@ ORTHOPAEDIC
[ —TRAUMA—
ASSOCIATION

THE OPEN ACCES

AL OF
ORTHOPAEDIC TRAUMA

I Meeting Proceedings

Animal models in compartment syndrome:

a review of existing literature
Dillon C. O’Neill, MD?, Emily A. Boes, MD?, Chance McCutcheon, BSP, Justin M. Haller, MD®*

Abstract N\
Objective: Extremity compartment syndrome (ECS) is a morbid condition resulting in permanent myoneural damage. Currently, the |
diagnosis of compartment syndrome relies on clinical symptoms and/or intracompartment pressure measurements, both of which
are poor predictors of ECS. Animal models have been used to better define cellular mechanisms, diagnosis, and treatment of ECS.
However, no standardized model exists. The purpose of this study was to identify existing animal research on extremity compartment
syndrome to summarize the current state of the literature and to identify weaknesses that could be improved with additional research.

Methods: A MEDLINE database search and reverse inclusion protocol were utilized. We included all animal models of ECS.

Results: Forty-one studies were included. Dogs were the most commonly used model species, followed by pigs and rats. Most
studies sought to better define the pathophysiology of compartment syndrome. Other studies evaluated experimental diagnostic
modalities or potential treatments. The most common compartment syndrome model was intracompartment infusion, followed by
tourniquet and intracompartment balloon models. Few models incorporated additional soft tissue or osseous injury. Only 65.9% of
the reviewed studies confirmed that their model created myoneural injury similar to extremity compartment syndrome.

Conclusions: Study purpose, methodology, and outcome measures varied widely across included studies. A standardized
definition for animal compartment syndrome would direct more consistent research in this field. Few animal models have investigated
the pathophysiologic relationship between traumatic injury and the development of compartment syndrome. A validated, clinically
relevant animal model of extremity compartment syndrome would spur improvement in diagnosis and therapeutic interventions.
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1. Introduction

Acute extremity compartment syndrome is a highly morbid
condition associated with infection, contractures, fracture
nonunion, chronic pain syndromes, and poor patient reported
outcomes. Compartment syndrome is rare with an estimated
incidence of 7.3 per 100,000 males and 0.7 per 100,000 females.
However, the true incidence of compartment syndrome is

JMH is a board or committee member of the Orthopaedic Trauma Association
and the Western Orthopaedic Association. He is a paid consultant for NewClip
Technics, Osteocentric, and Stryker.

No external funding was received for this work.

The work for this manuscript was performed at the University of Utah in Salt
Lake City, UT.

The authors have no confiicts of interest to disclose.
2 Department of Orthopaedic Surgery, ° School of Medicine, © Department of
Orthopaedic Surgery, University of Utah, Salt Lake City, Utah.

: Corresponding author. Address: Department of Orthopaedic Surgery, 590
Wakara Way, Salt Lake City, UT. E-mail address: justin.haller@hsc.utah.edu
(J. M. Haller).

Copyright © 2022 The Authors. Published by Wolters Kluwer Health, Inc. on
behalf of the Orthopaedic Trauma Association.

This is an open access article distributed under the terms of the Creative
Commons Attribution-Non Commercial-No Derivatives License 4.0 (CCBY-NC-
ND), where it is permissible to download and share the work provided it is
properly cited. The work cannot be changed in any way or used commercially
without permission from the journal.

OTAI (2022) e163

Received: 14 September 2021 / Accepted: 12 November 2021
Published online 10 March 2022
http://dx.doi.org/10.1097/019.0000000000000163

unknown, as most clinical studies use fasciotomy as a proxy
for diagnosis. The rarity, acuity, and lack of gold standard
diagnosis for acute extremity compartment syndrome have
limited effective clinical study of the condition.!!!

The basic pathophysiology of compartment syndrome
involves decreased tissue perfusion and subsequent cellular
hypoxia caused by supra-physiologic pressure within a closed
osteofascial space. Hypoxic conditions within the compartment
drive inflammation and microvascular dysfunction which
propagate injury, ultimately resulting in permanent, limb-
threatening myoneural damage.””%! Unfortunately, the cellular
mechanisms that drive compartment syndrome remain incom-
pletely understood.™!

Clinical symptoms are a poor diagnostic predictor of extremity
compartment syndrome. To date, researchers have largely focused
on intracompartmental pressure as a diagnostic tool for compart-
ment syndrome. Both animal and clinical studies have suggested that
compartment syndrome develops when the intracompartmental
pressure approaches systemic diastolic blood pressure.>*! However,
other studies have demonstrated that high absolute compartment
pressures and/or narrowed delta pressures have poor sensitivity for
predicting compartment syndrome clinically. Currently, no consen-
sus pressure measurement exists for diagnosing compartment
syndrome. Furthermore, there have been minimal additional
therapies or adjuncts for treatment of compartment syndrome
developed outside of fasciotomy, the gold-standard treatment for the
condition.”] Overall, few recent advances have been made in
diagnosing or treating compartment syndrome, again highlighting
the need for a more thorough understanding of the cellular
mechanisms driving its development to improve clinical treatment of
the condition. In line with this opinion, a recent clinical practice
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summary identified major gaps in the current understanding of
compartment syndrome and highlighted the need for better research.

Given its rarity and the diagnostic challenges associated with
extremity compartment syndrome in humans, animal models
provide an attractive option for advancing our understanding of
the condition. Currently, no standardized, clinically relevant
animal model of extremity compartment syndrome exists.!'! The
purpose of this review was to identify existing animal research on
extremity compartment syndrome to summarize the current state
of the literature and identify weaknesses that could be improved
with additional research.

2. Methods

A MEDLINE (PubMed) search of the literature was performed
from inception to June 2021. The following search strategy was
used to generate citations for manual review: “disease models,
animal” OR “animal models” AND “compartment syndrome”
NOT “abdominal compartment syndrome” NOT “chronic
disease.” Abstracts of the electronic search results were reviewed
by 2 reviewers (DCO, CM) and included in the review if the study
was confirmed to be an animal model of acute extremity
compartment syndrome after full-text manuscript review. Review
articles, human studies, animal models that did not involve
extremity compartment syndrome, cadaveric studies, editorials,
and chronic compartment syndrome research were excluded.
Publications without full-text articles available electronically
were also excluded from the review.

Inclusion of studies was by consensus. If there was a
discrepancy between reviewers, a third reviewer (JMH) was
consulted to make the final determination. To supplement the
electronic database search, a reverse inclusion protocol was
performed. A single author (DCO) evaluated the references of
publications included from database search to identify additional
relevant publications. In addition, review articles identified by the
database search were manually evaluated. For included studies,
data were abstracted by three of the study authors (DCO, EB,
CM) into Excel (Microsoft, Redmond, Washington). Abstracted
data was available to all authors during study creation for
creation of tables and manuscript preparation.

3. Results

The database search identified 71 unique publications. Thirty-
eight articles were excluded during initial review of abstracts.
Reasons for exclusion included: animal models that did not
involve acute extremity compartment syndrome (n=23), human
studies (n=7), cadaveric studies (n=3), review articles (n=2),
publication in language other than English (n=2), and editorial
(n=1). One article that was included from abstract review was
excluded due to lack of availability of an electronic full-text
publication. Thus, 32 articles were included from the initial
database source. The reverse inclusion protocol identified 11
additional publications that met inclusion criteria. Of these, 9
publications were included in the final review. Two studies were
excluded due to lack of availability of an electronic full-text
publication.

Forty-one studies were included in the final review (Tables 1-
4)."=*1 A total of 865 animals were included with an average of
22.2 animals per study. Dogs (31.7%) were the most used model
species, followed by pigs (26.8%) and rats (24.4%). In terms of
the purpose of the included studies, 18 (43.9%) studies focused
on the pathophysiology of compartment syndrome, 10 (24.4%)
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evaluated experimental diagnostic modalities, and 13 (31.7%)
investigated potential treatments. Most studies used an intra-
compartmental infusion model (58.5%) to create compartment
syndrome, though tourniquet (14.6%) and intracompartmental
balloon (9.8%) models were also common. Very few models
incorporated additional soft tissue (9.8%) or osseous injury
(7.3%) outside of the damage created by pressurizing the
extremity compartment. Only 65.9% of the reviewed studies
confirmed that their model created myoneural injury similar to
that of extremity compartment syndrome.

4. Discussion

4.1. Model type

There were a wide variety of model types identified in this review.
Dogs, pigs, and rats were the most commonly used species. No
consensus exists with respect to which species is preferable for
compartment syndrome research.! Prior authors have noted
that different species vary in their anatomic similarity to the
human extremity. Kalns et al''*! suggest that the pig lower leg has
inelastic fascia that is intolerant to large amounts of swelling,
similar to that of humans, while the rat extremity tolerates large
amounts of swelling without increases in compartment pressure.
Similarly, rats have a lower ischemia tolerance than dogs or
humans. Despite differences in the anatomy and/or physiology of
different animals used in the study, multiple authors in this review
have demonstrated similar findings using the same methodology
in both rat and large animal models.”****!1 We could not find
definitive evidence that anatomic differences associated with
small animal models adversely affected compartment syndrome

Descriptive characteristics of compartment syndrome studies
included in review

Animal type (%)

Dog 31.7 (13/41)
Pig 26.8 (11/41)
Rat 24.4 (10/41)
Rabbit 14.6 (6/41)
Multiple” 2.4 (1/41)
Number of animals 865
Mean animals per study (mean, SD) 22.2 (20.5)
Compartment syndrome model (%)
Intracompartmental infusion 58.5 (24/41)
Tourniquet or blood pressure cuff 14.6 (6/41)
Intracompartmental balloon 9.8 (4/41)
Arterial occlusion 2.4 (1/41)
Other” 14.6 (6/41)
Study type (%)
Pathophysiology 43.9 (18/41)
Diagnostic 24.4 (10/41)
Therapeutic 31 7 (13/41)
Studies including additional soft tissue injury (%) 8 (4/41)
Studies including fracture (%) 7 3 (3/41)
Studies confirming compartment syndrome-like muscle damage (%) 65.9 (27/41)

All studies were reviewed for basic model characteristics. Rats, dogs, and pigs were the most studied
animals. The majority of studies used an intracompartmental infusion to generate compartment
syndrome. Approximately 59% of studies were targeted at either diagnostic or therapeutic
applications. Only 66% of studies confirmed the creation of compartment syndrome-like muscle
damage by their model postprocedurally. Few studies investigated compartment syndrome in the
setting of additional bony or soft tissue injury.

“Hansen et al (8) included both pigs and mice.

" Other study models includes studies that used fracture, multiple models, pressure chambers,
circumferential burns, and a combined tourniquet and infusion model.
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research outcomes. While large animals may provide better
anatomic similarity relative to humans, they are associated with
significant additional research cost and it is our opinion that
authors must weigh the benefits of anatomic similarity with their
over-arching research goals when selecting a species.

With respect to the means of generating compartment
syndrome, most included publications used an intracompart-
mental infusion technique. Other relatively common methods
were ischemia-reperfusion using a thigh tourniquet or blood
pressure cuff, direct external compression of the studied
compartment using a tourniquet or blood pressure cuff, and
intracompartmental balloon placement. Both intracompartmen-
tal infusion and balloon models have the advantage of creating
pressure directly within the compartment to be studied.
Conversely, both types of tourniquet model rely on creating
ischemia from an external source. We did not find definitive
evidence to suggest superiority of any model for compartment
syndrome generation in this review, as different models of
generating compartment syndrome were rarely compared. Only
one study directly compared intracompartmental infusion vs
thigh tourniquet for generating compartment syndrome. This
study suggested that the 2 models have similar metabolic profiles
during ischemia but that metabolic injury is more persistent
during reperfusion in an infusion model compared with a thigh
tourniquet.!® Beyond the fact that few models have been directly
compared, over one-third of studies did not demonstrate that
their compartment syndrome model reproduced cellular level
and/or functional findings consistent with extremity compart-
ment syndrome. Based on limited available data, it is our opinion
that intracompartmental techniques, such as infusion or balloon
catheter models, more specifically mimic extremity compartment
syndrome relative to tourniquet-based techniques, which could
represent any type of ischemia-reperfusion injury. Furthermore,
we would recommend that future research confirm creation of
compartment syndrome-like injury as a means of strengthening
the veracity of future study conclusions.

Perhaps the most striking finding of the current review is the
rarity of soft tissue or osseous injury adjuncts to the above-
mentioned means of generating increased compartment pressure.
Fracture (and associated soft tissue injury) is the most common
cause of extremity compartment syndrome. However, only 3
(7.3%) studies included in the review involved fracture.!l'%-27-3
Of those, only 1 publication studied a combination of fracture
(simulated by osteotomy) and elevated compartment pressures
using a thigh tourniquet.*”! Similarly, only 4 studies included
in the review involved additional soft tissue injury outside of
the model used to generate elevated compartment pres-
sures.!”2¢27-331 Minimal data exists regarding the influence of
soft tissue or bony injury on the cellular level mechanisms driving
compartment syndrome. Daly et al®®! tested compartment
syndrome models that included infusion alone, soft tissue injury
alone, and infusion plus soft tissue injury. In pilot testing, they
state that the combination of soft tissue injury and infusion most
reliably produced histologic findings consistent with extremity
compartment syndrome, though their pilot results were not
published for review.[®! Bernot et al™!! demonstrated that prior
ischemia rendered skeletal muscle less tolerant to elevated
compartment pressures. Past research demonstrating important
pathophysiologic roles for both inflammation and microvascular
dysfunction in extremity compartment syndrome models would
further suggest that additional sources of injury may contribute
to the overall pathophysiology of the condition,->>1418:291 T
date, insufficient animal research has been performed to
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characterize the relationship between external injury and elevated
compartment pressure. As such, we would highlight this area as
having high potential for future research.

4.2. Compartment pressure

Studies identified by the review reported a wide range of
intracompartmental pressure (0 to>100 mm Hg). Many studies
used compartment pressures based on absolute values between
30 and 60 mm Hg or delta pressures approaching 0 mm Hg, both
of which are similar to clinical criteria for pressure-based
diagnosis of compartment syndrome in humans. However, the
range of pressures identified by the review is far outside
the typical range seen in clinical compartment syndrome. It is
rare that human compartment pressures exceed S0mm Hg
clinically and, even in documented cases of compartment
syndrome, reported absolute compartment pressures range from
45 to 75mm Hg. The ideal compartment pressure for animal
models of compartment syndrome is unknown. Despite a
significant amount of early research into the effects of intra-
compartmental pressure on muscle tissue, Heckman et al®! noted
that methodologic variations across animal models of compart-
ment syndrome have resulted in lack of consensus in recom-
mended pressure thresholds. Prior animal research has
demonstrated that the nature of muscle injury varies as
intracompartmental pressure rises. In fact, the earliest publication
identified in the review demonstrated that inflammatory necrosis
was observed at lower compartment pressures while ischemic
necrosis predominated at compartment pressures from 70 to 150
mm Hg.!®! Based on this finding, many included studies modeled
levels of intracompartmental pressure that may result in different
pathophysiology and cellular injury pattern than is observed in
clinical compartment syndrome, though this hypothesis has not
been rigorously tested in recent research. More research is needed
to fully characterize pathophysiologic changes at varying levels of
elevated intracompartmental pressure. When designing future
work, authors should be thoughtful when choosing compartment
pressures, balancing the need for a reproducible model with an
understanding of the level of intracompartmental pressure
typically observed in clinical practice.

4.3. Pathophysiology

Eighteen studies investigating the pathophysiology of compart-
ment syndrome were identified by the review. Earlier studies
focused on identifying pressure thresholds for ischemic injury in
muscle.>**°1 More recent studies have employed a variety of
study designs. Several authors demonstrated the role of
inflammation and/microvascular dysfunction in compartment
syndrome development.™>!81°! Two publications compared the
effect of different durations of elevated compartment pressures
on skeletal muscle injury.'>!3! Three studies characterized the
timeline of injury and recovery in compartment syndrome over
several weeks.">1¢17! Finally, 1 study demonstrated that open
and closed fractures have similar intracompartmental pressures
from 0 to 48 hours postinjury.™’!

Based on the results of the review, we have identified several
areas for future research. First, as discussed above, there has been
minimal research into the interaction of elevated compartment
pressure with other modes of soft tissue or osseous injury. It is likely
that the initial traumatic insult contributes to the pathophysiology
of extremity compartment syndrome, particularly with respect to
promoting inflammation and microvascular injury. However, the
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exact mechanisms underlying this interaction have not been
characterized. Second, there are few studies using immunohis-
tochemistry or gene expression analyses to further characterize
pathways of dysfunction in compartment syndrome. This is likely
because most of the pathophysiology studies identified by the
review were published over 10years ago. Only 7 of the 18 studies
were published since 2011 and only 1 of the 18 studies has been
published within the last Syears. We believe that more
sophisticated cellular and genetic level analyses could further
advance our understanding of compartment syndrome patho-
physiology. Third, no recovery model following compartment
syndrome using an intracompartmental infusion technique at
clinically relevant compartment pressures currently exists. While
prior publications have characterized the cellular level injury and
healing process following a compartment syndrome-type injury,
these models involved tourniquets for the initiation of compart-
ment syndrome. Recharacterizing injury and recovery patterns in a
more clinically relevant animal model using direct, intracompart-
mental pressure may provide more useful information for treating
extremity compartment syndrome secondary to fracture or crush
injury.

4.4. Therapeutics

The review identified 13 therapeutic studies (Table 3). These
studies covered a wide array of potential therapeutics over several
decades. No single therapeutic appeared in more than 2 studies.
While the conclusions of most studies identified in the review
were generally positive, no single therapeutic intervention was
widely studied by multiple groups. Overall, the research on
therapeutic treatment options outside of fasciotomy is limited. It
is possible that improving our understanding of the pathophysi-
ology of compartment syndrome may lead to new, more
promising therapeutic targets for animal research.

4.5. Diagnostics

Ten diagnostic studies were included in the review. Three studies
measured noninvasive or alternative means of measuring intra-
compartmental pressure.>*?3371 However, prior research has
demonstrated consistently poor diagnostic accuracy of compart-
ment pressure measurements for detecting compartment syn-
drome in the clinical setting. As all these studies use correlation
with intracompartmental pressure as their validation metric, it is
unclear whether any of these diagnostic tools can provide
additional utility toward compartment syndrome diagnosis in the
clinical setting. Three studies evaluated near-infrared spectros-
copy with promising results.’>3%37! Unfortunately, since that
time, a large multicenter study demonstrated that near-infrared
spectroscopy was difficult to reliably utilize clinically. Other
studies used methods of directly measuring tissue oxygenation
and/or glucose, again with promising results.>**%3%*11 Howey-
er, these modalities have not been widely adopted clinically.
Overall, no animal model for diagnosis identified in the review
outside of intracompartmental pressure monitoring has been
successfully translated to clinical use.

5. Conclusions

Study purpose, methodology, and outcome measures varied
widely across included studies. A standard definition for animal
compartment syndrome would direct more consistent research
in this field. Additional research is needed to further our
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understanding of the pathophysiology of compartment syn-
drome. Few animal models have investigated the pathophysio-
logic relationship between traumatic injury and the development
of compartment syndrome. Once a clinically relevant animal
model of extremity compartment syndrome has been developed
and validated, researchers can move toward developing better
diagnostic tests and therapeutic interventions to better mitigate
compartment syndrome development.
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