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The surgical management of intestinal failure secondary to short bowel syndrome has undergone
tremendous evolution in the last several decades. From the landmark description of an intestinal
lengthening procedure by Bianchi in 1980 to the multidisciplinary modern care paradigm known as
intestinal rehabilitation, innovative new treatments in this field have vastly improved patient outcomes.
Initial attempts to treat short bowel syndrome surgically saw the birth of reversed intestinal segments,
artificial valves and colonic transposition, all aimed at decreasing transit time and thus increasing ab-
sorption. In the long term, a common pitfall of these approaches, and intestinal adaptation itself, is bowel
dilation and the associated poor motility, dysfunction and propensity for bacterial overgrowth. The
development of techniques to mitigate these unfavorable conditions was a prelude to the birth of
modern day operations aimed at increasing bowel length and improving function. This review examines
the relevant historical approaches to short bowel syndrome and how they provided the foundation for
the development of current intestinal lengthening surgery, followed by an in-depth discussion of surgical

techniques and their outcomes.

© 2018 Elsevier Inc. All rights reserved.

Introduction

Intestinal failure (IF) is a disease affecting both adults and
children and can be defined as a reduction in gastrointestinal
absorptive function below what is required for adequate growth or
homeostasis.! While the majority of adult IF cases are due to ac-
quired conditions, childhood IF most commonly results from a
congenital abnormality or a major intestinal catastrophe occurring
early in life (Table 1). One can postulate that the small intestine of a
growing child must function more efficiently than in the adult since
it not only supports normal homeostasis but, in addition, absorbs
additional protein and calories necessary for somatic growth. A
combination of effective motility, unimpaired enterocyte function,
and sufficient intestinal surface area facilitates absorption of these
necessary calories and nutrients.

Although the terms IF and short bowel syndrome (SBS) are often
used interchangeably, they are not truly synonymous as there are
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causes of IF where the bowel length is either minimally shortened
or normal. The common causes of IF in neonates, infants and chil-
dren are shown in Table 2. When a large segment of the intestine is
lost, the remaining intestine undergoes compensatory changes
collectively known as intestinal adaptation. The adaptive response
of the intestine has been reviewed elsewhere®> but can be sum-
marized as alterations in mucosal morphometric parameters and
bowel length and diameter which result in an overall increase in
surface area for absorption within the remaining intestine. Intes-
tinal adaptation in the pediatric population differs from the adult
population in that enteral autonomy can be seen after many years
of parenteral nutrition (PN) dependence, in contrast to adults in
which autonomy is rarely achieved beyond 2 years. Unfortunately,
reported autonomy rates vary widely, ranging from ~40 to 80%, and
it should be noted that these data come from leading IF centers
across the world.*®> Moreover, liberation from supplemental PN
does not eliminate the possibility of regression back to dependence,
highlighting the importance of understanding the factors involved
in the ability of the intestine to adapt and eventually absorb suffi-
cient nutrients for growth and survival. For those who continue to
rely on supplemental PN, most will undergo intervention at some
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Table 1
Causes of pediatric intestinal failure.

e Short Bowel Syndrome (See Table 2)
e Mucosal Enteropathieso Microvillus Inclusion Disease
o Tufting Enteropathy
o Autoimmune Enteropathy
o IPEX Syndrome
o Transport Defects
o Enzyme/Micronutrient Defeciencies
o Lymphangiectasia
e Motility Disorderso Chronic Intestinal Pseudo-Obstruction
o Long-segment Hirschsprung Disease
o Neuromuscular Disorders of the Intestine/Colon

point in the form of surgical lengthening procedures or trans-
plantation in an effort to achieve enteral autonomy or due to
complications of prolonged PN exposure.

While the intestinal adaptive response aims to increase func-
tion, the associated dilation which occurs has the potential to be
counterproductive by preventing effective peristalsis. The result in
patients whom have undergone massive resection is short and
dilated bowel which has poor motility, a prime environment for
bacterial overgrowth and poor absorption. This observation
prompted surgeons interested in SBS to design surgical methods
aimed at mitigating these maladaptive changes, and represents a
paradigm shift in the strategy of surgical management.

Rather than merely review techniques and outcomes for surgery
in short bowel syndrome, this review will discuss the initial early
observations and procedures which provided the foundation for
development of modern-day techniques. Particularly, the rationale
leading to the procedures at the time of their development will be
discussed and the role of those techniques in the progression to-
ward the currently performed procedures will be highlighted.
Along with these historical perspectives, the available outcomes
data for these techniques will be reviewed, which were arguably
the most important aspect of the success or failure of the various
techniques. One of the aims of this review is to highlight the value
of persistent innovation through research, which was critical in the
development of surgical lengthening procedures resulting in the
significant improvement in patient outcomes and ultimately the
chance for enteral autonomy for patients with short bowel
syndrome.

History of early surgical treatment of short bowel syndrome

Surgical therapy for SBS dates as far back as the late 19th cen-
tury. Early techniques were developed in animal models and aimed
to increase the contact time between the intestinal mucosa and
ingested food to allow for more complete intestinal digestion and
absorption. Interposed segments, valve construction, and intestinal
pacing all originated with the intent of slowing antegrade flow and
increasing transit time.

Mall and Halsted first investigated the use of a reversed segment

Table 2
Causes of pediatric short bowel syndrome by age group.

Neonatal Infant Childhood

Abdominal Wall Defects Necrotizing Enterocolitis Intussusception

Intestinal Atresias Trauma Inflammatory Bowel
Disease

Necrotizing Enterocolitis Vascular Accidents Trauma

Neuromuscular Disorders  Volvulus Tumor

Vascular Accidents Vascular Accidents

Volvulus Volvulus

of bowel in dogs near the turn of the century, which was successful
in creating a functional obstruction and slowing transit.>’ The use
of this reversed segment proved to be fatal, however, and further
investigations over the next several decades failed to change pre-
vailing opinion that reversed intestinal segments were incompat-
ible with survival. It was a half century before Hammer et al.
performed the procedure as a means to develop an animal model
for gastric ulcers and provided some of the first evidence of feasi-
bility of the operation, which would later be supported by Singleton
et al.®? In 1957 Poth performed segmental reversal in dogs to
combat dumping syndrome after gastric resection, setting the stage
for subsequent investigators to utilize these techniques for further
study of post-gastrectomy sequela in animal models.'° Gibson was
the first to apply the procedure to humans in 1962."" An elderly
patient presented with peritonitis and was found to have necrosis
of a large portion of her small bowel and colon which was resected
and reconstructed with a reversed segment of distal jejunum with
jejunocolic anastomosis (Fig. 1). The patient did remarkably well
given the presenting pathology, and went on to demonstrate
weight gain, normalization of metabolic derangements, and normal
bowel function in the postoperative period. Encouraging results
over the next several years stimulated the adoption of reversed
segments as a treatment option for patients with post-resection
gastric hypersecretion, post-vagotomy diarrhea and high output
ileostomies.'*"?

In addition to reversed segments, this time period also saw the
rise of partially obstructive intestinal valves as a technique to treat
SBS. These valves were initially developed for hepatobiliary surgery
to prevent the grave complications seen with regurgitation of in-
testinal contents into the biliary system,'® but Stahlgren applied the
technique for the management of malnutrition following massive
intestinal resection.”” Using partial thickness sutures to create a
pleated valve in the jejunum of dogs following major small bowel
resection, the authors successfully improved nitrogen and fat ab-
sorption while avoiding intestinal obstruction and contractile
dysfunction (Supplementary Fig. 1). Success in animal models
resulted in the first attempts at valve creation in humans by
Ackroyd et al., in 1969 and Waddell et al., in 1970.'%!7 However,
subsequent data were inconsistent in both human and animal
models'®?° which contributed to the decline in the popularity of
the procedure, although it is currently felt to be useful as an adjunct
procedure in select patients.?!?>

Together, these techniques provided the foundation for the
concept of altering intestinal transit time as a treatment modality of
SBS. In the pursuit of improved outcomes, proponents of colon
transposition hypothesized that the infrequent contractions
intrinsic to the colon might improve the inconsistent results seen
when using the small bowel. Hutcher et al. first investigated the
transposition of colonic segments in dogs following extensive loss
of small intestine,>> resulting in dramatically improved mortality
rate and growth. This group also demonstrated the utility of colonic
transposition irrespective of the location of remaining bowel, i.e.
ileum vs jejunum.’ One of the earliest reports in humans involved
colonic transposition of a 24 cm isoperistaltic segment of colon in a
five month-old boy with SBS.?° The child had 15 cm of small bowel
after resection for volvulus, and suffered from diarrhea and diffi-
culty maintaining weight. Following colonic transposition, transit
time improved and he was maintained on an enteral diet with
resolution of diarrhea. Three years later, a series of six infants
treated with colonic transposition was published by Glick et al.?®
which saw the treated infants go on to meet growth and devel-
opmental milestones while tolerating an oral diet during the
follow-up period.

Despite short term success with targeting transit time, a new
hurdle in the successful surgical management of these patients
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Fig. 1. Original figure from Gibson et al."" depicting the use of a reversed distal jejunal
segment following massive bowel resection for necrosis.

emerged in the form of bowel dilation. With its associated detri-
ments, dilation was increasingly appreciated as a common outcome
and contributing factor to late complications in nearly all of the
available procedures at the time. Initially, the techniques developed
to combat dilation were intended to treat patients with intestinal
atresia. One of the earliest reports from Thomas®’ describes a
tapering jejunoplasty to allow for anastomosis between the dilated
bowel proximal to the atresia and the smaller caliber bowel distal to
the atresia. Howard and Otherson?® later described three cases in
which the tapering jejunoplasty was used to facilitate anastomosis
between the two segments of bowel with significantly different
diameters. Grosfeld et al. later used staplers to facilitate the oper-
ation? and a subsequent technique developed by de Lorimier
et al>? allowed for the preservation of mucosa despite tapering
needed to complete the anastomosis (Fig. 2 and Supplementary
Fig. 2). The optimal surgical management of dilated bowel would

1.29

Fig. 2. Portion of the original figure taken from Grosfeld et al.”” depicting the use of a
stapler to resect the antimesenteric portion of dilated bowel, with subsequent creation
of the anastomosis with the smaller caliber distal segment.

thus become one of the most critical elements in the field of in-
testinal rehabilitation, and many of the core principles were
developed in this era and provided the foundation for the devel-
opment of the modern techniques to treat short bowel syndrome.

The birth of intestinal lengthening procedures

The bianchi procedure: longitudinal intestinal lengthening and
tailoring (LILT)

Adrian Bianchi is considered one of the pioneers in intestinal
lengthening surgery. In his landmark paper in 1980, he described
blunt division of the peritoneal leaves of the small bowel mesen-
tery, which supply distinct halves of the bowel, and division of the
small intestine longitudinally along the mesenteric and anti-
mesenteric walls.>' Each of these halves were subsequently tubu-
larized to create two parallel, vascularized loops of bowel with half
the original diameter which were then anastomosed end-to-end in
an isoperistaltic fashion (Fig. 3). In the initial animal model, six of
eight pigs survived and the neo-intestine was examined 21 weeks
postoperatively, revealing peristalsis with stimulation and
increased diameter.

Within a year of Bianchi's publication, Boeckman and Traylor
described the first human case of a four year old with history of gas-
troschisis and intestinal ischemia at birth.>? At a seven month follow
up, the patient had gained weight, was tolerating a regular diet and
was having formed stools. Shortly after, another group of surgeons
successfully performed the procedure with remarkable results: all
four patients were weaned from PN within months of the surgery.>

In 1995, Bianchi reviewed eleven subsequent case reports with
the aim of developing specific indications for the lengthening
procedure. By then the technique was known as longitudinal in-
testinal lengthening and tailoring, or LILT, and was one of the most
popular options in a limited surgical armamentarium of length-
ening procedures referred to as autologous gastrointestinal
reconstruction (AGIR).>* In his review, Bianchi found the most
commonly reported complications were loss of hemiloop and
anastomotic stricture while anastomotic leak and fistula formation
were surprisingly rare occurrences. Although all survivors were
able to tolerate enteral nutrition postoperatively, only four of 11
patients survived (36%). Five of the seven deaths were attributed to
hepatic failure, one to sepsis, and one as a result of a failed intestinal
transplant. In a subsequent report in 1997, Bianchi reviewed the
surgical outcomes of LILT in 20 patients since 1995. These data
again showed a clear association between survival and the severity
of the underlying liver disease.>> Nine of 20 patients survived, and
strikingly ten of 11 (90%) deaths were attributed to hepatic failure.
Along with mild or no hepatic dysfunction, greater than 40 cm of
dilated residual bowel was associated with survival, while presence
of the ileocecal valve, length of colon, and age at time of LILT did not
appear to impact outcomes. Bianchi acknowledged that one could
argue against early intervention as a means of self-selection of
those patients in whom bowel adaptation has reached a plateau
and have made it through the initial neonatal phase. However, he
believed these data were compelling for early surgery as a means to
help prevent hepatic injury and subsequent failure, especially in
high risk infants (i.e. those with <40 cm residual bowel). Surgery at
atime when the infant is in good physical condition and prior to the
onset of liver injury would result in less dysmotility, dilatation and
stasis and promote adaptation. Limiting these risk factors for bac-
terial translocation and subsequent septic insults would help pre-
vent hepatic injury, while also theoretically increasing the amount
of enterocyte-derived “hepatoprotective factors”.

Skeptics of the long-term benefits, including Thompson et al.
stressed the importance of patient selection in determining
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A. Dissection between peritoneal leaves of
mesentery: B. Intervascular space on mesentric border of
bowel; C. Bowel loop between jaws of autostapler prior to
division; D. Hemiloops resulting from stapling and division
of bowel; E. Isoperistalitic anastomosis between hemi-
loops.

Fig. 3. Original figure from the landmark paper by Bianchi,*! depicting the procedure that was the foundation for the longitudinal instestinal lenghtening and tailoring (LILT)

technique.

whether LILT is appropriate, citing their experience that long-term
benefits were realized in only about half of the patients receiving
LILT3® Bueno et al. published a review of patients from their
institution whom had undergone LILT and subsequently were
referred for evaluation for transplantation.’” Based on their data,
these authors felt that while LILT was certainly beneficial in select
patients, there should be particular attention paid to the status of
the liver when considering patients for surgery early in life. They
argued that with the complication rate associated with the pro-
cedure from their series, especially when performed within days of
birth, the procedure should be deferred in the neonatal period until
hepatic evaluation and involvement of multidisciplinary teams
could take place.

In 2006, more than 25 years after Bianchi's initial description,
two reviews were published updating the outcomes of the pro-
cedure. The first of these came from Walker and colleagues who
discussed their experience with 19 patients over the course of 20

years.>® The second was published by Bianchi summarizing his
experience with AGIR.> In it he supported intestinal lengthening
paired with maximal medical therapy as the primary management
of SBS, with intestinal transplantation reserved for those unable to
receive or following failed AGIR and medical management. Bianchi
stressed the importance of an individualized and multidisciplinary
approach to management of these patients, which he felt was best
accomplished at dedicated intestinal failure centers.

Staged management for non-dilated bowel

As the benefits of LILT were becoming apparent, the requirement
for dilated bowel meant a certain subset of patients who did not
develop dilation were not candidates for lengthening surgery.
Georgeson attempted to solve this issue and published a series
describing a staged approach for non-dilated SBS in 1994.° Using
artificial “nipple valves” created at an initial operation the authors
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caused proximal dilatation and subsequently performed length-
ening (LILT) procedures in a staged fashion. Six of the nine patients in
this report underwent the staged approach, and results were modest
with 4 of 6 patients able to tolerate at least 50% of their calories from
enteral nutrition, compared to only two preoperatively.

Bianchi also developed a method for staged management of
non-dilated SBS. As detailed in his review,>® he developed a dual
tube enterostomy approach which he termed the “controllable
expansion-recycle model”. In this technique, large bore enteros-
tomy tubes are inserted into the proximal and distal bowel and
brought out of the abdominal wall as tube enterostomies. Ab-
sorption and adaptation are stimulated by regulated delivery of the
proximal contents to the distal bowel via the distal tube. The
proximal intestine is induced to dilate through intermittent
clamping of the proximal tube. This model fosters both proximal
dilation and adaptation throughout the bowel, setting the stage for
intestinal lengthening.

Alternatives to LILT
The kimura technique

The technical difficulty of performing the LILT procedure and the
extensive handling of the mesentery prompted Kimura et al.

developed a staged approach for isoperistaltic bowel elongation
through the creation of an isolated bowel segment via myoenter-
opexy, which they had described previously.*** To adapt this
model to intestinal lengthening, they developed a staged procedure
in which the dilated small bowel undergoes seromyotomy to
expose the mucosa and then fixed to a “donor” organ such as the
liver or abdominal wall. Following an interval of 8—10 weeks during
which collaterals are formed, the patient returns to the OR where
the dilated and now dual-perfused intestine is split longitudinally,
and subsequently re-anastomosed end-to-end in an isoperistaltic
manner (Fig. 4).

The technique was first performed in a clinical setting on a 1-day
old infant born with an intrauterine midgut volvulus with the
remaining small intestine limited to the duodenum, precluding the
application of the Bianchi procedure but allowing for Kimura's
staged approach.*? Total small bowel length was increased from 34
to 90 cm and the patient went on to tolerate 50%—60% of calories
enterally at 18 months of age. The major benefit of the Kimura
technique, later adapted to what is now known as the isolated
bowel segment or lowa model, was the ability to offer a length-
ening procedure to patients in which the anatomy of the remaining
bowel made LILT prohibitive, such as in patients with only duo-
denum and colon remaining or in patients with inadequate
mesentery.

Fig. 4. Original diagrams of the Kimura Technique.”> A — Seromyotomy and coaptation of dilated small bowel to the liver. B — Longitudinal division of the dilated small bowel
following collateral formation. C — Completion of division and mobilization of mesenteric portion. D — Anastomosis.
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Serial transverse enteroplasty

Another promising alternative to LILT which was developed in
the early 2000's was the serial transverse enteroplasty, or STEP,
which is now one of the most commonly performed lengthening
procedures alongside LILT. Kim et al. described the technical prin-
ciples of the procedure in a pig model in 2003.** Six young pigs
underwent laparotomy and interposition of a 55 cm reversed je-
junal segment creating partial intestinal obstruction and intestinal
dilation. A stapler was then applied from alternating directions
perpendicular to the long axis of the intestine with partial overlap
to form a zig-zag-like channel (Fig. 5). In this manner, all applica-
tions of the stapler were placed parallel to the direction of the
mesenteric blood supply, avoiding compromise of intestinal blood
flow. This initial description demonstrated both the feasibility, with
all animals surviving to study endpoint, and advantages of the
procedure, as all animals remained obstruction-free and had an
increased linear length of bowel both immediately post-procedure
and at the conclusion of the study six weeks later. This group
subsequently published follow-up data demonstrating an increase
in intestinal function following STEP in this animal model.*>

The first clinical application of the STEP procedure was per-
formed by this group in a two year old boy in 2003.%® The infant
suffered from gastroschisis with necrosis of the majority of the
bowel, leaving only a portion of proximal jejunum and distal colon.
The initial management of the child included an end jejunostomy
and Hartmann's procedure, and commencement of parenteral
nutrition. Bowel continuity was restored at three months of age,
but he was still TPN-dependent and suffered from poor motility
with bacterial overgrowth in the dilated jejunal segment. The pa-
tient underwent a Bianchi (LILT) procedure at 11 months of age,
which produced an additional 58 cm of intestinal length (from
72 cm to 130 cm), but remained TPN-dependent and developed
recurrent dilation. Thus, at 23 months of age the STEP procedure
was performed and an 83 cm segment of dilated distal jejunum was
lengthened to 147 cm. He had a very successful course with oral
nutrition restarted within the first two weeks and radiographic
studies demonstrating good tapering effect without obstruction or

a

leak. Six months after surgery he was taking 50% of his calories
enterally and weaning from PN.

Javid et al. provided the first aggregate analysis of outcomes in
patients who underwent STEP.*” Four out of five patients received
the STEP procedure as the primary lengthening modality, with an
82% average increase in small bowel length and no perioperative
complications. While follow-up nutrition information was only
available for three of the five patients, the mean percentage of
enteral nutrition was significantly increased in these patients from
time of STEP (49%) to post-STEP (80%) and one patient was able to
be fully weaned off parenteral nutrition. Around this time, another
group of investigators applied STEP as the initial surgery for a
newborn with severe short bowel secondary to a type Illa jejunal
atresia.*® The patient had severely dilated jejunum proximal to the
defect and a large discrepancy in caliber with distal colon such that
anastomosis following tapering would have resulted in a substan-
tial loss in mucosal absorptive area. The STEP procedure was per-
formed and within 2 weeks, the child began having bowel function
and was tolerating full enteric feeds without radiographic evidence
of leak or obstruction.

As the STEP procedure gained popularity, new reports docu-
mented the feasibility of repeat STEP following re-dilation after
initial lengthening procedures.*>>° The first report of long-term
nutritional outcomes was later published by Duggan et al.”! Four
children with SBS treated with STEP were analyzed after a mean
postoperative follow-up period of approximately one year (range:
252—-493 days). The mean enteral nutrition intake rose significantly
from 48% preoperatively to 62% postoperatively and the procedure
was associated with improved growth and body composition in all
four subjects.

The continued rise in number of patients treated with a STEP led
to the formation of the International STEP Data Registry allowing
for larger, multicenter patient enrollment and follow-up. Initial
data were compiled and analyzed for 38 patients from 19 centers
across 3 countries in 2006.%% Indications for STEP included SBS,
bacterial overgrowth, and neonatal atresia and mean intestinal
length was significantly increased in all groups (68 cm +44 cm to
115 + 87 cm) while the SBS cohort also had a significant increase in

b

Fig. 5. (a) Artist rendition of the serial transverse enteroplasty (STEP) procedure. Intraoperative photos of the STEP procedure prior to staple firings (b), and after staple firings (c).
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enteral tolerance (31%+31%—67%+37%). Minor complications
included bowel obstruction, abscess, and staple line leak and
occurred in a total of seven patients. In long-term follow up, three
patients progressed to transplantation and another three patients
died. Since then, the international STEP registry has released a
follow-up report updating the outcomes of all patients entered into
the registry.”> Although the increase in intestinal length in this
follow-up report wasn't as large as in the initial report (median
increase from 49 to 75 cm), mortality did not significantly change
(9.9% vs 7.9%), and the number of patients requiring transplantation
actually decreased by nearly half (4.5% vs 7.9%). Table 3 summarizes
patient data and outcomes from these two reports.

The original STEP investigators also released long-term follow
up data not long after the reports from the registry.”* This report
included 16 patients whom received the STEP procedure with a
median postoperative observation period of 23 months. The most
common indication for STEP was failure to advance on enteral
nutrition. At five years, 6/16 (38%) had been weaned from PN and
remained on enteral nutrition, but an increase in enteral tolerance
of 1.4% per month overall was observed. Two of the patients ulti-
mately received transplantation and another five went on to
develop re-dilation, with one of these patients requiring repeat
STEP operation. Reported complications included catheter-related
bacteremia (31%), GI bleeding (13%) and obstruction requiring
operative intervention (7%), but no deaths. The relative frequency
of re-dilation observed following STEP prompted Kang to evaluate
the factors associated with re-dilation and its effect on outcomes.>”
The authors found longer PN use following STEP increases the
probability of bowel re-dilation and, not surprisingly, that re-
dilation was associated with lower rates of enteral autonomy. The
phenomenon triggered investigation into using LILT to manage
dilation after STEP, analogous to the circumstances in which STEP
was initially employed.’®

With the rise of STEP came one of the first systematic reviews of
the literature comparing the two predominant lengthening tech-
niques of the time: STEP and LILT.>’ This report found the two
procedures to be very similar in terms of increased intestinal
length, successful weaning from PN and subsequent progression to
transplantation. Postoperative complications including bleeding,
stricture, leakage and redilation were not significantly different,
although bleeding and redilation trended toward occurring more
frequently with STEP. Arguably the most significant conclusion
drawn from this report was that outcomes did not differ signifi-
cantly, but STEP offers several technical advantages. For example,
the STEP can be performed in the duodenum and proximal jejunum
as well as in short and asymmetric bowel segments in which LILT is

Table 3
Comparison of reports from the International STEP Data Registry.

not feasible. In addition, the STEP can be repeated while LILT
cannot.

As is often the case, the predominantly positive early data
following the development of STEP were tempered as more follow-
up data were published. These included reports of staple line ulcers
resulting in GI bleeding following STEP and an analysis of infectious
complications following STEP.>®*° Overall these data did not sug-
gest complications occurred at an unacceptably high rate, however,
and the STEP procedure continues to be paramount in the surgical
management of SBS.

Emerging techniques: mechanical distraction, spiral intestinal
lengthening and tailoring and tissue engineering

The trophic effect of mechanical stress on tissues was initially
recognized in the orthopedic arena as it related to limb-length-
ening.?” By the end of the century, investigators began to experi-
ment with the tension-stress principle to induce intestinal growth.
Chen et al. in China and Printz et al. in Germany both experimented
with the use of mechanical distraction of the intestine as a means to
increase length.°"%? Over the next several years, investigators
demonstrated the feasibility of mechanical distraction to induce
“enterogenesis” in various animal models, including early reports
of preserved function in the lengthened segments.®*** More recent
work in this area has focused on novel polymers and materials used
to develop distraction devices which are easier to place and result
in reliable lengthening.5> 7 These reports have investigated both
extraluminal and intraluminal devices, and some have begun to
address one of the known limitations of mechanical distraction: the
need for surgical isolation of the bowel segment being lengthened
(Supplementary Fig. 3). While still in its infancy, the role of
distraction enterogenesis in the future management of SBS appears
promising.

The development of spiral intestinal lengthening and tailoring,
or SILT, represents the evolution of the LILT procedure. An investi-
gative group including Bianchi sought to develop a method to
lengthen bowel without the technically difficult and potentially
morbid dissection of the mesentery (Fig. 6). The initial report
described the procedure in simulated and porcine bowel to
demonstrate technical feasibility, with encouraging results for
lengthening and tapering of diameter. In the initial in vivo study
using pigs, investigators successfully increased length and
decreased diameter, and importantly demonstrated normal orien-
tation of muscle fibers. To proponents of SILT, the orientation of the
muscle fibers is a key advantage over STEP, as it theoretically pro-
vides for improved motility and thus diminished stasis and

2007 (Modi et al.) n =38

2013 (Jones et al.) n=111

Sex
Male 20 (52.6%)
Female 18 (47.4%)
Median Age at STEP (months) 15.6
Primary Diagnosis
Intestinal Atresia 13 (34.2%)
Gastroschisis + Volvulus 11 (29.0%)
Necrotizing Enterocolitis 7 (18.4%)
Other 7 (18.4%)

Operative Data
Preoperative Bowel Length
Postoperative Bowel Length

Outcomes
Mortality 3(7.9%)
Transplant 3(7.9%)

Enteral Autonomy

68 cm (mean)
115 cm (mean)

Not reported

55 (49.5%)
56 (50.5%)
6.6

38 (34.2%)
50 (45.1%)
9(8.1%)

14 (12.6%)

49 cm (median)
75 cm (median)

11 (9.9%)
5 (4.5%)
51 (45.9%)
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1.68

Fig. 6. Image from Cserni et a

bacterial overgrowth compared to the drastically altered muscular
architecture seen with STEP. The first clinical application of SILT was
published in 2014 and involved a child who underwent massive
small bowel resection at birth for midgut volvulus, leaving her
proximal jejunum and a small segment of proximal colon.’® The
child had initially undergone a jejuno-colic anastomosis following
resection, but developed a leak which prompted evaluation for SILT.
Preparation for SILT included placement of tube jejunostomy and
colostomy, and feeding gastrostomy. Nutrition was provided by a
combination of PN, oral and tube feedings. Over the next 12

demonstrating the spiral intestinal lengthening and tailoring (SILT) technique on simulated bowel.

months, the proximal bowel was expanded as described previously
39 inpreparation for SILT. Following the SILT procedure the child had
been weaned off PN and at six months follow up she had gained
1.8 kg, was having regular bowel movements, and was tolerating
oral feedings in addition to overnight tube feedings. Soon after this
initial report, a second case was reported involving a child whom
also required massive resection for midgut volvulus.°® One year
following SILT, the child was gaining weight, taking over 80% of his
calories enterally, and was having 2—3 semisolid bowel movements
per day. Given its recent development, long term follow-up for SILT
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Complications Key Lessons

Table 4
Summary and comparison of major surgical lengthening techniques.
Rationale Benefits
Bianchi/LILT Utilize dual mesenteric Isoperistaltic and minimal
blood supply to bowel to disruption of muscle fibers
lengthen and correct
dilatation
STEP Transverse staple firings Less technically difficult;

parallel to the blood supply
creates both tapering and
linear length

Use coaptation to induce a
dual blood supply, allowing
surgical lengthening

Create dilatation in normal
caliber short bowel to allow
surgical lengthening

less anatomic limitation

compared to LILT

Kimura Technique/lowa
Model

Staged Procedures for

Non-Dilated Bowel caliber bowel

high rates of enteral autonomy;

Can be performed on bowel

with anatomic restrictions to
other lengthening procedures
Can be performed on normal

Ischemia/necrosis of hemiloop
and anastsamotic strictures

Critical component of long
term survival is severity of
hepatic disease

Disruption of muscle fibers;
bacterial overgrowth; staple
line ulcers; re-dilation after STEP

Surgeon controls the amount
of lengthening and tapering
depending on degree of dilation

Failure of myenteropexy to
result in adequate perfusion;
multiple operations

Increased morbidity of multiple
surgeries

Problematic anatomy does not
prohibit surgical lengthening

Manipulation of inherent anatomy
can allow for subsequent lengthening

is lacking and is required to better understand the potential ben-
efits and complications. Despite this, the developers of the pro-
cedure have recently devised a modification to the procedure in an
animal model which aims to improve on potential complications.
The modified SILT consists of limited spiral incision of the sero-
muscular layers only, leaving the mucosa intact. This technique
offers the theoretical advantage of an intact mucosa which could
limit complications including leakage and abdominal abscess.”®

The field of tissue engineering has the potential to revolutionize
organ replacement in the future. While this review will not spe-
cifically address the current state of intestinal tissue engineering, it
too may be a therapy that will positively impact patients with
massive intestinal loss. Intestinal tissue engineering is currently
under active study in the basic sciences and the concept has been
the subject of several recent reviews.”! 73

Conclusion

James C. Thompson once remarked “If we fail to vigorously
pursue research, the medicine and surgery of tomorrow will be the
medicine and surgery of today”.”* The preceding review demon-
strates the significance of translational research in the progress of
surgical techniques to improve care for those with short bowel
syndrome. While a major improvement in the mortality of these
patients came with the development and eventual refinement of
PN and the adoption of a multi-disciplinary management approach,
non-transplant surgical procedures have had a substantial contri-
bution to the care of SBS patients. Prior to the 1980's and intro-
duction of PN, mortality rates were reported as high as 60%.”> At the
end of the following decade, two reviews of SBS patients revealed
improved, but still unacceptably high, mortality rates of greater
than 20%.”%”7 More recently, a review by Merras-Salmio reported a
mortality rate of 5% for patients at a single institution from 2009 to
2014 who were treated according to a multidisciplinary modern
protocol-based approach.”® While these improvements in mortal-
ity cannot be solely attributed to the progress seen in the field of
surgical lengthening, it is no doubt a significant contributor.
Moreover, the improvements in morbidity associated with
decreased time requiring PN, decreased central venous catheter-
associated infections and avoiding intestinal transplant are not
insignificant.

Table 4 summarizes and compares the most commonly applied
procedures discussed in this review, reviewing the rationale, major
benefits, complications and lessons learned from outcomes of each
approach. As highlighted by the recent reviews above, contempo-
rary surgical approaches such as STEP or LILT/SILT procedures allow
for the best chances at achieving enteral autonomy, and are

indicated in surgical management of intestinal failure due to short
bowel syndrome. However, a critical aspect of these surgical ap-
proaches is that they are implemented in the setting of a multi-
disciplinary plan of care. Comparison of surgical lengthening
procedures will continue, especially as technology improves and
new techniques are developed, but the available data suggest that
success of any given procedure requires that it be one facet of
multimodal therapy. For this reason, most experts recommend
management of these patients take place at intestinal failure/in-
testinal rehabilitation centers with the necessary expertise and
comprehensive subspecialty support.

From the animal experiments of Mall and Halsted to clinical
application of STEP and LILT/SILT, surgical procedures to treat SBS
have undergone substantial progression through dedicated
research. This commitment to improving clinical management
through scientific innovation will continue to promote progress
and enable innovations from the laboratory to change the surgical
treatments of today into the surgical treatments of tomorrow.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.amjsurg.2018.11.025.
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