonomy, even after many years.

The data in this largest series of STEP patients to date supports several clinical observations
and allows us to hypothesize about the mechanism of action of the STEP procedure. First, it
seems intuitive that patients with more bowel will be more likely to benefit from the STEP
procedure, but why might this be true? The current analysis of the STEP Registry data
demonstrates that both bowel length and width are important determinants of transplant-free
survival and bowel length is an important predictor of the ability to wean from PN following
the STEP procedure. Using basic geometric approximations, these bowel measurements can
simply be thought of as a surrogate for the actual Mucosal Surface Area (aMSA) of intestine
available to a particular patient. A sudden and massive loss of aMSA may result in a
decreased absorptive capacity below a threshold level required to maintain full enteral
nutrition, thus resulting in SBS. As intestinal adaptation progresses, some patients will

JAm Coll Surg. Author manuscript; available in PMC 2016 May 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jones et al.

Page 6

increase aMSA through both microscopic villous hypertrophy as well as macroscopic
intestinal growth (primarily bowel dilatation) such that functional Mucosal Surface Area
(FMSA) exceeds the threshold level required to attain full enteral autonomy (Figure 7A).

However, despite the increased aMSA that can be seen as a result of bowel dilatation in
some cases, the bowel may become dysfunctional as a result of poor motility and/or
bacterial overgrowth. In these cases, aMSA may significantly exceed fMSA due to the
detrimental effects of having dilated poorly functional bowel. In this select group of patients
with dysfunctional, dilated bowel, the STEP procedure may increase the fMSA to a level
above the threshold required to allow for full enteral autonomy. The goal of the STEP is
therefore to allow for the optimization of fMSA such that fMSA approaches the maximal
limit as determined by the aMSA (Figure 7B). Unfortunately, a subset of patients with
massive intestinal loss may never adapt adequately to even have enough aMSA to wean from
PN, and therefore even optimizing intestinal function with a STEP procedure will not be
enough to allow weaning from PN. In these cases, the only currently available method to
increase the aMSA and fMSA to above the threshold level to achieve full enteral autonomy
is intestinal transplantation (Figure 7C). Finally, a subset of these patients who initially do
well after a STEP procedure will redilate as adaptation progresses. This may lead to a fall in
fMSA requiring reinstitution of PN. In these cases, a second STEP may again increase the
fMSA to a level that allows for full enteral autonomy (Figure 7D). This model emphasizes
the concept that the primary mechanism of action for the STEP is really optimization of the
bowel width to allow for the maximal functioning of existing aMSA.

Conclusions: The International STEP Data Registry has accrued data from 111 patients from
50 centers representing 13 countries and 25 U.S. states since its inception in 2004. The
overall survival of patients following the STEP procedure was 89%. Five patients eventually
required small bowel transplantation after STEP. Shorter pre-operative small bowel length
and higher serum direct bilirubin levels were found to be significantly associated with death
or progression to small bowel transplantation after STEP. Of the 78 patients who underwent
STEP for PN dependence, longer pre-operative small bowel length was the only factor that
predicted the attainment of enteral autonomy. Because the median time to enteral autonomy
for this cohort was 21 months, any patient who is considered for STEP should have adequate
pre-operative bowel length, reversible liver disease, and the ability to survive the time
necessary to reach enteral autonomy.
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Figurel.
Volume of serial transverse enteroplasty procedures at each of the 50 participating centers.
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' Necrotizing Enterocolitis, n=9

¥ Other, n=14

M Intestinal Atresia, n=38

B Gastroschisis +/- volvulus, n=50

Figure 2.
Primary diagnosis in 111 patients enrolled in the International Serial Transverse

Enteroplasty Data Registry. White slice, necrotizing enterocolitis, n=9; light gray slice,
other, n=14; dark gray slice, intestinal atresia, n=38; black slice, gastroschisis +/- volvulus,
n=50.
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2nd STEP
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No follow-up
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Died 3rd STEP Increased EN 100% EN
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Transplanted DecreasedEN
n=1 nh=1
Figure 3.

Outcomes of the 111 patients undergoing a first STEP procedure. EN, enteral nutrition,
STEP, serial transverse enteroplasty procedure.
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Figure 4.

Outcomes of the 14 patients undergoing a second STEP procedure. EN, enteral nutrition,
STEP, serial transverse enteroplasty procedure.
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Relationship Between Bowel Length and Enteral Autonomy
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Figureb.

Relationship between preoperative bowel length and the ability to achieve enteral autonomy
after the STEP procedure among the 75 patients in whom preoperative bowel length data
were available. STEP, serial transverse enteroplasty procedure.
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Kaplan-Meier Estimate (95% CI)
12 Months 25% (15 - 35%)
24 Months 52% (40 - 64%)
36 Months 68% (54 - 82%)
48 Months 82% (70 - 94%)

Time to 100% Enteral Nutrition:
Median = 21 Months (95% CI: 12-30 months)

6 12 18 24 30 36
Time Since STEP (months)

42 48

Time to achievement of 100% enteral nutrition after STEP in patients with short bowel
syndrome who achieved full enteral nutrition (n=37). STEP, serial transverse enteroplasty

procedure.
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» Time

Hypothetical model describing interaction between actual mucosal surface area (aMSA) and
functional mucosal surface area (FMSA). (A) Patient who is able to adapt and wean from
PN. (B) Patient who has enough aMSA but is unable to wean due to poor fMSA secondary
to bowel dilation; good candidate for STEP. (C) Patient who will never be able to wean due
to insufficient aMSA; intestinal transplant candidate. (D) Patient who initially weans from
PN but who then redilates; good candidate for second STEP. PN, parenteral nutrition; STEP,
serial transverse enteroplasty procedure. Actual mucosal surface area, solid line; functional
mucosal surface area, dashed line; threshold to achieve enteral autonomy, horizontal dotted

line.
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Demographic and clinical characteristics of the 97 patients with follow up after first STEP in the International

STEP Data Registry

Sex, male, n (%) 55 (57)
Ethnicity, n (%)
Black 11 (11)
White 57 (59)
Asian 6 (6)
Hispanic 16 (17)
Unknown 7(7)
Gestational age, wk, mean +/- SD, n = 82 35+/-3
Age at STEP, mo, median (IQR), n =97 6.6 (2.4-37.8)
Weight at STEP, kg, median (IQR), n = 81 5.7 (3.7-14.8)
Preoperative enteral nutrition, %, median (IQR), n = 87 10 (0 - 55)
Laboratory values at STEP
Total bilirubin, mg/dL, median (IQR), n =73 1.9(0.5-8.0)
Direct bilirubin, mg/dL, median (IQR), n = 59 1.2(0.1-5.9)
INR, mean +/- SD, n = 50 117 +/-0.21

Operative data, cm, median (IQR) [range]

Pre-STEP bowel length, n = 92

49 (28 - 85) [7 - 200]

Pre-STEP bowel width, n = 80

5.3 (4.0-7.0) [2 - 24]

Post-STEP bowel length, n = 81

75 (49 - 117) [17 -325]

Post-STEP bowel width, n = 84

2.0 (1.5-25)[0.8-5]

Staple firings, n = 94

10 (7 - 17) [2 - 35]

Presence of ileocecal valve, n (%), n = 95

30 (31)

IQR, Interquartile Range (25-75%); STEP, Serial Transverse Enteroplasty.
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Table 2

Comparison of Demographic and Clinical Characteristics of 97 Patients in the International STEP Data
Registry with Respect to Poor Outcomes (Death or Transplantation)

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Death/transplant (n =16) | Survival (n=81) | p Value

Sex, male, n (%) 7 (44) 48 (59) 0.28
Ethnicity, n (%) 0.25

Black 3(20) 8(11)

White 7(47) 50 (67)

Asian 0 (0) 6 (8)

Hispanic 5(33) 11 (15)

Unknown 1(6) 6 (7)
Gestational age, wk, mean +/— SD, n = 82 34 +/-3 35+/-3 0.55
Age at STEP, mo, median (IQR), n = 97 3.9(14-8.2) 6.6 (2.4 - 37.8) 0.11
Weight at STEP, kg, median (IQR), n = 81 5.0(3.3-7.0) 5.7 (3.7-14.8) 0.27
Preoperative enteral nutrition, %, median (IQR),n =87 | 0 (0 - 16) 10 (0 - 55) 0.09
Laboratory values at STEP

Total bilirubin, mg/dL, median (IQR), n =73 9.0(2.0-15.3) 1.9(0.5-8.0) 0.00

Direct bilirubin, mg/dL, median (IQR), n=59 7.3(1.6-95) 1.2(0.1-5.9) 0.01

INR mean +/- SD, n = 50 1.15+/-0.19 1.17 +/-0.21 0.81
Operative data, cm, median (IQR)

Pre-STEP bowel length, n = 92 30 (18 - 40) 49 (28 - 85) 0.01

Pre-STEP bowel width, n = 80 4.0 (3.8-6.0) 5.3(4.0-7.0) 0.04

Post-STEP bowel length, n = 81 52 (34-77) 75 (49 - 117) 0.02

Post-STEP bowel width, n = 84 1.8(1.0-2.0) 2.0(1.5-25) 0.06

Staple firings, n = 94 9(5-13) 10 (7-17) 0.10
Presence of ileocecal valve, n (%), n = 95 5(31) 25(32) 0.99

IQR, Interquartile Range (25-75%); STEP, Serial Transverse Enteroplasty.
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Demographics of Patients in the International STEP Data Registry who Did and Did Not Reach 100% Enteral

Nutrition
EN100(n=37) | Stillon PN (n=41) | p Value

Sex, male, n (%) 22 (60) 22 (54) 0.65
Ethnicity, n (%) 0.19

Black 4(11) 6 (15)

White 25 (68) 22 (54)

Asian 2 (5) 0(0)

Hispanic 3(8) 10 (24)

Unknown 3(8) 3(7)
Gestational age, wk, mean +/- SD, n = 65 35+/-4 35+/-3 0.80
Age at STEP, mo, median (IQR), n =76 9 (3-53) 6.0 (3-21) 0.16
Weight at STEP, kg, median (IQR), n = 66 8.0 (5.0-18.0) 54(3.9-8.2) 0.07
Preoperative enteral nutrition (%), median (IQR), n = 67 12 (0 - 45) 5(0-30) 0.32
Laboratory values at STEP

Total bilirubin (mg/dL), median (IQR), n = 62 1.1(04-9.1) 2.1(0.6-8.3) 0.36

Direct bilirubin (mg/dL), median (IQR), n =51 1.2(0.1-6.1) 1.6 (0.3-6.3) 0.63

INR, mean +/- SD, n = 43 1.18 +/- 0.14 1.15 +/- 0.26 0.73
Operative Data (cm), median (IQR)

Pre-STEP bowel length, n = 75 60 (45 - 106) 36 (23 - 64) <0.01

Pre-STEP bowel width, n = 62 5(4-7) 6 (4.0-7.0) 0.54

Post-STEP bowel length, n = 65 97 (68 - 183) 60 (39 - 102) <0.01

Post-STEP bowel width, n = 66 2.0 (1.5-2.3) 2.0 (1.5 - 2.5) 0.76

Staple firings, n = 75 14 (8 - 20) 10 (7-14) 0.03
Presence of ileocecal valve, n (%), n =74 12 (34) 10 (24) 0.45

Patients without follow-up, patients with STEP at <7 d of age, and those on EN100 preoperatively were excluded.

EN100, 100% enteral nutrition; IQR, Interquartile Range (25-75%); PN, parenteral nutrition. STEP, Serial Transverse Enteroplasty.
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