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Abstract

Background Anastomotic complications are among the most devastating consequences of gastrointestinal surgery. Despite its
high morbidity, the factors responsible for anastomotic regeneration following surgical construction remain poorly understood.
The aim of this review is to provide an overview of the typical and atypical factors that have been implicated in anastomotic
healing.

Methods A review and analysis of select literature on anastomotic healing was performed.

Results The healing of an anastomotic wound mirrors the phases of cutaneous wound healing- inflammation, proliferation, and
remodeling. The evidence supporting much of the traditional dogma for optimal anastomotic healing (ischemia, tension, nutri-
tion) is sparse. More recent research has implicated atypical factors that influence anastomotic healing, including the microbiome,
the mesentery, and geometry. As technology evolves, endoscopic approaches may improve anastomotic healing and in some
cases may climinate the anastomosis altogether.

Discussion Much remains unknown regarding the mechanisms of anastomotic healing, and research should focus on elucidating
the dynamics of healing at a molecular level. Doing so may help facilitate the transition from traditional surgical dogma to

evidence-based medicine in the operating room.
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Introduction

Biology is a balancing act—a constant struggle to maintain
equilibrium through upregulation and downregulation of
physiologic, molecular, and biochemical processes. When
the balance tips, disease develops. The healing gastrointestinal
anastomosis, a fundamental tenet of surgery, is no different.
Anastomotic regeneration involves a finely tuned balance be-
tween too little healing (anastomotic leak) and excessive
healing (anastomotic stricture). These frequently encountered
complications are the Achilles heel of surgery, given that they
are morbid, costly, and disabling.'

In the auditorium of virtually every surgical morbidity and
mortality conference, the common culprits implicated in anas-
tomotic leak (tension, ischemia, and technique) are echoed by
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conventional wisdom. Yet, despite the legacy of this wisdom,
proof that these factors actually contribute to anastomotic leak
in a given individual remains specious. In fact, still today, the
precise mechanisms that govern the process of anastomotic
regeneration remain poorly understood.

In this article, we will highlight general principles of
wound healing and review both common and atypical factors
that influence anastomotic healing. Finally, we will discuss
advances in endoscopic surgery, a rapidly evolving field
where anastomoses are avoided altogether.

Physiology of Wound Healing

The mechanics of wound healing have been previously well
characterized in the skin, as cutaneous models of wound
healing are easy to generate and visualize in real time.
Regardless, these fundamentals of healing are applicable to
almost every organ system, including the gastrointestinal tract.
In brief, the body must achieve hemostasis, decontaminate the
site of injury, cover the wound, and induce cellular
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differentiation to form all layers of the prior tissue to fully
regain integrity, strength, and function. These physiologic re-
sponses of wound healing have classically been divided into
three successive and overlapping phases—inflammation, pro-
liferation, and remodeling.

Inflammation

The objectives of the inflammatory phase of wound healing
are to attain hemostasis, clear potentially invading microbes,
and signal for the recruitment of additional cell types.
Following injury, platelets localize to the wound where they
catalyze fibrin plug formation. This plug both stops bleeding
and simultaneously acts as a scaffold for deposition of matrix
proteins and the migration of cells.” Platelets also release che-
motactic proteins stored within granules at the injury site,
most notably platelet-derived growth factors (PDGF),
transforming growth factor beta (TGF-[3), vascular endotheli-
al growth factor (VEGF), and various cytokines.” Shortly after
platelet arrival and activation of the coagulation cascade, neu-
trophils and monocytes (later macrophages) migrate to the site
of injury to clear any potential pathogens contaminating the
wound via phagocytosis.

Proliferation

The objective of the proliferative phase of wound healing is to
cover the exposed wound and replete the multiple layers of
injured tissue. Chemoattractants released by macrophages at-
tract fibroblasts, which deposit collagen (of various isotypes
including type I-V) to add strength to the healing tissue, and
myofibroblasts, which contract to shrink the wound.? In the
skin, keratinocytes at the leading edge of the migration front
deposit laminin over the wound surface, and stem cells in the
epidermis mobilize and proliferate over a regenerated base-
ment membrane to cover the exposed wound.* This migration
occurs concurrently with differentiation of the keratinocytes to
generate stratified layers of the epidermis.

Remodeling

Beginning near the end of the proliferative phase and lasting
for several weeks after injury, the remodeling phase matures
the wound through rearrangement of both collagen and vas-
culature. Matrix metalloproteases break down type 3 collagen
and replace it with type 1 collagen, the primary collagen sub-
type in scar tissue. Concurrently, the initially disorganized
vasculature network remodels and becomes more arranged.
Even at the conclusion of the process of remodeling, tissue
integrity is not equivalent to that pre-injury—the average
healed wound reaches only approximately 80% of the strength
of uninjured tissue.

Common Factors Implicated in Anastomotic
Healing

A surgical anastomosis weakens almost immediately follow-
ing its construction—during this early period, the staples or
sutures are critical for maintaining the integrity of the connec-
tion. The extent to which integrity is maintained by surgical
technique alone is debated, with some arguing that “all anas-
tomoses leak,” yet most remain asymptomatic because the
adjacent tissues contain and seal further spread of the process.
With time, tissue layers regenerate and the submucosa be-
comes the primary strength layer of the anastomosis, as this
area develops both a rich collagen network and an extended
vasculature. Many studies have examined factors known to
impact anastomotic healing using animal models. The most
common factors implicated in anastomotic healing include
tissue perfusion/ischemia, tissue tension, and patient nutrition-
al status.

As the area of anastomosis is highly metabolically active,
traditional dogma suggests that the regenerating tissue has a
requisite blood flow to provide both oxygen and nutrients to
the healing wound. Although the precise level of blood flow
or oxygen needed at the anastomosis to properly heal has not
been defined, ischemia has been commonly implicated as a
cause of anastomotic breakdown in the conducting esophagus,
small intestine, and colon/rectum.””” A possible mechanism
for this is diminished oxygen tension, as hypoxia has been
shown to impair collagen synthesis, thereby impeding colla-
gen reinforcement of the anastomosis as surgical suture/staple
strength diminishes over time® However, in animal models
where the gastrointestinal anastomoses is devascularized, no
difference in dehiscence and leak rates are observed, suggest-
ing that low vascular flow states and hypoxia are not predic-
tors of anastomotic failure.”'® In fact, methods to detect
hypoxia/hypoperfusion during surgery ignore the observation
that most hypoxia in surgical patients occurs postoperatively,
which remains unaccounted for in these analyses.'' These
conflicting results highlight that the extent to which ischemia
plays a role in anastomotic leak remains unclear.

Traditional teaching also notes that tension increases the
risk of surgical failure. While surgical training and practice
constantly emphasize the need to be vigilant to create “ten-
sion-free” physiology within anatomical reconstructions, the
claim that tension plays a role in anastomotic leak remains
unsubstantiated at the individual patient level. There are no
definitive animal studies or convincing clinical studies impli-
cating tension as a putative cause of anastomotic healing, per-
haps with the exception of esophageal atresia surgery.'? This
may be a result of limited methods to model and measure
tension. In an animal model of tension at esophagogastric
anastomoses, increased tension (measured by a tension meter)
significantly increased the propensity of the anastomosis to
break down.'® A retrospective review of intestinal
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anastomoses revealed a x 10.1 increased odds of anastomotic
leak with increased anastomotic tension; however, this study
was powered by a sample of 5 patients having tension on the
anastomosis, 2 of which leaked.'? Furthering the counterargu-
ment against tension, Katory et al. demonstrated no difference
in anastomotic outcomes in high colorectal anterior resections
when comparing operations with and without splenic flexure
mobilization, a common procedure to relieve tension at the
anastomosis.'> Therefore, while considered surgical dogma,
the role of tension in anastomotic healing also remains un-
clear. Much of the legacy of thought around the mechanisms
of anastomotic leak is a result of the fact that, under proper
study conditions, data demonstrate that surgeons are not able
to predict which patients will leak and which will not, al-
though, a priori, most are certain that they can.'®

Another frequently cited cause for anastomotic failure is
poor healing secondary due to inadequate nutritional status.
Severely malnourished patients are often started on enteral or
parental nutrition prior to surgery, with this nutritional optimi-
zation frequently extending postoperatively as well. Enteral
supplementation prior to surgery has been shown to signifi-
cantly reduce (4% vs 25%) septic complications including
anastomotic leak in patients with Crohn’s disease.'” Multiple
studies have also demonstrated that lower preoperative albu-
min and prealbumin levels correlate to significantly higher
risks of anastomotic leak in gastric, small intestinal, and co-
lonic anastomoses.'$2! However, while the decrease in albu-
min levels between leak and no leak groups is statistically
significant, the absolute values of these differences are often
mild (less than 10%) and many times border on normal phys-
iologic levels. Thus, unless the patient is in extreme states of
malnutrition, it is ambiguous how these preoperative nutri-
tional assessments can alter clinical decision-making when
differences between groups occur at such a small scale.
Finally, recent studies examining the effect of supplemental
products to improve outcomes from elective surgery in other-
wise healthy patient undergoing gastrointestinal surgery have
failed to show any benefit.*

Uncommon Factors Implicated
in Anastomotic Healing

Microbiome in Anastomotic Healing

A major disordering agent across all healing wounds is the
presence of bacteria. As mentioned above, during tissue
healing, cells such as macrophages clear invading pathogens
that can disrupt the fragile balance of wound regeneration,
which involves repeated and fine-tuned iterations of protein
synthesis and protein breakdown to refine and remodel the
wound to its greatest level of integrity and strength. As a
result, excess protease activity is the hallmark of abnormal
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healing whereby breakdown exceeds synthetic capacity.”?
Bacteria are among those agents that tip the scales of protease
activity, shifting from fine-tuning collagen breakdown and
remodeling to excessive degradation of collagen and wound
integrity.”* Certain strains of bacteria can directly induce, ac-
celerate, and enhance the enzymatic activity of key tissue pro-
teases such as matrix metalloproteinase (MMP) 9 and plas-
minogen, such that healing becomes pathoadaptive to main-
tain full integrity and function.* This fragile mechanism may
be especially relevant in the gastrointestinal track given that it
normally harbors a diverse population of microbes, collective-
ly referred to as the microbiome. In addition, with surgeons’
different antibiotic prescribing practices, precisely which
pathogens are eliminated, which remain, and which colonize
anastomotic tissues as they heal vary tremendously between
cases.”” These practices may play an unrecognized yet critical
role in the molecular pathogenesis of anastomotic healing.

As aresult, emerging lines of evidence have begun to shed
light on the role of the microbiome on gastrointestinal surgical
healing. Commensal bacteria modulate many host genes, in-
cluding those in maintaining mucosal barrier integrity. The
physiologic stress of surgery has been known to dramatically
alter the ecology and composition of the gut microbiome,
sometimes increasing the relative abundance of
Enterococcus species 500-fold.*® The presence of specific
phenotypes of Enterococcus faecalis at the site of a surgical
anastomosis (i.e., those that produce the protease enzyme col-
lagenase) can activate host tissue proteases such as MMP9,
resulting in impaired healing at these sites leading to a signif-
icant risk of anastomotic dehiscence.**

The implication of maintaining the beneficial microbiome
ecology challenges traditional dogma of preoperative antibi-
otic prophylaxis. In patients undergoing colon resection, pre-
operative administration of intravenous cefoxitin, a common
prophylactic for gastrointestinal surgery, decreases levels of
commensal Escherichia species, resulting in a bloom of
cefoxitin-resistant Enterococci.?’ In contrast, administration
of topical antibiotics at the anastomosis decreases the abun-
dance of collagenase-producing organisms and decreases
anastomotic leak rates.”* Furthermore, locally applying
tranexamic acid to the surgical anastomosis may provide a
novel solution to prevent anastomotic dehiscence by
inhibiting gut microbes from activating another key protease
system present in the healing anastomotic wound, the plas-
minogen pathway.”®

Diet may also play a key role in anastomotic healing as it
can directly modulate the composition and function of the
microbiome. For example, feeding mice a high fat western
diet has been shown to alter the normal gut microbiome,
resulting in a state of persistent low-level intestinal
inflammation.*” Interestingly, Hyoju et al. recently demon-
strated that administering a short course of dietary
prehabilitation (2 days of a high fiber/low fat diet) not only
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reverses the microbiota disruption associated with a western
high fat diet, but also reverses the increased risk of anastomot-
ic dehiscence.’® Thus, a better understanding of the dynamic
interactions between diet, use of antibiotics, and their effect on
the microbiome may shed light on how to optimally prepare
the bowel (either through diet, selective antibiotics, or both)
prior to surgery.

The Mesentery in Anastomotic Healing

While anastomotic dehiscence sits at one end of the
spectrum of anastomotic healing, at the other end sits
anastomotic stricture, a product of excessive healing.
This concept is best demonstrated in patients with
Crohn’s disease. Following stricturoplasty, a high per-
centage of patients develop disease recurrence at the
anastomotic site.>’ A common hypothesis for the etiol-
ogy of stricture formation is proposed to involve the
mesentery, given that stricture recurrence frequently oc-
curs on the mesenteric side of the anastomosis. With
this in mind, different anastomotic techniques have been
proposed in an attempt to minimize these recurrence
rates.

The Kono-S anastomosis, first described in 2003, is one
of the best-known anastomotic techniques that provides
some evidence that recurrence rates of anastomotic stric-
ture may be based on technique alone. In the Kono-S anas-
tomosis, the stricture bowel is excised 90 degrees to the
mesentery, the stumps are sutured together to create a
supporting column, and then an anti-mesenteric functional
end-to-end anastomosis is created. In effect, the diseased
mesentery is excluded from the anastomosis and instead
constructed adjacent to the supporting column. The
group’s initial study showed a surgical recurrence free sur-
vival of 100% at 5 years in the Kono-S group, compared
with 85% in the historical stapled anastomosis group.>? In
a follow-up randomized control trial, the Kono-S anasto-
mosis group had a significant reduction in postoperative
endoscopic and clinical recurrence rates for Crohn’s
disease.”” Further studies have also implicated the effect
of the mesentery on anastomotic healing. A cohort study
comparing mesentery excision with limited resection in
ileocolic resection for Crohn’s demonstrated that mesen-
tery excision was associated with decreased rates of recur-
rence of stricture at the anastomosis.>* Therefore, the mes-
entery, now considered a metabolically active organ,’’
most likely alters anastomotic healing in a manner inde-
pendent of ischemia. However, further research is needed
to fully elucidate the mechanisms by which the mesentery
influences anastomotic regeneration, including how the
anastomotic microbiome, flow characteristics, and healing
parameters are affected by this construction versus more
conventional approaches.

Geometry in Anastomotic Healing

While dogmatic teaching passed on to trainees over decades
has focused on common themes of anastomotic construction
(tension-free, blood supply, technical aspects), there are sev-
eral factors that remain to be considered and are only now
beginning to be studied. Technological advances now allow
researchers to study the specific effects of anastomotic geom-
etry on a healing surgical anastomosis.*® Although native lu-
minal anatomy, whether it is intestinal, ureteral, or vascular,
exists in a linear conformation, surgeons commonly create
structural continuity using non-linear anastomoses (e.g.,
side-to-side and end-to-side anastomoses). Therefore, a major
question exists, i.e. to what extent does the geometry of anas-
tomotic construction itself influence outcome? The answers to
this question and others are complicated and rooted in a pleth-
ora of confounding factors, but extrapolating from the behav-
ior of non-biological materials under similar conformations
and loads may provide some insight to these questions.*’"
Simple computer simulations can be used to analyze
hyperelastic neo-Hookean material responses, and introduc-
ing Ogden-Holzapfel parameter modeling can attribute phys-
iologic relevance to anastomotic geometry.>” In studying lin-
ear and non-linear geometries, it quickly becomes apparent
that non-linear constructions result in manipulations of the
tissue to which the tissue must adapt. However, it is not clear
how these new stresses may affect the tissue response to inju-
ry, including and involving the flow of materials and microbes
across anastomotic tissues, and their interaction with residual
internal stresses. Thus, there is much that remains to be
learned about how geometry can influence anastomotic
healing across multiple domains of knowledge.

Novel Approaches for Anastomotic
Construction and Methods to Eliminate
the Anastomosis Altogether

Given the high costs and morbidity associated with anasto-
motic complications, an optimal approach in surgical resec-
tions may be to avoid the anastomosis altogether. This is the
promise of endoscopic surgery. Over the past decade, endo-
scopic surgery has increased in prevalence, initially with the
advent of endoscopic mucosal resection (EMR) and subse-
quently endoscopic submucosal dissection (ESD). Lesions
greater than 20 mm can only be removed piecemeal in
EMR, thereby limiting histological confirmation of complete
tumor excision. ESD, in contrast, allows for deeper en bloc
resections. Advances in technology though have minimized
these rates of adverse events and also generated novel
methods to manage these complications non-operatively, in-
cluding with endoscopic clips.*’
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Fig. 1 Factors implicated in
anastomotic healing

Mesentery

Microbiome

Geometry

-

N\
L
~

-

Anastomotic Dehiscenc

Anastomotic Stricture

Tension

Complications such as bleeding and perforation remain
minimal with ESD, with reported rates of 3.3%, 3.5%, and
4.6% in the esophagus, stomach, and colon, respectively.*!
Despite the risk of perforation and the exposure of a large
submucosal defect to endogenous microflora, use of prophy-
lactic antibiotics with EMR/ESD is not a standard practice.
Rates of bacteremia following ESD have been reported be-
tween | and 2.5%, and among the patients that develop bac-
teremia, no patients manifested clinical symptoms.**** These
results suggest that the native commensal bacteria of the gas-
trointestinal tract are nonpathogenic when contained
intraluminally, even in the setting of a mucosal or submucosal
wound. If the case, then the prophylactic administration of
antibiotics would only perturb the normal gut microbiota
and predispose the individual to the growth of pathogenic
strains.

A prior limitation of endoscopic resections has been its
inability to reach the majority of the small intestine.
However, gastroenterologists and surgeons are now able to
interrogate the entire small bowel with double-balloon endos-
copy. The technique involves consecutive inflation/deflation
of balloons at the tips of an endoscope and an over-the-scope
tube (overtube) to provide points of fixation as the scope is
advanced further into the small intestine. Coupling this with
EMR/ESD platforms thereby creates the opportunity to endo-
scopically remove superficial lesions throughout the entirety
of the gastrointestinal tract.*> Another cited limitation of
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endoscopic surgery is the inability to resect non-lifting lesions
or neoplasms beyond the superficial layers of the gastrointes-
tinal wall. Therefore, there is great interest in endoscopic full
thickness resections (EFTR), with early prospective trials
showing a reasonable technical efficacy in successfully re-
moving 89.5% in colorectal adenomas.*® Training and early
adoption of these techniques is paramount for surgeons to stay
at the forefront of best practices of caring for patients.

Similar to the surgical anastomosis, the precise mecha-
nisms governing regeneration after endoscopic resections re-
mains poorly understood. Most likely in a manner similar to
keratinocyte healing, the surrounding mucosal epithelium mi-
grates over the exposed wound and differentiates to form the
specific cell types of the mucosa. Development of an ex vivo
platform to study mucosal regeneration offers the promise of
dissecting the molecular patterns associated with mucosal
healing in real time. A better fundamental understanding of
the mucosal repair process would shed light on novel targets
that can accelerate or alter the wound healing process.

Conclusion

A potentially unanticipated effect of the legacy of applying
traditional surgical dogma to explain poor anastomotic
healing is that it may dampen enthusiasm to consider other
mechanisms of this complex and devastating complication.
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Further research should focus beyond the classic factors of
ischemia, tension, and technique, and investigate atypical
causes of anastomotic complications, including the
microbiome, the role of the mesentery, and the influence of
geometry (Fig. 1). Aside from this, one of the most promising
areas of innovation lies in endoscopic surgery, where anasto-
motic geometry, technique, and flow may be improved, or
where an anastomosis is avoided altogether. Prompt adoption
of these techniques represents one of the next areas of inno-
vation in gastrointestinal surgery with promise to decrease
complications and improve patient outcomes. The first step
in this process is to fully understand, at the most detailed
molecular and physical-geometric level, what we are doing
right and what we are doing wrong.
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