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ABSTRACT

Compartment syndrome (CS) is a surgical emergency caused by elevated pressure
within a closed osseofascial compartment. It leads to microvascular dysfunction, limiting
oxygen and nutrient delivery, gas exchange, resulting in cellular anoxia, muscle necrosis
and cell death.

Currently, the only effective treatment is surgical fasciotomy. Recently, carbon
monoxide (CO) delivered via carbon monoxide releasing molecule-3 (CORM-3) has been
shown to improve microvascular perfusion and convey anti-inflammatory benefits in
animal models of CS.

The contribution of elevated hydrostatic pressure (EHP) to the pathophysiology of
CS was examined in an in vitro model of CS. We found that EHP led to increased
oxidative stress, apoptosis and structural changes within the human vascular endothelial
cells; application of CORM-3 diminished the magnitude of these detrimental responses.
The data suggest that CORM-3 provides beneficial effects by preventing endothelial
activation while preserving endothelial integrity, making CORM-3 an excellent potential

adjunct pharmacological therapeutic in CS.

Keywords: compartment syndrome, elevated hydrostatic pressure, human vascular
endothelial cells, carbon monoxide, CORM-3, endothelial integrity,

oxidative stress, apoptosis, inflammation.
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CHAPTER 1. INTRODUCTION AND HISTORICAL REVIEW

1.1 COMPARTMENT SYNDROME

Compartment syndrome (CS) is a true medical and surgical emergency, with
potential devastating consequences, caused by an elevated pressure within a closed
osseofascial compartment (Mubarak, Owen et al. 1978, Rorabeck and Clarke 1978,
Matsen, Winquist et al. 1980, Hartsock, O'Farrell et al. 1998). The intercompartmental
fascia is unyielding and as such, individual compartments have limited ability to expand;
this makes them vulnerable to small increases in intracompartmental pressure (ICP) or
decreases in volume.

The increase in pressure within the compartment leads to microvascular
dysfunction and compromise, thereby creating an ischemic environment within the
compartment. This then limits oxygen and nutrient delivery, as well as gas exchange,
resulting in cellular anoxia, muscle necrosis and eventual cell death (Sheridan and
Matsen 1975, Whitesides, Haney et al. 1975, Mubarak, Owen et al. 1978, Rorabeck and
Clarke 1978, Matsen, Winquist et al. 1980). Interestingly, the ischemic environment
occurs in the presence of patent vasculature. Acute CS can result in severe functional
impairment, permanent pain, disability, limb loss, and even death. CS may occur acutely,
following both high- and low-energy trauma, but can also present as a chronic
intermittent condition, such as exertional compartment syndrome, which is most

commonly seen in the athletic or military populations.



Various types of injuries and medical conditions have been associated with the
development of acute CS such as fractures, contusions, burns, tight casts & dressings,
blast injuries, gunshot wounds, crush injuries, diabetes, bleeding disorders (Hope and
McQueen 2004), statin medications (Chautems, Irmay et al. 1997, Jose, Viswanathan et
al. 2004), various infections (Schnall, Holtom et al. 1994) and placing patients in
prolonged lithotomy positions for surgical procedures (Goldsmith and McCallum 1996,
Mathews, Perry et al. 2001). CS has been described in the arm, forearm, hand, buttock,
thigh, lower leg, foot, abdomen, thorax and even the orbit (Greene and Louis 1983,
Bonutti and Bell 1986, Brumback 1990, Kym and Worsing 1990, Frink, Hildebrand et al.

2010).

1.1.1 Brief Historical Review of CS

In 1881, the German surgeon Richard von Volkmann first described the clinical
sequelae of CS following traumatic supracondylar distal humerus fractures. He attributed
the devastating clinical outcome to the interruption of arterial blood supply but did not
specify the cause (von Volkmann 1881). This observation by von Volkmann was further
substantiated by Leser in 1884 who, by applying a tight bandage to the limbs of animals,
noted time dependent necrotic changes in the muscle, as well as venous congestion and
swelling (Leser 1884). In 1906, Hildebrand drew attention to the role of nerve
involvement in the pathophysiology of ischemic contractures after replicating the
experimental design of Leser, and coined the term ‘Volkmann’s contracture’ to refer to
the clinical sequelae following supracondylar distal humerus fractures (Hildebrand 1906).

In 1914, Murphy changed the narrative, and instead of speaking of arterial injuries and



nerve involvement as underlying causes of ischemic contractures, he drew attention to
venous obstruction as the driving force behind CS. Although we now know that venous
obstruction is not a major underlying contributor of CS, Murphy importantly drew
attention to the idea that 1. elevated ICP was a main driving force in the pathophysiology,
that 2. arterial pulses were maintained during the process and finally that 3. by splitting
the underlying deep fascia, the “obstruction” could be relieved (Murphy 1914). Until this
point, treatments had been aimed towards the complications of CS and ischemia, such as
fibrosis and contractures (Rowlands and Lond 1905).

In 1926, through a series of elegant ischemia-reperfusion experiments using the
limbs of dogs, Jepson noted that elapsed time as well as increased pressure was a direct
causal factor in the pathogenesis of ischemic contractures. More importantly, he also
showed that by surgically decompressing the involved compartment, the function of the
limb could be restored (Jepson 1926).

The next significant contribution was likely from the work of Griffiths (1940),
and although he mistakenly argued (for the better part of two decades) that arterial spasm
was the root cause of the resulting ischemic contracture, his research contributed
significantly to our understanding and recognition of early clinical signs and symptoms of
CS, such as pain out of proportion, pain with passive extension and ‘puffiness’, which are
still widely taught to this day (Griffiths 1940).

The next main contribution to our understanding of CS came with the bombing
raids known as the London Blitz in the early 1940s. Patients with crushed extremities
would be taken to hospital, and a relatively stable clinical condition would quickly

deteriorate into systemic decompensation, multi-organ failure and eventual death. The



condition became known as “crush syndrome” (Bywaters, Delory et al. 1941). This
highlighted the importance of ischemia-reperfusion in the pathogenesis of CS, rather than
strictly speaking of venous congestion and elevated ICP.

In 1975, Matsen delivered his unified theory of CS by combining all the relevant
data available to that point. The important aspects of his theory stated that CS was not
restricted only to the upper extremity, that elevated pressure was a critical feature of the
condition and finally that relieving the ICP via surgical fasciotomy was critical to avoid
the devastating sequelae (Sheridan and Matsen 1975). The importance of Matsen’s
contribution cannot be overstated, as he shifted the discourse from understanding the

underlying pathophysiology to better ways of diagnosing and treating acute CS.

1.1.2 Diagnosis of CS

The early identification, diagnosis and treatment of CS are critical in order to
relieve ICP, prevent ongoing tissue anoxia, necrosis and optimize patient outcome, as
well as prevent long-term disability. The diagnosis of CS is primarily a clinical one,
which, in certain circumstances may be supplemented by direct ICP measurements.
Understanding patient risk factors and the early identification of patient clinical signs and
symptoms are paramount in the diagnosis and appropriate management of CS. Risk
factors include male gender, age under 35, tibia fracture, high energy forearm fractures,

high energy long bone fracture and comminuted fractures.



1.1.2.1 Clinical Diagnosis

There are several signs and symptoms that have traditionally been associated with
acute CS. They appear in a stepwise fashion, although the timing can vary significantly
from patient to patient and injury to injury (Myers 2000, Elliott and Johnstone 2003,
Olson and Glasgow 2005, Shadgan, Menon et al. 2008). For this reason, the importance
of serial and thorough clinical evaluations of all patients at risk of developing CS cannot
be overstated; currently, this is considered the standard of care in the management of CS.
The presence of symptoms should not only alert clinicians to the diagnosis of an acute
CS, but also, unfortunately, likely suggests an advanced stage of disease.

The first signs and symptoms associated with CS are usually pain out of
proportion to the apparent injury, and pain with passive stretch of the involved muscle
compartment (Whitesides and Heckman 1996). The sensitivity and specificity of these
clinical findings has been found to be between 13-19% and 97% respectively (Whitesides
and Heckman 1996, Ulmer 2002). Other symptoms associated with CS include tense and
painful muscle compartments, a persistent deep ache or burning pain, paresthesia or
increasing analgesia requirement, with the last of these being an especially important

finding in the pre-verbal pediatric population (Bae, Kadiyala et al. 2001).

1.1.2.2 Physical Examination

The first description of the clinical criteria for the diagnosis of CS was provided
by Griffiths in 1940. Griffiths established the original “four Ps”: pain out of proportion
and pain on passive stretch, paraesthesia, paralysis and ‘puffiness’ (Griffiths 1940).

Eventually, pallor and pulselessness were also added to the physical signs of CS (Cascio,



Wilckens et al. 2005). Unfortunately, some of these physical exam findings, such as
paresthesia and paralysis, are considered late findings of established CS (McQueen,
Christie et al. 1996), and often signify that irreversible vascular, muscular and
neurological injury have likely already occurred (Matsen and Clawson 1975, Ulmer
2002). Although pulselessness was traditionally taught as one of the “5 Ps” in the clinical
diagnosis of CS, the absence of a pulse is no longer considered a feature of CS (Manjoo,
Sanders et al. 2010) and the presence of a pulse certainly does not rule out a diagnosis of
CS. Failing to identify CS and obtain a timely diagnosis is the greatest cause of adverse
clinical outcomes (Matsen and Clawson 1975, Rorabeck 1984, McQueen, Christie et al.
1996, Mars and Hadley 1998). In addition, missed CS is one of the most frequently
argued cases in the field of medico-legal litigation, and is associated with frequent and

significant judgements in the favour of the plaintiff (Bhattacharyya and Vrahas 2004).

1.1.2.3 Objective Compartment Pressure Monitoring

The direct measurement of ICP when attempting to diagnose CS, provided the
proper technique is used, is a valuable tool in the clinician’s armamentarium (Hargens
and Ballard 1995). Various measurement techniques have been described, such as needle
manometer, wick catheter, slit catheter and electronic transducer-tipped catheters
(Hargens and Ballard 1995). In order to capture the peak ICP value, measurements
should be taken at the level of the fracture, as well as additional sites up to 5 cm proximal
and distal to the injury (Heckman, Whitesides et al. 1994). In addition, pressures should
also be measured in the other compartments of the affected limb, to ensure that a CS is

not missed. The electronic transducer-tipped systems have been found to be the most



accurate, as they do not rely on limb position or the height of the transducer. All direct
compartment pressure measurement devices have their own specific technical steps, are
user dependent, have their own advantages and disadvantages, and are not immune to
false negatives (Lawendy and Sanders 2010). Although some authors have argued that
all patients (especially young men) presenting with tibial diaphyseal fractures, high
energy fractures of the tibial metaphysis, soft tissue injuries or in patients with an
accompanied bleeding diathesis should undergo objective compartment pressure
monitoring (McQueen, Gaston et al. 2000), this is currently not the usual practice. There
are, however, several indications for using ICP monitors. These include unconscious
patients, pediatric patients, pre-verbal and non-verbal patients, patients with equivocal
signs and symptoms, patients with associated neurological injuries, or in a polytrauma
scenario (Whitesides, Haney et al. 1975, Gelberman, Garfin et al. 1981, Hargens,
Schmidt et al. 1981, Hargens, Akeson et al. 1989). In these cases, continuous
compartment pressure monitoring may help confirm clinical findings, decrease the delay
to fasciotomy and may, as a result, decrease the long-term complications of the disorder

(McQueen, Christie et al. 1996).

1.1.3 Consequences of Missed CS

The early identification and diagnosis of acute CS is critical to its successful
management, and will maximize the chances of a positive clinical outcome. The inability
to obtain a timely diagnosis is the most common cause of adverse clinical outcomes
(Matsen and Clawson 1975, Rorabeck 1984, McQueen, Christie et al. 1996, Mars and

Hadley 1998). A missed or late diagnosis of acute CS can lead to serious complications,



such as muscle infarction, muscle and joint contractures, secondary joint and soft tissue
deformities, limb weakness and neurologic dysfunction (Whitesides and Heckman 1996).
Less common, but nonetheless important complications of missed CS include infection,
gram-negative sepsis, amputation and end-organ involvement (Whitesides and Heckman
1996). The end result of missed CS is often irreversible myoneural ischemia leading to
various degrees of permanent neuromuscular deficits and dysfunction.

The severity of the clinical outcome and dysfunction depends on the amount of
tissue affected, and can range from mild weakness and sensory changes to severe
ischemic contractures and limb dysfunction. When a sufficiently large amount of muscle
tissue is involved (often combined with a weakened and compromised immune system),
CS can lead to severe systemic complications such as crush syndrome, rhabdomyolysis,
renal failure (secondary to myoglobinuria) and systemic shock (Sanghavi, Aneman et al.
2006, West 2007).

A missed or late diagnosis can be the result of clinical inexperience, a lack of
suspicion, or a confusing clinical presentation (McQueen, Christie et al. 1996). These
situations can occur when patients present with altered pain perception, altered level of
consciousness, regional anesthesia, patient-controlled analgesia and nerve injury; all are
known risk factors for late diagnosis (Mubarak and Wilton 1997, Harrington, Bunola et

al. 2000).



1.2 THERAPEUTIC APPROACHES TO CS

The therapeutic goals of treating acute CS are to minimize chronic, long lasting
injury and dysfunction of the involved limb, by accurately and efficiently diagnosing the
condition and restoring the compartments microcirculatory environment. This is done in
order to avoid the devastating consequences of myonecrosis, ischemic contracture and
limb dysfunction. Non-operative techniques and adjuncts have been studied in various
animal models and human case series with limited success. These nonoperative
treatments remain unproven, making surgical decompression through fasciotomy of all
involved compartments the only gold standard therapy for acute established CS, provided
it is carried out within 6-8 hours of CS onset (Eaton and Green 1972, Matsen, Winquist et

al. 1980, Rorabeck 1984, McQueen, Hajducka et al. 1996, Lawendy and Sanders 2010).

1.2.1 Fasciotomy

Fasciotomy, as a technique for the surgical treatment of patients with impeding
Volkmann’s contracture, was first described in 1911 by Bardenheuer (Bardenheuer 1911)
although at the time, he used the term ‘aponeurectomy’. Eventually, Murphy in 1914
suggested early surgical fasciotomy for the treatment of increased pressure within a
fascial-enclosed space due to hemorrhage and edema in order to prevent paralysis and
contractures (Murphy 1914). The concept of surgical fasciotomy, as described by
Murphy, is the mainstay for the treatment of CS today. The first detailed record of the
actual operative technique was provided by Benjamin (Benjamin 1957), describing the
surgical approach to the forearm. Fasciotomy is urgently performed to normalize

compartment pressures, in the hope of restoring normal perfusion to the affected tissues,
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halting the inflammatory process and ultimately preventing the devastating clinical
sequelae. After 6-8 hours, the risk of permanent tissue damage increases exponentially.
Once muscle and tissue necrosis has occurred, surgical fasciotomy is contraindicated as it
increases the risk of infection significantly. Adding to the complexity of this clinical
presentation, one often does not know the exact time of injury or the subsequent events
that have led to the patient’s current state, making decision making difficult. Therefore,
frequent serial clinical examinations and reassessment are extremely important.
Fasciotomy releases the involved compartment(s), allowing soft tissues to swell
and expand, thus allowing for an increased compartmental volume while decreasing the
ICP. Following decompression, surgical wounds are usually left open for 48-72 hours
prior to skin closure, which is often accompanied by split thickness skin grafting

(Lawendy and Sanders 2010).

1.2.1.1 Threshold for Decompression

Considering the significant cost of missing a CS, some authors have expanded the
indications of using ICP monitoring to include all traumas and fractures with a high risk
of CS (McQueen, Gaston et al. 2000). To complicate matters further, various ICP
thresholds have been proposed, at which fasciotomy should be performed, although there
is currently no clear consensus. Protocols have included absolute values of 30 mmHg, 40
mmHg and 45 mmHg (Mubarak, Owen et al. 1978, Matsen, Winquist et al. 1980,
Schwartz, Brumback et al. 1989) while others, rather than considering the absolute ICP of
a compartment, have used the difference between a compartment’s ICP and the patient’s

diastolic pressure (AP), with 20 to 30 mmHg being considered an indication for
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fasciotomy (Whitesides, Haney et al. 1975). Most trauma surgeons prefer using this AP as
a cut-off measure to perform fasciotomy rather than using an absolute ICP threshold, as
this becomes more useful in hypotensive trauma patients leading to a lower overall
fasciotomy rate when compared to an absolute pressure threshold (Matsen, Winquist et
al. 1980, McQueen, Hajducka et al. 1996). A recent study by Whitney et al (2014) looked
at false positive rates of CS diagnosis based on one-time ICP measurements alone. When
using a AP threshold of 30 and 20 mmHg they reported a false positive rate of 35% and

24% respectively (Whitney, O'Toole et al. 2014).

1.2.1.2 Fasciotomy Techniques

Surgical fasciotomy techniques have been well described for the upper and lower
extremities as well as the trunk (McQueen, Gaston et al. 2000). Fasciotomies for CS of
the lower leg (80% of all cases), forearm and hand are among the most commonly

performed.

1.2.1.2.1 Fasciotomy in the Lower Leg

The lower leg is divided into 4 osseofascial compartments: anterior, lateral,
posterior superficial and posterior deep (Gray 2000) (Figure 1.1). The anterior
compartment is the most commonly affected in CS (Rorabeck and Macnab 1976). There
are two commonly described techniques for the surgical decompression of the lower leg:

the two-incision and single-incision, four-compartment fasciotomy.
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Figure 1.1. Anatomy and compartments of the lower leg. The lower leg is
comprised of the tibia and fibula, with interconnecting fascial
planes separating the various muscles into anterior, lateral,
superficial posterior and deep posterior compartments.

Reproduced with permission from Lawendy and Sanders (2010).
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Some surgeons will routinely employ a two-incision (medial and anterolateral)
technique, while others perform a single anterolateral approach in patients with CS in
order to decompress both the anterior and lateral compartments, and then reassess the
remaining compartments with ICP monitors before releasing the posterior superficial and
posterior deep compartments (Tornetta, Puskas et al. 2016). Better visualization of tissue
planes, neurovascular structures and ability to assess the conditions of soft tissues have
been described as reasons to preferentially perform a two-incision approach (Lawendy
and Sanders 2010). However, both single-incision and two-incision approaches have been
shown to adequately decompress all 4 lower leg compartments (Neal, Henebry et al.

2016).

1.2.1.2.2 Fasciotomy in the Forearm

The forearm is made up of the volar compartment, the extensor compartment and
the mobile wad. The flexor compartment is divided into superficial, middle and deep
muscle layers. The dorsal extensor compartment contains superficial and deep layers
(Gray 2000).

A curvilinear incision is made, extending from proximal and medial aspect to the
elbow flexion crease, which then crosses the flexor surface of the elbow at an oblique
angle. This is then followed by moving lateral to the midline, allowing for an extensile
approach and the ability to release the carpal tunnel if needed. Medial and lateral flaps are
elevated; the lateral antebrachial cutaneous nerve is found and protected. The lacertus
fibrosis, the most proximal tether, is also released. The fascia overlying the superficial

volar compartment is then incised, as well as the mobile wad laterally. The interval
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between the flexor carpi ulnaris and the flexor digitorum superficialis is exploited to

reveal the deep volar compartment which can then also be released (Gray 2000).

1.2.1.2.3 Fasciotomy in the Hand

The hand is divided into ten compartments; these include the thenar, hypothenar,
adductor pollicis, four dorsal interossei and three volar interossei compartments (Gray
2000).

Two longitudinal incisions are centered over the index and ring fingers on the
dorsum of the hand. Soft tissues are bluntly dissected on either side of the metacarpals,
incising through the dorsal interossei muscle fascia. If the thenar and hypothenar
compartments need to be released, two separate incisions are made on the volar radial
aspect of the thumb and the volar ulnar aspect of the 5™ digit, respectively. The carpal
tunnel can be released through a 4cm longitudinal incision, in line with the ring finger,
with the proximal extent being the flexor crease of the wrist. The transverse carpal

ligament is then released under direct visualization (Kalyani, Fisher et al. 2011).

1.2.1.3 Complications of Fasciotomy

Surgical fasciotomy, although being the gold standard treatment of CS, it is not
without its risks and complications. A high percentage of patients report postoperative
neurologic symptoms and chronic pain associated with their surgical wounds (Fitzgerald,
Gaston et al. 2000). Other complications include dry skin, pruritus, wound discolouration,
swelling, tendon tethering, hypertrophic scarring, ulceration and muscle herniation

(Johnson, Weaver et al. 1992, Heemskerk and Kitslaar 2003, Schmidt 2007). The risk of
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infection is also not insignificant, and can create potentially devastating complications;
this is directly related to the timing of the surgical intervention.

Fasciotomies which are delayed for greater than 12 hours have a 28% rate of
infection, while those performed early have an infection rate of 7.3% (Williams, Luchette
et al. 1997). In a retrospective study looking at a trauma patient population, Dover et al
(2011) found an early post-operative complication rate of 20%. Of these, 80%
experienced clinical symptoms which they rated as severe. On long-term follow-up, 70%
of patients experienced persistent symptoms, which severely limited them from either an
occupational or social point of view (Dover, Marafi et al. 2011, Dover, Memon et al.
2012).

Fitzgerald et al (2000) retrospectively assessed complications of fasciotomy in
both upper and lower extremities over an 8-year period (Fitzgerald, Gaston et al. 2000).
They found that one in every ten patients had chronic pain associated with their
fasciotomy wounds and more than 20% of patients covered their scars due to the aesthetic
appearance of the wound. They also found complications to be detrimental both socially
and occupationally, with 28% of patients changing their hobbies and 12% having to
change their occupation, secondary to the complications of their fasciotomy (Fitzgerald,
Gaston et al. 2000). Another post-operative complication of surgical fasciotomies is CS,
which has been found to occur in 3 to 20% of cases (Barr 2008), and is believed to be
caused by excessive post-operative scar tissue formation and/or inadequate release of

compartmental fascia (Schmidt 2007).
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1.2.2 Non-Surgical Interventions

Currently, non-operative treatment modalities for CS are utilized in cases where
surgical fasciotomy is contraindicated: when the affected limb is nonviable due to severe
ischemia, or missed CS (Schmidt 2007). Before 1911, non-operative treatment options
mainly consisted of limb mobilization and muscle stretching in order to prevent or treat
ischemic contractures. Today, the most common non operative treatment is the removal
of a cast or occlusive splints in a patient who presents with symptoms suggestive of CS.
In these cases, if symptoms persist, fasciotomy is indicated.

The consequences of a missed CS or of delaying fasciotomy are significant, as a
result, non-operative treatments have been limited to an adjunctive role to fasciotomy. It
would be beneficial to develop non-surgical modalities that could prolong the treatment
window between the onset of CS and the time where irreversible neurological, vascular
or muscular changes occur. Potential medical treatments have been described in both
animal models and human case series. These include mannitol (Better, Zinman et al.
1991), hyperbaric oxygen (Wattel, Mathieu et al. 1998), tissue ultrafiltration (Odland,
Schmidt et al. 2005), anti-inflammatories (Manjoo, Sanders et al. 2010) and anti-oxidants

(Kearns, Daly et al. 2004).

1.2.2.1 Mannitol
Mannitol is an osmotic diuretic, volume expander and free radical scavenger. It is
commonly used to acutely reduce intracranial pressure, prevent or treat acute kidney

failure secondary to crush injuries as well as treat raised intraorbital pressure. Crush
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injuries associated with CS can lead to rhabdomyolysis, acidosis, acute renal failure
(ARF) and even death (Bywaters, Delory et al. 1941, Better and Stein 1990).

The severity of rhabdomyolysis can be confirmed and clinically followed by
measuring serum creatine kinase (CK) levels. One of the most severe complications of
rhabdomyolysis is ARF, which has a mortality rate of 3-50% (Slater and Mullins 1998,
Malinoski, Slater et al. 2004). One of the tenets in the management of the crush syndrome
and rhabdomyolysis is aggressive fluid resuscitation, in an attempt to prevent both
systemic and renal complications (Odeh 1991, Malinoski, Slater et al. 2004).

Mannitol has been shown to decrease extracellular fluid volume by promoting
water and sodium excretion. It has been shown to reduce ICP in a canine model of CS
(Better, Zinman et al. 1991). Daniels et al. (1998) described the case of a healthy 19—
years old male presenting with heat stroke, who subsequently developed a lower leg CS,
and who was treated only with mannitol. The patient was discharged 10 days after his
admission to the hospital, with only “mild residual weakness” in the involved leg

(Daniels, Reichman et al. 1998).

1.2.2.2 Hyperbaric Oxygen Therapy

Hyperbaric oxygen therapy involves the medical use of oxygen at levels higher
than the atmospheric content of 21%. Hyperbaric oxygen therapy creates a 3-fold
increase in the oxygen diffusion into the tissues (Wattel, Mathieu et al. 1998). This
allows continued delivery of oxygen even in the presence of ischemia. Hyperbaric
oxygen has been described as either the main treatment, or as an adjunct for various

medical conditions, such as decompression sickness, arterial gas embolism, smoke
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inhalation, severe carbon monoxide (CO) poisoning, osteoradionecrosis, skin flap
healing, clostridial myonecrosis and CS (Leach, Rees et al. 1998).

With respect to CS, hyperbaric oxygen treatment is believed to exert its beneficial
effects on intracompartmental bleeding, swelling and edema by causing oxygen-induced
vasoconstriction and allowing oxygen perfusion at lower perfusion pressures (as are seen
in situations of CS) (Nylander, Nordstrom et al. 1987). As the interstitial edema is
decreased, flow through the microcirculation is restored, or at least improved. The benefit
of hyperbaric oxygen therapy has been reported in several ischemia-related clinical
scenarios including traumatic ischemic lesions, ulcerations, infections and open fractures
(Smith, Stevens et al. 1961, Hanson, Slack et al. 1966, Szekely, Szanto et al. 1973).
Published case studies have reported success in averting fasciotomy in patients presenting
with CS (Strauss, Hargens et al. 1983, Wattel, Mathieu et al. 1998, Gold, Barish et al.
2003); a recent case report by Karam et al. (2010) described the case of an NCAA
football player with acute paraspinal CS following weight-lifting: he was successfully
treated with forced diuresis and hyperbaric oxygen chamber treatment (Karam,
Amendola et al. 2010).

However, due to the lack of definitive evidence and the need for costly and
specialized equipment, hyperbaric oxygen is infrequently used and currently seen only as

an adjunct to, and not a substitute for, surgical fasciotomy.

1.2.2.3 Tissue Ultrafiltration
Tissue ultrafiltration (TUF) was first described as a method of analyzing the

contents of the interstitial space (Linhares and Kissinger 1992). TUF involves the
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insertion of small-diameter semi-permeable hollow fibers into the tissue compartment of
interest. The catheter is connected to suction, in order to filter interstitial fluid. This
enables researchers to not only decompress the tissues, but also analyze the extracted
fluid for biomarkers (Odland, Schmidt et al. 2005). The use of ultrafiltration in CS has
been shown to lower the intramuscular pressure while maintaining perfusion pressure
(Odland, Schmidt et al. 2005). In their porcine model of CS, using bovine serum
albumin-enriched saline infusion into the anterior compartment of the hind limb, Odland
et al. (2005) measured serum and filtrate creatinine kinase (CK) and lactate
dehydrogenase (LDH) levels over a 10 hour period. They found that the biomarker levels
were 80 times higher in the ultrafiltrate compared to the serum (Odland, Schmidt et al.
2005). Significantly lower pressures were recorded in experimental limbs connected to
negative pressure, coupled with a markedly lessened cellular injury. The authors
undertook a small human clinical trial, to test the safety and efficacy of ultrafiltration.
They examined ten patients with tibial fractures treated with intramedullary nailing with
and without tissue ultrafiltration, and found no difference in ICP between the two groups;
however, 2 patients in the control group developed CS, while none in the ultrafiltration

treatment group (Odland and Schmidt 2011).

1.2.2.4 Anti-Inflammatories

There is a significant body of evidence describing an increase in ICP as the
underlying cause of microcirculatory dysfunction. However, the significant impact of
inflammation and leukocyte activation in the pathophysiology of CS is increasingly being

recognized (Lawendy, Sanders et al. 2011, Lawendy, Bihari et al. 2015). Activated
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leukocytes directly impair perfusion, increase intravascular protein leakage, thus
contributing to tissue edema, as well as causing direct parenchymal injury (Kurose,
Anderson et al. 1994, Forbes, Carson et al. 1995, Forbes, Harris et al. 1996, Harris and
Skalak 1996).

Non-steroidal anti-inflammatory drugs (NSAIDs) are a class of medication that
interfere with arachidonic acid metabolism, via inhibition of the cyclooxygenase (COX)
enzyme. Two isoforms have been identified: the constitutively expressed COX-1, and
inducible COX-2. COX-2 expression can be upregulated in response to inflammatory
stimuli and pro-inflammatory cytokines (Jan and Lowry 2009). Manjoo (2010), looked at
the effects of indomethacin, a selective COX-2 inhibitor, on capillary perfusion, cell
damage and inflammatory activation in a rat model of CS. They found that indomethacin
improved tissue perfusion and viability, decreased the number of non-perfused capillaries
and significantly lowered tissue injury, lending support to the suggestion that anti-
inflammatory treatments have the potential to reduce the damage in the presence of

elevated ICP (Manjoo, Sanders et al. 2010).

1.2.2.5 Anti-Oxidants

Ischemia-reperfusion is known to lead to a significant release of reactive oxygen
species (ROS) — extremely damaging free radicals, both locally within the tissue, as well
as from the release of activated neutrophils. Thus, the resulting tissue injury is not only
seen at the local level in skeletal muscle, but also in distant organ systems, such as the
lungs and kidneys (Xiao, Eppihimer et al. 1997, Kearns, Kelly et al. 1999). In a study by

Perler et al. (1990), the authors concluded that the most important component of CS
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appeared to be the free radical-mediated reperfusion injury: an increase in free radicals
(such as H,0,) causes direct injury to the endothelium. Furthermore, by interacting with
lymphocytes, ROS further stimulate a pro-inflammatory state by increasing cytokines
levels (e.g. TNF-a and IL-8) (Perler, Tohmeh et al. 1990). These, in turn, lead to the
activation of neutrophils and these activated neutrophils then release ROS, which further
contributes to the endothelial injury.

Due to expanding knowledge regarding the contribution of oxidative damage in
CS and ischemia-reperfusion injury, various anti-oxidant therapies have been attempted,
to prevent both the local and systemic injuries. These include N-acetylcysteine (NAC),
taurine and vitamin C. NAC is a free radical scavenger that also restores the host cellular
anti-oxidant defenses by upregulating glutathione levels in the cell (Sjodin, Nilsson et al.
1989). The primary clinical use of NAC is in acetaminophen overdose, to reduce injury to
hepatocytes (Flanagan and Meredith 1991). It is also used for its nephroprotective effects
in patients with kidney failure prior to administering IV contrast (Tepel, van der Giet et
al. 2000), as well as to protect against oxidative injury in lung parenchyma (Bernard
1991). A study by Kearns et al. (1999) examining the effects of NAC in a rat model of
CS found that CS led to decreased muscle contractility and increased tissue
myeloperoxidase activity and treatment with NAC attenuated neutrophil activation and
preserved muscle contractility (Kearns, Kelly et al. 1999).

Taurine (2-aminoethane sulfonic acid) is a sulphur-containing amino acid, derived
from the metabolism of methionine. The major source of taurine is from a person’s diet.
Taurine has been implicated in the inhibition of lipid peroxidation, cell membrane

stabilization, osmoregulation, as well as modulation of calcium levels (Kingston, Kelly et
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al. 2004). Studies have found that exogenous administration of taurine can have
protective effects against ischemia-reperfusion tissue injury in the kidney, heart, liver and
skeletal muscle (Oz, Erbas et al. 1999, Wettstein and Haussinger 2000, Michalk,
Hoffmann et al. 2003, Wang, Li et al. 2005). Wang et al. (2005) found that the
administration of taurine reduced anterior compartment pressure, muscle edema, lactate
dehydrogenase and lipid peroxidation products in a rabbit model of CS (Wang, Li et al.
2005).

Vitamin C (ascorbate) is an antioxidant that has been shown to decrease or
prevent reperfusion injury in the lung and skeletal muscle, as well as to reduce oxidant
production in neutrophils (Herbaczynska-Cedro, Wartanowicz et al. 1994, Lehr, Frei et
al. 1995, Kearns, Kelly et al. 1999, Armour, Tyml et al. 2001, Kearns, Moneley et al.
2001). It has scavenging effects on hydrogen peroxide, which is an important component
for neutrophils recruitment and adhesion (Armour, Tyml et al. 2001). Vitamin C also
targets circulating neutrophils and lymphocytes (Levine, Daruwala et al. 1998). It is
believed to exert its beneficial effects by reducing neutrophil recruitment and activation,
as well as their extravasation into the tissues by altering the expression of adhesion
molecules (e.g. ICAM-1). Vitamin C has also shown promising results in
prophylactically treating complex regional pain syndrome (CRPS) or reflex sympathetic
dystrophy (Zollinger, Tuinebreijer et al. 1999). While CRPS and CS are distinct
pathological entities, they do share certain underlying physiological processes such as an
exaggerated inflammatory response, peripheral nervous system dysfunction and an
increase in circulating free radicals causing lipid membrane oxidation (Van der Laan

1997). A study by Kearns et al., 2004 using a rat cremasteric muscle model of CS, found
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that pre-treatment with Vitamin C reduced intercellular adhesion molecule-1 (ICAM-1)
expression and myeloperoxidase (MPO) activity as well as muscle swelling, while
preserving muscle contractile function (Kearns, Daly et al. 2004). Although there is a
concern that vitamin C may have pro-oxidant properties when administered at high doses
for a prolonged period of time (Podmore, Griffiths et al. 1998), it has been shown to have
a potent antioxidant effect without associated toxicity at doses less than 500mg per day

(Bendich and Langseth 1995).

1.3 PATHOPHYSIOLOGY OF CS

The pathophysiology underlying the onset, progression and muscle necrosis
associated with CS is only partially understood. A bony or soft tissue insult, combined
with an inherently rigid and unyielding fascia which prevents volume expansion leads to
increased ICP, which, in turn, leads to microcirculatory dysfunction. This is followed by
the activation of an inflammatory cascade and tissue edema, eventually leading to
impaired gas exchange, restricted oxygen and nutrient delivery. The final common
pathway is cellular anoxia, cell death and myonecrosis.

In 1881, Volkmann was the first to suggest that limb paralysis secondary to CS
was due to the interruption in arterial blood supply, causing ischemia (von Volkmann
1881). He described the devastating hand deformity seen in the paediatric population
following a supracondylar fracture, complicated by CS. The deformity still bears his
name today. However, Volkmann was unable to describe the cause of the ischemia. Leser

in 1884 expanded on this principle and confirmed, through well-designed animal
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experiments, that muscle necrosis was a crucial part of the condition (Leser 1884).
Hildebrand in 1906 demonstrated that nerve involvement also occurred, in addition to
muscle necrosis (Hildebrand 1906). Over the last century, various theories have been
offered and expanded upon to explain the pathophysiological basis of CS. These have
included neurological injury (Thomas 1909), arterial injury and spasm (Griffiths 1940),
venous obstruction (Murphy 1914, Brooks 1922), increased ICP and pressure-induced
ischemia (Jepson 1926).

In 1940, while trying to expand on Volkmann’s findings, Griffiths suggested that
the paralysis and contractures seen were due to an underlying arterial injury with
reflexive spasms (Griffiths 1940). The idea of arterial injury and spasm as a cause of
ischemia and contractures was further supported by Watson-Jones in 1952 (Watson-Jones
1952). Foisie in 1942 believed that autonomic dysfunction mediated the arterial spasm.
As a result, he suggested that autonomic sympathetic blockade could treat CS and prevent
the complications (Foisie 1942). We now know that this was incorrect, on both a
pathophysiological and clinical basis.

The connection between ICP and subsequent ischemia was first made by Hughes
in 1948 (Hughes 1948) and in 1975, while considering the link between pressure,
ischemia, muscle injury and the importance of compartmental decompression through
fasciotomy, Matsen combined these relevant concepts into one unified theory of CS
(Matsen 1975). Through his description, Matsen confirmed that CS could occur in any
anatomical location, and was not a condition exclusive to the upper extremity. In
addition, he suggested that the increase in tissue intracompartmental pressure was a

critical underlying feature in the development of CS and furthermore, that surgical
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fasciotomy was the only effective treatment (Matsen 1975). Whitesides (1975) then
helped to define a methodology for directly measuring ICP (Whitesides, Haney et al.
1975). Initially, a threshold ICP was believed to exist above which irreversible changes
and injury would occur (Heckman, Whitesides et al. 1993). Subsequently, rather than an
absolute pressure threshold, others suggested that it is the difference between ICP and
diastolic blood pressure that was relevant, and should be considered in the assessment of
patients (Har-Shai, Silbermann et al. 1992, Heckman, Whitesides et al. 1994, Bernot,

Gupta et al. 1996).

1.3.1 Ischemia
1.3.1.1 Microvascular Dysfunction

Three theories have attempted to describe the microcirculatory dysfunction and
ischemia associated with increased tissue pressure seen in CS: microvascular occlusion
theory, critical closing pressure theory and arterio-venous gradient theory.

The microvascular occlusion theory states that CS results from capillary occlusion
caused by increased ICP. The theory postulates that increased ICP above capillary
pressure leads to a reduction in the patency of capillaries and thus subsequent blood flow.
This then creates an ischemic state, impairing gas exchange and nutrient delivery, leading
to cellular anoxia and cell death. However, a study by Hartsock et al (1998) found that
while compartment pressures could be experimentally raised well beyond the level to
cause complete cessation of capillary blood flow, collapse of capillary vessels was not

seen, essentially discrediting the microvascular occlusion theory (Hartsock, O'Farrell et

al. 1998).
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The critical closing pressure theory describes an absolute ICP above which
arteriole closure occurs, caused by an elevated differential between tissue pressure and
intravascular pressure (Burton and Yamada 1951). This would then lead to arteriolar
collapse and tissue ischemia. The validity of this theory however was put into question by
an experiment by Vollmar et al (1999) who assessed the response of arterioles, capillaries
and venules to pressure elevation and found no signs of arteriolar spasm or collapse
(Vollmar, Westermann et al. 1999).

Finally, the arterio-venous gradient theory states that CS is caused by increased
tissue pressure, which reduces the pressure gradient from the high pressure seen in the
arterial system to the low pressure on the venous side. As ICP rises, the gradient is
reduced and blood flow decreases, causing cellular anoxia and tissue injury (Matsen,
Winquist et al. 1980). This phenomenon also leads to pooling of venous blood, fluid
extravasation, interstitial edema and swelling and causes a further rise in ICP (Matsen
and Krugmire 1978). Although all three theories attempt to explain the link between
raised ICP and microcirculatory dysfunction, the AV gradient theory provides the closest
link, and is most easily reconciled with our current understanding of CS and

microcirculatory dysfunction vis-a-vis pressure gradient changes.

1.3.1.2 Low Flow Ischemia

We now know that, rather than being due to a state of complete occlusive vascular
ischemia and spasm, CS creates a microcirculatory “low flow” environment, occurring in
the presence of patent arterial vessels. Under normal conditions, microvascular perfusion

consists of predominantly continuously perfused capillaries (CPC). As the ICP rises,
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there occurs a shift in perfusion toward intermittently perfused capillaries (IPC), and
nonperfused capillaries (NPC) (Lawendy, Sanders et al. 2011, Lawendy, Bihari et al.
2015). Lawendy (2011) used intravital video microscopy (IVVM) to directly observe the
microvascular perfusion changes seen in early CS. After artificially raising ICP in a rat
model of CS, a decrease in the number of CPC (representing healthy perfusion) and an
increase in intermittent and non-perfused capillaries was found. These changes in
microvascular perfusion were accompanied by significant leukocyte activation, as well as
parenchymal injury (Lawendy, Sanders et al. 2011).

Despite the presence of microvascular dysfunction, some degree of perfusion
remains during CS, creating a “low flow” ischemic state, where CPCs are present in the
same capillary bed as [PC and NPC. NPCs have no ability for nutrient or gas exchange,
and represent a state of ischemia, unable to meet the metabolic demands of the tissue
(Lawendy, Sanders et al. 2011). This creates a partial ischemic state, which triggers an
early and significant inflammatory response (Gute, Ishida et al. 1998, Lum and Roebuck
2001, Schlag, Harris et al. 2001).

Heppenstall (1986) considered the ischemic process in CS in a canine model.
They found that the low flow ischemic state (specifically associated with CS) caused
tissue injury that was significantly greater than what was seen in a state of complete
ischemia. This finding was believed to be due to the intense inflammatory reaction
(Heppenstall, Scott et al. 1986). The association between partial ischemia and intense
inflammatory response has been substantiated by Conrad (2005), who compared partial

and complete ischemia in a murine model. Conrad’s results indicated that a partial
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ischemic state caused a significant early increase in pro-inflammatory mediators when
compared to complete ischemia (Conrad, Stone et al. 2005).

There are important distinctions which must be drawn between CS and complete
ischemia-reperfusion (I/R) injury: CS causes tissue injury and necrosis despite a patent
macrocirculatory system in the face of a palpable distal pulse (Seddon 1966). In addition,
the injury occurring as a result of CS is of greater magnitude compared to a complete
ischemic insult of the same duration (Heppenstall, Scott et al. 1986). While our
understanding of the pathophysiological basis underlying CS is not complete,
microcirculatory dysfunction caused by an ongoing ischemia-reperfusion type injury,
early leukocyte activation and a pro-inflammatory state appear to be the driving forces

behind the generation of CS, and its potentially devastating sequelae.

1.3.2 Reperfusion and Inflammation

The greatest paradigm shift with respect to our understanding of the
pathophysiology underlying CS came in 1941 during World War II. Researchers noted
the systemic clinical collapse which occurred in otherwise stable patients following the
revascularization of injured limbs. They noted a decrease in urine output, clinical
deterioration and multi-organ failure, followed by death in certain cases. Interestingly,
this occurred even when the injured limbs had been amputated (Bywaters and Beall 1941,
Bywaters, Delory et al. 1941). This led to the concept of ‘crush syndrome’, defining the
clinical entity associated with what we know today as ‘reperfusion injury’.

Reperfusion injury occurs when tissues are perfused after a period of ischemia.

This is accompanied by an intense inflammatory response, with both local and systemic
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effects. The return of oxygen during reperfusion causes the formation of reactive oxygen
species (ROS), which, along with activated neutrophils, cause the local and systemic
injury seen following reperfusion.

It has been well documented, in complete ischemia-reperfusion (I/R), that
increasing ischemia time leads to an increasing accumulation of activated leukocytes
(particularly neutrophils) in the post-capillary venules. Neutrophils contain intracellular
granules made up of various proteases and myeloperoxidase, which are very damaging to
cellular and extracellular targets. Upon activation, these granules are released into the
affected tissues. Thus, leukocyte activation leads to increased vascular permeability to
plasma protein leakage, tissue edema, and increased interstitial pressure. An increase in
interstitial pressure is believed to physically compress capillaries altering the arterial
venous gradient, leading to further failure of capillaries to reperfuse upon restoration of
blood flow. Correlation has been noted between the number of leukocytes in the
capillaries of post-ischemic tissue and the percentage of capillaries exhibiting no-reflow
(Engler, Dahlgren et al. 1986, Barroso-Aranda, Schmid-Schonbein et al. 1988, Gute,
Ishida et al. 1998).

The I/R process also leads to the expression of cell surface ischemic antigens; this
leads to complement activation cascade, which eventually results in the formation of the
membrane attack complex (MAC). In addition, cytokines are also released, providing
signals between the responding immunological cells, leading to adhesion, migration and

extravasation (Ley 2008).
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1.3.2.1 Reactive Oxygen Species (ROS)

ROS are small chemically reactive substances containing oxygen. These include
peroxides, superoxide and hydroxyl radical. ROS are formed as a normal byproduct of
the mitochondrial electron transport chain, peroxisomal fatty acid metabolism and
oxygen metabolism, and play an important role in cellular signalling as well as
maintenance of homeostasis (Toyokuni 1999).

During periods of ischemia, xanthine oxidase (XO) (an enzyme located in
microvascular endothelial cells of skeletal muscle) is converted from its oxidized
nicotinamide-adenone dinucleotide (NAD")-dependent dehydrogenase (XDH) state into
XO (Korthuis, Granger et al. 1985, Korthuis, Grisham et al. 1988, Carden, Smith et al.
1990, Carden, Smith et al. 1991). Upon reperfusion (ie: the re-introduction of oxygen),
molecular oxygen now acts as the substrate which XO converts to ROS, such as
superoxide and hydroxyl radicals. The newly formed ROS will cause further tissue
damage by attacking cell membrane lipids, proteins and glycosaminoglycans.
Furthermore, the process will further stimulate the pro-inflammatory state, bringing
leukocytes to the affected tissues.

Under normal conditions, host cells are protected from the damaging effects of
ROS by endogenous anti-oxidants, such as superoxide dismutase, catalase and
glutathione peroxidase. During oxidative stress, when ROS overwhelm the anti-oxidant
defense of the host, ROS will damage cellular membranes, and as a result, severe

cellular/tissue damage ensues.
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1.3.2.2 Endothelial Activation

Under normal circumstances, resting endothelial cells do not interact with
leukocytes; on the contrary, they actually play a role in maintaining leukocyte quiescence
(Ley, Laudanna et al. 2007). Leukocyte quiescence is due, in part, to adhesion molecules
not being expressed (like E-selectin or VCAM-1), expressed at very low levels (like
ICAM-1), or sequestered internally (like P-selectin). In response to reperfusion injuries,
the activation of endothelial cells consists of three time-dependent stages: immediate
(within minutes), acute (within hours) and chronic (within days) (Ley and Reutershan
2006). The immediate activation of endothelial cells is triggered by inflammatory
chemokines, which leads to endothelial degranulation and contraction (Maier and Bulger
1996). P-selectin, which is normally stored within the cytoplasmic Weibel-Palade bodies,
is delivered to the cell surface and functions to facilitate leukocyte recruitment (Weibel
and Palade 1964), by interacting with the P-selectin glycoprotein ligand-1 (PSGL-1)
found on leukocytes.

The acute endothelial activation is triggered by the release of pro-inflammatory
cytokines, such as tumor necrosis factor-alpha (TNF-a) and interleukin-1 beta (IL-1p);
this leads to an upregulation of gene transcription and production of E-selectin, as well as
ICAM-1 (Kurose, Anderson et al. 1994, Gute, Ishida et al. 1998, Ley, Laudanna et al.
2007). The process appears to be reversible once the source of inflammation is resolved

(Ley, Laudanna et al. 2007).
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1.3.2.3 Cytokines/Chemokines

Cytokines and chemokines are a family of cell-derived secreted polypeptides that
act as communication messengers between cells (Feghali and Wright 1997). They can
communicate through autocrine, paracrine and/or endocrine mechanisms. Chemokines
are a subset of cytokines possessing chemotactic properties. These messengers are
responsible for cellular activation, communication, feedback loops and the initiation of
the systemic response to inflammation. The majority of cytokines are multifunctional
and, through their binding to cell surface receptors, can initiate a series of intracellular
signal transduction pathways (Feghali and Wright 1997).

Cytokines can alter the expression of various transcription factors and, therefore,
regulate gene transcription, further altering and modifying the production of cytokines
and cell surface receptors. Their effects are varied, and include synergistic and
antagonistic action, as well as exerting both negative and positive feedback regulatory
loops. They provide signals between leukocytes and endothelial cells eventually leading
to adhesion and transmigration of leukocytes (Gillani, Cao et al. 2012).

Acute inflammatory reactions, such as those seen in I/R injury and CS, are
mediated by a number of pro-inflammatory cytokines, most notably IL-1B, TNF-a, IL-6,
IL-8, thromboxane A2; these are produced in the acute phase of inflammatory response.
Their upregulation stimulates downstream leukocyte activation and recruitment to the
involved tissues. The end result is the effects on leukocyte activation, increased reactive
oxygen species, the production and upregulation of adhesion molecules, phagocytosis and

apoptosis.
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1.3.2.3.1 TNF-a

TNA-a is a pro-inflammatory cytokine produced by macrophages following an
appropriate stimulus such as trauma, inflammation or infection (Stein and Gordon 1991).
It is one of the first cytokines released as the inflammatory process is initiated. It has
multiple functions, including being a chemoattractant for surrounding neutrophils, and is
involved in the upregulation of downstream cytokine production (Ascer, Gennaro et al.
1992). It binds to and exerts its effects through two transmembrane receptors, TNFR1
and TNFR2 (Banner, D'Arcy et al. 1993). Binding and subsequent activation leads to
altered gene transcription and protein coupling, which has been shown to initiate
programmed cell death pathways (Wallach 1997, Jiang, Wang et al. 2009). In a study by
Jiang et al. looking at hind limb ischemia in TNFR1 knockout mice, by blocking the
TNF-o/TNFR1 pathway, it was found that they could prevent the downstream actions of
TNF-a and decrease programmed cell death (Jiang, Wang et al. 2009). In a rat model of
CS, systemic levels of TNF-qa, along with other cytokines such as I1-13, GRO/KC, MCP-
1, MIP-1a and IL-10 were found to increase in response to elevation of ICP (Donohoe
2015); however, unlike in complete I/R (characterized by TNF-a spike), TNF-a levels
continued to increase following fascial decompression (Lawendy, Bihari et al. 2014,
Lawendy, Bihari et al. 2016). This second rise in TNF-a levels is described by the
authors as a second hit (Lawendy, Bihari et al. 2016) and likely due to the liberation of
cellular debris, pro-inflammatory mediators and cytokines into the systemic circulation
(Lawendy, Bihari et al. 2016). The second hit and washout of debris is also significant in
that it suggests that CS, rather than being purely an I/R phenomenon is more consistent

with a pro-inflammatory state. Their research, along with previous work on the systemic
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effects of I/R, has shown that the release of TNF-a and other inflammatory cytokines in

response to a local ischemic event can cause significant systemic injury (Brock, Lawlor et

al. 1999, Lawlor, Brock et al. 1999, Lawendy, Bihari et al. 2016).

1.3.2.321L-1P

IL-1B, like TNF-o, is a pro-inflammatory cytokine produced by activated
macrophages, and is involved in cell proliferation, differentiation and programmed cell
death (Gao, Madi et al. 2014). IL-1p has been shown to play a significant role in the I/R
literature and multiple studies have shown significant increases in IL-1p levels associated
with I/R events (Rothwell, Allan et al. 1997, Touzani, Boutin et al. 1999, Pomerantz,
Reznikov et al. 2001, Furuichi, Wada et al. 2006, Simi, Lerouet et al. 2007). Studies
utilizing IL-1p knockout mice have shown significant reduction in ischemia-induced
inflammatory responses (Furuichi, Wada et al. 2006). The same authors have further lent
credence to the idea that IL-1P mediates the injury seen in I/R injury from improvements
seen with IL-1-targeted therapy in these experimental models (Touzani, Boutin et al.
1999, Pomerantz, Reznikov et al. 2001, Furuichi, Wada et al. 2006). A study by Kalns et
al., looking at extremity CS in a pig model, in order to assess the impact of normobaric
vs. hypobaric situations in relation to CS, found that levels of IL-1f, along with TNF-a.,
IL-6, FGF, IGF-1, IGF-BP4/BP5 and others were elevated in experimentally-induced CS
(Kalns, Cox et al. 2011, Kalns, Cox et al. 2011). A study by de Franciscis (2016) assessed
biomarker changes in patients with arterial occlusion and CS. All ischemic patients

experienced a significant rise in levels of IL-1, IL-6, IL-8 and TNF-a, and patients
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requiring a fasciotomy had higher levels of these pro-inflammatory mediators compared

to the patients that did not require a fasciotomy (de Franciscis, De Caridi et al. 2016).

1.3.2.4 Leukocyte Activation

The increased ICP leads to a low flow ischemic state, which is associated with
significant leukocyte activation that contributes to microcirculatory dysfunction and
leukocyte accumulation in post-capillary venules (Lawendy, Bihari et al. 2015). The
complex and regulated leukocyte activation cascade was first described in 1839 by
Rudolph Wagner (Wagner 1839). The cascade is initialized by the release of
inflammatory cytokines and chemokines, which then trigger the upregulation and
differential expression of various classes of adhesion molecules such as selectins,
integrins and Ig superfamily, on both the endothelium and leukocytes (Ley 2008).

The activation cascade is comprised of several highly regulated stages (Figure
1.2). The first step is the capture of the leukocyte by the activated endothelium. This
process is mediated by selectins, such as L-selectin on leukocytes and P-selectin and E-
selectin expressed on endothelial cells. The next step is leukocyte “rolling”, whereby the
leukocyte attaches itself to the surface of the endothelium. The process then progresses to
the slow rolling stage, mediated by integrins. This is then followed by the firm adhesion
of leukocytes to the endothelium. This adhesion is further strengthened and then followed
by the clustering of integrins, which, under the appropriate stimuli, leads to leukocyte
transmigration and extravasation into the interstitium (Ley, Laudanna et al. 2007).

The process of adhesion and extravasation is mediated by members of the Ig

superfamily such as [CAM-1 and VCAM-1 on the endothelial surface, and PECAM-1 on
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neutrophils (Albelda, Muller et al. 1991, Barreiro, Yanez-Mo et al. 2002, Yang, Froio et
al. 2005). Following leukocyte extravasation into the sub-endothelial matrix and
migration towards the site of injury, a positive feedback loop is created, increasing the
permeability of the endothelium, leading to further intravascular protein extravasation.
This manifests clinically as significant interstitial edema and swelling, which in itself will
amplify the increase in ICP (Gute, Ishida et al. 1998).

Several studies have examined CS using intravital video microscopy (IVVM), a
modern technique which allows for the direct visualization of microvascular perfusion
(Manjoo, Sanders et al. 2010, Lawendy, Sanders et al. 2011, Lawendy, Bihari et al.
2014). They have demonstrated a significant increase in activated leukocytes in the post-
capillary venules of skeletal muscle. Furthermore, activated leukocytes also appear to
contribute to the parenchymal injury directly, as demonstrated in neutropenic rats

(Lawendy, Bihari et al. 2015).

1.3.2.5 Complement

The complement system forms part of the innate immunity which acts as a
mediator between the innate and acquired immunity response pathways. The function of
the complement system is to clear pathogens from the host organism (Ricklin,
Hajishengallis et al. 2010). The complement cascade is made up of a series of proteins on
cell surfaces and in plasma, many of which exist as precursors, and are activated at the
site of inflammation. The complement system mediates a sequence of events that begins

with inflammatory activation and ends with pathogen opsonisation and lysis.
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Figure 1.2.  Leukocyte activation cascade. Leukocyte activation is an orderly process
comprised of leukocyte capture, rolling, adhesion and extravasation. The
individual steps are mediated by differential expression of various
adhesion molecules on both the leukocyte and the endothelium.

Adapted from Ley, Laudanna et al. 2007.
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The complement cascade is activated by IgG and IgM antibodies. There are three
known biochemical pathways that activate the complement system: the classical pathway,
the alternative pathway and the lectin pathway (Zipfel and Skerka 2009). During I/R, the
presence of ischemia antigens on cell surfaces triggers binding of circulating IgM which
subsequently leads to complement activation and formation of C3a/C3b. This is then
followed by the formation of the membrane attack complex (MAC), mediating the local
cellular injury response (Gillani, Cao et al. 2012). MAC is also involved in the
inflammatory amplification through stimulation of arachidonic acid metabolism, release
of prostaglandin E2, leukotriene B4, thromboxane B2, prostanoids, IL-1 and ROS

(Hansch, Seitz et al. 1984, Hansch, Secitz et al. 1987, Gillani, Cao et al. 2012).

Inflammatory processes such as leukocyte activation, cytokine release and the
complement cascade as well as ROS production serve a useful and protective function
including cleanup of diseased/dead cells and initiate tissue repair mechanisms.
Unfortunately, in overwhelming inflammation, as is seen in various states such as
ischemia-reperfusion injury and CS, these pathways contribute to the extensive tissue and

organ damage.

1.4 HEME METABOLISM AND OXIDATIVE STRESS
Oxygen is inherently toxic but living organisms have evolved the ability to utilize
this gas, as well as coping mechanisms to deal with oxidative stress. Most notable of

these strategies, is the presence of the heme oxygenase (HO) enzyme.
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HO degrades heme, forming equimolar amounts of biliverdin, free iron and
carbon monoxide (CO) (Ryter, Alam et al. 2006) (Figure 1.3). There are three separate
HO isoforms: the constitutively expressed HO-2 and HO-3, and the inducible HO-1
(Maines, Trakshel et al. 1986, McCoubrey, Huang et al. 1997).

The importance of CO and the HO enzyme has been shown in case reports which
detailed the death of individuals who lacked the enzyme (Yachie, Niida et al. 1999).
Several studies have demonstrated that the inhibition of HO (by pharmacological or gene
knockout means) was found to be a lethal mutation and detrimental to the host due to
heightened sensitivity to cellular stress (Poss and Tonegawa 1997, Dungey, Badhwar et
al. 2006). Conversely, the upregulation of HO (pharmacologically or through transfection
with adenovirus containing HO gene construct) has been found to be protective against
ischemia-reperfusion injury (Otterbein, Kolls et al. 1999, Otterbein, Lee et al. 1999,
McCarter, Akyea et al. 2004, McCarter, Badhwar et al. 2004) Badhwar et al. 2004).

There are case reports which have suggested that individuals with higher
expression of HO enzyme are less likely to develop diabetes, atherosclerosis, chronic
obstructive pulmonary disease and arthritis (Yamada, Yamaya et al. 2000, Brydun,
Watari et al. 2007, Wagener, Toonen et al. 2008, Song, Bergstrasser et al. 2009,
Motterlini and Otterbein 2010). As upregulation of HO is not clinically feasible, further
research has looked at the downstream byproducts of the heme degradation pathway,

particularly CO, to examine its contribution to the observed protective effects.
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Figure 1.3. Heme degradation pathway. Heme, derived from hemoglobin, is broken
down into biliverdin by heme oxygenase (HO). Biliverdin is then
converted into bilirubin by biliverdin reductase (BVR). In this process,

carbon monoxide (CO) and free iron (Fe*") are generated.
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1.4.1 Carbon Monoxide

Carbon monoxide (CO) is a freely diffusible gas that traverses all cell membranes.
Although considered a ubiquitous pollutant and a dangerous inhalation hazard, it is
present in every mammalian cell (Coburn 1967). Small and regulated amounts of
intracellular CO are continuously produced: the rate of endogenous CO production is
approximately 0.42ml/hr (Coburn, Williams et al. 1967); approximately 86% of
endogenous CO production comes from the metabolism of heme, while the remaining
14% is derived from lipid oxidation, xenobiotic metabolism and other metabolic
processes (Vreman, Wong et al. 2000, Archakov, Karuzina et al. 2002). The endogenous
production of CO has been found to increase under cellular stress arising from certain
toxicological and pathological conditions (Zayasu, Sekizawa et al. 1997).

Claude Bernard, in 1857, was the first to describe the binding of CO to heme
within the hemoglobin molecule, leading to the formation of carboxyhemoglobin (COHb)
(Bernard 1857). This was then followed in 1912 by Douglas, demonstrating that the
binding of CO to heme was reversible (Douglas, Haldane et al. 1912). Importantly, the
affinity of CO for heme is approximately 240 times that of oxygen (Weaver 1999). One
molecule of hemoglobin has four oxygen binding sites. When two of the binding sites are
occupied by CO molecules (i.e. half saturation), the release of oxygen from the remaining
binding sites is inhibited, leading to a reduction in the oxygen-carrying capacity of
hemoglobin and subsequent hypoxia (Weaver 1999). By exposing the body to supra-
physiologic oxygen levels, such as is seen with hyperbaric oxygen therapy, oxygen can
outcompete CO for the hemoglobin binding sites, and thus reverse the hypoxia seen with

CO poisoning (Weaver 1999, Gorman, Drewry et al. 2003).
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Under normal conditions, the majority of blood COHb comes from endogenous
production, and corresponds to blood CO levels of 0.4-1% (Vreman, Wong et al. 2000).
Symptoms of CO poisoning begin to manifest at around 20% COHb levels and include
dizziness, drowsiness, headache, vomiting and loss of motor coordination. Prolonged
exposure, and COHb levels of 50-80% will lead to respiratory difficulty, disorientation,

chest pain, loss of consciousness, coma and even death (Weaver 1999).

1.4.2 Biological Effects of Carbon Monoxide

While history has focused mostly on the negative impact of CO, namely CO
poisoning, CO plays an important and positive role in cellular communication. CO is an
important mediator of cell signalling, and appears to possess anti-ischemic, anti-oxidant,

anti-inflammatory, anti-apoptotic and vasodilatory properties (Kim, Ryter et al. 2006).

1.4.2.1 Cellular Signalling

There are currently a few known cellular mechanisms over which CO has
particular influence. The modulation of soluble guanylate cyclase (sGC) by CO and the
subsequent production of ¢cGMP is currently the most commonly described mode of
action (Ryter and Otterbein 2004). The binding of CO to the heme domain within sGC
stimulates its activity and this leads to a significant increase in cGMP. Studies have
shown that directly subjecting vascular smooth muscle cells to CO or hypoxia (via an
increase in HO-1 and subsequently increased CO) leads to an increase in cGMP levels

(Morita, Perrella et al. 1995).
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In addition to the direct CO binding sGC signaling pathway, other indirect
pathways have been identified such as modulation of mitogen-activated protein kinases
(MAPK) and upregulation of calcium-dependent potassium channel activity (Ryter,
Otterbein et al. 2002). We do know that there is a significant interaction and cross talk
between CO and other endogenously produced gases (e.g. nitric oxide, hydrogen sulfide)
in the biologic systems (Kajimura, Fukuda et al. 2010), although the intricacies of the

underlying mechanism and signalling pathways have yet to be elucidated.

1.4.2.2 Vasodilation

Several cellular mechanisms are believed to be involved in the vasodilatory effect
of CO. CO has both “direct” (i.e. endothelial independent) effects on vascular smooth
muscles cells, as seen with the modulation of sGC and subsequent increase in cGMP, as
well as endothelial-dependent changes in the expression of vasoconstrictor factors
(Motterlini and Otterbein 2010). CO has been shown to target vascular smooth muscle
cells and is, therefore, able to have a significant vasodilatory impact, which has been
reported in the cardiac, renal, pulmonic and cerebral vasculature (Sylvester and
McGowan 1978, McFaul and McGrath 1987, Abraham and Kappas 2008). In addition to
the role played by sGC and the subsequent increase in cGMP in vasodilatory role of CO,
CO has also been shown to directly activate calcium-dependent potassium channels in the
peripheral vasculature, causing vasodilatation (Wang, Wang et al. 1997). Studies which
attempted to block the pathway using ryanodine, a known calcium channel blocker, were
able to inhibit CO-induced vasodilatation (Jaggar, Leffler et al. 2002). In addition to the

direct peripheral role of CO, there is some evidence that neural CO plays an indirect role
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in vasodilatation via signalling through the autonomic nervous system (Verma, Hirsch et

al. 1993).

1.4.2.3 Anti-Inflammatory Effects

CO has been shown to be associated with significant anti-inflammatory effects
which have been demonstrated in both in vitro and in vivo studies. For example, in an in
vitro model of sepsis, Otterbein (2000) stimulated macrophages with LPS which induced
an increase in TNF-a and other pro-inflammatory cytokines (Otterbein, Bach et al. 2000).
The exogenous administration of low-dose CO inhibited this pro-inflammatory response.
Furthermore, CO also inhibited the expression of other pro-inflammatory cytokines, such
as IL-1B and MIP-1f, while increasing the expression of IL-10, an anti-inflammatory
cytokine.

Beneficial effects of CO in relation to systemic inflammation have also been
demonstrated in in vivo experiments. When examining the impact of I/R-induced
systemic inflammatory response syndrome (SIRS), the exogenous administration of low-
dose CO was able to prevent liver and small intestine microvascular dysfunction (Ott,
Scott et al. 2005, Scott, Cukiernik et al. 2009). In another study, Song et al. (2003)
performed orthotopic lung transplant in rats, which showed severe intra-alveolar
hemorrhage, a significant increase in inflammatory cellular infiltration and intravascular
coagulation. The response, however, was significantly attenuated with the exposure to
500ppm of CO; in these experiments, CO also downregulated pro-inflammatory genes

such as MIP-1a and MIF (Song, Kubo et al. 2003).
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1.4.2.4 Anti-Apoptotic Effects

To date, there have been multiple in vivo and in vitro studies demonstrating the
anti-apoptotic effects of CO. In an in vitro mouse model, TNF-a-induced apoptosis of
endothelial cells and fibroblasts was reduced following exposure to CO (Petrache,
Otterbein et al. 2000). As HO-1 protects endothelial cells (EC) from apoptosis, Brouard
(2000) were able to demonstrate that blocking the enzyme activity of HO-1 with tin
protoporphyrin (SnPPIX) leads to EC apoptosis. By exposing EC to exogenous CO, they
were able to once again prevent apoptosis in the face of HO-1 inhibition. The findings
demonstrated that the anti-apoptotic effects of HO-1 were mediated by CO and more
specifically, by the activation of the p38 MAPK pathway (Brouard, Otterbein et al.
2000).

In vivo research, examining tissue injury following I/R, found that pre-treatment
with low-dose exogenously administered CO also had anti-apoptotic effects (Ryter, Alam
et al. 2006). In a study by Abe et al. (2017), the exposure of rat kidney grafts to oxidative
stress in the presence and absence of high pressure CO found that CO significantly

improved graft function and inhibited tubular apoptosis (Abe, Yazawa et al. 2017).

1.4.3 Carbon Monoxide-Releasing Molecules (CO-RMs)

CO gas is known to be non-reactive, not expensive and easily produced. Due to
these properties, it became desirable to develop a set of compounds that could safely
carry and deliver CO to biological systems and tissues, bypassing inhalation-associated
COHD formation. Considering the known beneficial effects of HO and exogenous CO

administration, and knowing that CO binds strongly to transition metals in organic
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solvents, Motterlini et al. (2002), synthesized a novel class of transition metal carbonyls,
capable of releasing CO on demand (Motterlini, Clark et al. 2002). These carbon
monoxide-releasing molecules (CO-RMs) form carbonyl complexes, such as manganese
decarbonyl and tricarbonyl-dichloro-ruthenium dimer, which can release CO upon
activation. CO-RMs are, therefore, capable of delivering CO to the tissues in a controlled
manner, without causing a dangerous increase in COHb formation (Motterlini, Clark et
al. 2002). CO-RMs can thus be considered chemical delivery vehicles for CO.

The first CO-RM to be synthesised was CORM-1 (formula [Mny(CO)o]). It
contains manganese at its centre, and is a rapid CO releaser (Motterlini 2007), but
requires photo-activation, thereby limiting its use to in vitro protocols. The second CO-
RM synthesized was CORM-2 (formula [Ru(CO;Cly)], containing a ruthenium metal
dimer at its core. CORM-2 requires organic solvent (e.g. DMSO) for CO release also
limiting its clinical use (Motterlini 2007). CORM-3 (formula [Ru(CO);Cl(glycinate)])
was the first water-soluble ruthenium-based carbonyl that readily and rapidly releases CO
under physiological conditions (Motterlini 2007), making it an attractive compound for
clinical applications. The release of CO by CO-RMs has been validated
spectroscopically, utilising the myoglobin-binding assay (conversion of myoglobin into
carboxymyoglobin) and the biological and physiological effects of CO-RMs have been

confirmed by numerous experiments (Motterlini 2007).

1.4.4 Carbon Monoxide-Releasing Molecule-3 (CORM-3)
CORMS-3 is an equimolar CO releaser under physiological conditions. CORM-3

has been shown to have beneficial vasodilatory properties in aortas (Foresti 2004),
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positive ionotropic and anti-ischemic effect in cardiac and renal tissues (Musameh 2006;
Sandouka, 2006), and to cause mesenteric vasodilatation in cirrhotic rats (Bolognesi
2007). Furthermore, CORM-3 has been shown to have therapeutic potential in various
inflammatory conditions, such as acute liver failure induced by lipopolysaccharide (LPS)
(Yan, Yang et al. 2016), postmenopausal arthritis (Ibanez, Alcaraz et al. 2012) and also
reduced tissue injury, inflammatory response and TNF-a levels in a rat model of
hemorrhagic stroke (Yabluchanskiy, Sawle et al. 2012). The mechanism of action of
CORM-3 is unclear, but it appears to regulate the production of TNF-a, fibrinogen/fibrin,
cellular infiltration, ICAM-1 expression and the activation of transcription factors (NF-
kB, MAPK) (Kramkowski, Leszczynska et al. 2012). CORM-3 has also been shown to
have direct bactericidal properties against bacteria such as Pseudomonas aeruginosa
(Desmard, Davidge et al. 2009).

CO-RMs and CORM-3 have been shown to have various positive therapeutic
effects. In a rodent model of CS, the administration of CORM-3 at the time of fasciotomy
was associated with a decrease in leukocyte activation, systemic TNF-o release, and
diminished tissue injury, while improving microvascular perfusion (Lawendy et al,
2014). In a rat model of I/R injury following kidney transplantation, pre-treatment of
donor grafts with CORM-3 was shown to improve recipient survival, graft survival and
decrease serum creatinine levels compared to control (Caumartin, Stephen et al. 2011). A
study by Bihari et al., (2017), looking at I/R injury in a hind limb rat model, found that
treatment with CORM-3 improved tissue perfusion while decreasing tissue injury and

inflammatory activation (Bihari, Cepinskas et al. 2017).
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1.4.5 CORM-3 in Human CS

CORM-3 has never been tested in human patients. While the results of animal
studies employing CORM-3 as a therapeutic/interventional agent in various inflammatory
conditions look promising, CORM-3 would have to be thoroughly examined before
applying it towards human clinical pathology. The first step would be testing CORM-3 in
a relevant, reliable and reproducible in vitro model, such as that employing human
vascular endothelial cells (HUVECsS).

Jaffe et al. (1973) described the process of isolating HUVECs from umbilical
cords by collagenase digestion, and used electron microscopy to demonstrate their
monolayered growth (Jaffe, Nachman et al. 1973). Since then, HUVECs have been used
extensively to study various pathological developments, such as the inflammatory
processes underlying diabetes and atherosclerosis (Onat, Brillon et al. 2011). In a study
by Caumartin et al. (2011), investigators pre-treated cultured human umbilical vein
endothelial cells with CORM-2 and found altered inflammatory state, coupled with
reduced levels of cytokines, ROS, and pro-inflammatory transcription factors (Caumartin,
Stephen et al. 2011). In addition, in an in vitro model of CS, incubating HUVECs with
serum isolated from CS patients, Bihari et al (2017) found that application of CORM-3
significantly diminished the CS-induced HUVECs monolayer breakdown, ROS
production, apoptosis, leukocyte adhesion and transmigration (Bihari, Cepinskas et al.

2017).
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1.5 AIM OF THE THESIS

Significant gains have been made towards understanding the pathophysiology of
CS, yet much remains to be determined. Currently, surgical fascial decompression is the
only definitive treatment for CS, with current pharmacological therapies limited as
adjuncts to surgery. In order to deliver effective surgical and medical therapies, the
pathophysiological basis for the underlying condition and treatments needs to be better
understood.

The purpose of this thesis is to further expand upon the human in vitro model of
CS, developed by Bihari et al (2017), using elevation of hydrostatic pressure (EHP).
Previous experiments have demonstrated that a significant level of microvascular injury
and dysfunction develops in response to CS, as demonstrated by the loss of continuously
perfused capillaries, elevated tissue injury and a significant degree of tissue
inflammation. Unlike complete ischemia, however, CS appears to cause myonecrosis in
the face of patent vessels, implicating leukocytes as playing a primary role in both
microvascular and parenchymal injury during CS. Activated leukocytes are a major
source of inflammatory cytokines; as such, systemic neutralization of these was able to
diminish the severity of observed tissue injury, however it was unable to restore the
proper microvascular perfusion (Donohoe 2015). This would suggest that the elevated
tissue pressure itself contributes a significant amount of damage to the muscle
microcirculation (i.e. inflammation is not the only driving force behind the CS
pathophysiology), creating physical changes within the endothelial monolayer of muscle

blood vessels that lead to microvascular compromise.
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In vitro modelling of CS allows us not only to explore the underlying
pathophysiology in a mechanistic manner, but also permits interventions that are
currently not possible (or unethical) in humans. Thus, the ultimate goal of this thesis is to
further our understanding of CS pathophysiology, and to develop a safe medical adjunct
(or standalone therapy) for patients presenting with CS, avoiding (or at the least,
minimizing) the potential devastating complications of this complex condition.

This thesis is organized into four chapters. The general introduction and historical
review of CS, highlighting the advances in our understanding of diagnosis (both clinical
and through objective monitoring), therapeutic approaches and pathophysiology
(describing the microvascular dysfunction, inflammation, as well as important differences
between CS and ischemia-reperfusion injury), which have been made over the past 140
years, are summarized in Chapter 1. We introduce CO and its potential beneficial role by
underlining its biological effects, and the recent development of carbon monoxide-
releasing molecules.

The response of human vascular endothelial cells (HUVECs) to elevated
hydrostatic pressure, as an in vitro model of CS, is described in Chapter 2. Outcome
measures included changes to monolayer structure, endothelial activation (measured by
assessing leukocyte adhesion to the endothelium), production of ROS and apoptosis.

The effects of CORM-3 on the magnitude of response of HUVECs to EHP are
described in Chapter 3. Relative contribution of EHP versus inflammatory mediators
(cytokines) was also assessed.

Finally, conclusions, study limitations and future directions are addressed in

Chapter 4 (General Discussion).



51

1.5 REFERENCES

Abe, T., K. Yazawa, M. Fujino, R. Imamura, N. Hatayama, Y. Kakuta, K. Tsutahara, M.
Okumi, N. Ichimaru, J. Y. Kaimori, Y. Isaka, K. Seki, S. Takahara, X. K. Li and N.
Nonomura (2017). "High-pressure carbon monoxide preserves rat kidney grafts from
apoptosis and inflammation." Lab Invest 97(4): 468-477.

Abraham, N. G. and A. Kappas (2008). "Pharmacological and clinical aspects of heme
oxygenase." Pharmacol Rev 60(1): 79-127.

Albelda, S. M., W. A. Muller, C. A. Buck and P. J. Newman (1991). "Molecular and
cellular properties of PECAM-1 (endoCAM/CD31): a novel vascular cell-cell adhesion
molecule." J Cell Biol 114(5): 1059-1068.

Archakov, A. L., Karuzina, II, N. A. Petushkova, A. V. Lisitsa and V. G. Zgoda (2002).
"Production of carbon monoxide by cytochrome P450 during iron-dependent lipid
peroxidation." Toxicol In Vitro 16(1): 1-10.

Armour, J., K. Tyml, D. Lidington and J. X. Wilson (2001). "Ascorbate prevents
microvascular dysfunction in the skeletal muscle of the septic rat." J Appl Physiol (1985)
90(3): 795-803.

Ascer, E., M. Gennaro, S. Cupo and C. Mohan (1992). "Do cytokines play a role in
skeletal muscle ischemia and reperfusion?" J Cardiovasc Surg (Torino) 33(5): 588-592.

Bae, D. S., R. K. Kadiyala and P. M. Waters (2001). "Acute compartment syndrome in
children: contemporary diagnosis, treatment, and outcome." J Pediatr Orthop 21(5): 680-
688.

Banner, D. W., A. D'Arcy, W. Janes, R. Gentz, H. J. Schoenfeld, C. Broger, H. Loetscher
and W. Lesslauer (1993). "Crystal structure of the soluble human 55 kd TNF receptor-

human TNF beta complex: implications for TNF receptor activation." Cell 73(3): 431-
445.

Bardenheuer, L. (1911). "Die entstehung und behandlung der ischamischen
muskelkontractur und gangran." Dtsch Z Chir 108: 44.

Barr, K. B. (2008). Compartment Syndrome. Essentials of Physical Medicine and
Rehabilitation. W. R. Frontera, J. K. Silver and T. Rizzo. Philadelphia, Saunders,
Elsevier.

Barreiro, O., M. Yanez-Mo, J. M. Serrador, M. C. Montoya, M. Vicente-Manzanares, R.
Tejedor, H. Furthmayr and F. Sanchez-Madrid (2002). "Dynamic interaction of VCAM-1
and ICAM-1 with moesin and ezrin in a novel endothelial docking structure for adherent
leukocytes." J Cell Biol 157(7): 1233-1245.



52

Barroso-Aranda, J., G. W. Schmid-Schonbein, B. W. Zweifach and R. L. Engler (1988).
"Granulocytes and no-reflow phenomenon in irreversible hemorrhagic shock." Circ Res
63(2): 437-447.

Bendich, A. and L. Langseth (1995). "The health effects of vitamin C supplementation: a
review." ] Am Coll Nutr 14(2): 124-136.

Benjamin, A. (1957). "The relief of traumatic arterial spasm in threatened Vokmann's
contracture." J Bone Joint Surg Am 39(3): 711.

Bernard, C. (1857). Le Cons Sur les Effets des Substances Toxiques et Médicamenteuses.
Paris, Bailliere.

Bernard, G. R. (1991). "N-acetylcysteine in experimental and clinical acute lung injury."
Am J Med 91(3C): 54S-59S.

Bernot, M., R. Gupta, J. Dobrasz, B. Chance, R. B. Heppenstall and A. Sapega (1996).
"The effect of antecedent ischemia on the tolerance of skeletal muscle to increased
interstitial pressure." J Orthop Trauma 10(8): 555-559.

Better, O. S. and J. H. Stein (1990). "Early management of shock and prophylaxis of
acute renal failure in traumatic rhabdomyolysis." N Engl J Med 322(12): 825-829.

Better, O. S., C. Zinman, D. N. Reis, Y. Har-Shai, I. Rubinstein and Z. Abassi (1991).
"Hypertonic mannitol ameliorates intracompartmental tamponade in model compartment
syndrome in the dog." Nephron 58(3): 344-346.

Bhattacharyya, T. and M. S. Vrahas (2004). "The medical-legal aspects of compartment
syndrome." J Bone Joint Surg Am 86-A(4): 864-868.

Bihari, A., G. Cepinskas, T. L. Forbes, R. F. Potter and A. Lawendy (2017). "Systemic
application of carbon monoxide-releasing molecule-3 (CORM-3) protects skeletal muscle
from ischemia-reperfusion injury." Journal of Vascular Surgery: pii: S0741-
5214(0717)30074-30075.

Bonutti, P. M. and G. R. Bell (1986). "Compartment syndrome of the foot. A case
report." J Bone Joint Surg Am 68(9): 1449-1451.

Brock, R. W., D. K. Lawlor, K. A. Harris and R. F. Potter (1999). "Initiation of remote
hepatic injury in the rat: interactions between Kupffer cells, tumor necrosis factor-alpha,
and microvascular perfusion." Hepatology 30(1): 137-142.

Brooks, B. (1922). "Pathologic changes in muscle as a result of disturbances of
circulation: an experimental study of Volkmann's ischemic paralysis." Arch Surg 5(1):
188.



53

Brouard, S., L. E. Otterbein, J. Anrather, E. Tobiasch, F. H. Bach, A. M. Choi and M. P.
Soares (2000). "Carbon monoxide generated by heme oxygenase 1 suppresses endothelial
cell apoptosis." J Exp Med 192(7): 1015-1026.

Brumback, R. J. (1990). "Traumatic rupture of the superior gluteal artery, without
fracture of the pelvis, causing compartment syndrome of the buttock. A case report." J
Bone Joint Surg Am 72(1): 134-137.

Brydun, A., Y. Watari, Y. Yamamoto, K. Okuhara, H. Teragawa, F. Kono, K. Chayama,
T. Oshima and R. Ozono (2007). "Reduced expression of heme oxygenase-1 in patients
with coronary atherosclerosis." Hypertens Res 30(4): 341-348.

Burton, A. C. and S. Yamada (1951). "Relation between blood pressure and flow in the
human forearm." J Appl Physiol 4(5): 329-339.

Bywaters, E. G. and D. Beall (1941). "Crush Injuries with Impairment of Renal
Function." Br Med J 1(4185): 427-432.

Bywaters, E. G., G. E. Delory, C. Rimington and J. Smiles (1941). "Myohaemoglobin in
the urine of air raid casualties with crushing injury." Biochem J 35(10-11): 1164-1168.

Carden, D. L., J. K. Smith and R. J. Korthuis (1990). "Neutrophil-mediated
microvascular dysfunction in postischemic canine skeletal muscle. Role of granulocyte
adherence." Circ Res 66(5): 1436-1444.

Carden, D. L., J. K. Smith and R. J. Korthuis (1991). "Oxidant-mediated, CD18-
dependent microvascular dysfunction induced by complement-activated granulocytes."
Am ] Physiol 260(4 Pt 2): H1144-1152.

Cascio, B. M., J. H. Wilckens, M. C. Ain, C. Toulson and F. J. Frassica (2005).
"Documentation of acute compartment syndrome at an academic health-care center." J
Bone Joint Surg Am 87(2): 346-350.

Caumartin, Y., J. Stephen, J. P. Deng, D. Lian, Z. Lan, W. Liu, B. Garcia, A. M.
Jevnikar, H. Wang, G. Cepinskas and P. P. Luke (2011). "Carbon monoxide-releasing

molecules protect against ischemia-reperfusion injury during kidney transplantation.”
Kidney Int 79(10): 1080-1089.

Chautems, R. C., F. Irmay, M. Magnin, P. Morel and P. Hoffmeyer (1997). "Spontaneous
anterior and lateral tibial compartment syndrome in a type I diabetic patient: case report."
J Trauma 43(1): 140-141.

Coburn, R. F. (1967). "Endogenous carbon monoxide production and body CO stores."
Acta Med Scand Suppl 472: 269-282.

Coburn, R. F., W. J. Williams, P. White and S. B. Kahn (1967). "The production of
carbon monoxide from hemoglobin in vivo." J Clin Invest 46(3): 346-356.



54

Conrad, M. F., D. H. Stone, H. Albadawi, H. T. Hua, F. Entabi, M. C. Stoner and M. T.
Watkins (2005). "Local inflammatory and thrombotic responses differ in a murine model
of partial and complete hindlimb ischemia/reperfusion." Surgery 138(2): 375-381.

Daniels, M., J. Reichman and M. Brezis (1998). "Mannitol treatment for acute
compartment syndrome." Nephron 79(4): 492-493.

de Franciscis, S., G. De Caridi, M. Massara, F. Spinelli, L. Gallelli, G. Buffone, F. G.
Calio, L. Butrico, R. Grande and R. Serra (2016). "Biomarkers in post-reperfusion
syndrome after acute lower limb ischaemia." Int Wound J 13(5): 854-859.

Desmard, M., K. S. Davidge, O. Bouvet, D. Morin, D. Roux, R. Foresti, J. D. Ricard, E.
Denamur, R. K. Poole, P. Montravers, R. Motterlini and J. Boczkowski (2009). "A
carbon monoxide-releasing molecule (CORM-3) exerts bactericidal activity against
Pseudomonas aeruginosa and improves survival in an animal model of bacteraemia."
FASEB J 23(4): 1023-1031.

Donohoe, E. S. (2015). Systemic Cytokines/Chemokines Contribute to Microvascular
Dysfunction and Tissue Injury in Compartment Syndrome. MSc in Surgery, University of
Western Ontario.

Douglas, C. G., J. S. Haldane and J. B. Haldane (1912). "The laws of combination of
haemoglobin with carbon monoxide and oxygen." J Physiol 44(4): 275-304.

Dover, M., H. Marafi and J. F. Quinlan (2011). "Long-term sequelae following
fasciotomy in trauma patients." J Bone Joint Surg Br 93-B(Supp II): 180.

Dover, M., A. R. Memon, H. Marafi, G. Kelly and J. F. Quinlan (2012). "Factors
associated with persistent sequelae after fasciotomy for acute compartment syndrome." J
Orthop Surg (Hong Kong) 20(3): 312-315.

Dungey, A. A., A. Badhwar, A. Bihari, P. R. Kvietys, K. A. Harris, T. L. Forbes and R.
F. Potter (2006). "Role of heme oxygenase in the protection afforded skeletal muscle
during ischemic tolerance." Microcirculation 13(2): 71-79.

Eaton, R. G. and W. T. Green (1972). "Epimysiotomy and fasciotomy in the treatment of
Volkmann's ischemic contracture." Orthop Clin North Am 3(1): 175-186.

Elliott, K. G. and A. J. Johnstone (2003). "Diagnosing acute compartment syndrome." J
Bone Joint Surg Br 85(5): 625-632.

Engler, R. L., M. D. Dahlgren, M. A. Peterson, A. Dobbs and G. W. Schmid-Schonbein
(1986). "Accumulation of polymorphonuclear leukocytes during 3-h experimental
myocardial ischemia." Am J Physiol 251(1 Pt 2): H93-100.

Feghali, C. A. and T. M. Wright (1997). "Cytokines in acute and chronic inflammation."
Front Biosci 2: d12-26.



55

Fitzgerald, A. M., P. Gaston, Y. Wilson, A. Quaba and M. M. McQueen (2000). "Long-
term sequelae of fasciotomy wounds." Br J Plast Surg 53(8): 690-693.

Flanagan, R. J. and T. J. Meredith (1991). "Use of N-acetylcysteine in clinical
toxicology." Am J Med 91(3C): 131S-139S.

Foisie, P. S. (1942). "Volkmann's ischemic contracture. An analysis of its proximate
mechanism." N Engl ] Med 226(17): 671-679.

Forbes, T. L., M. Carson, K. A. Harris, G. DeRose, W. G. Jamieson and R. F. Potter
(1995). "Skeletal muscle injury induced by ischemia-reperfusion." Can J Surg 38(1): 56-
63.

Forbes, T. L., K. A. Harris, W. G. Jamieson, G. DeRose, M. Carson and R. F. Potter
(1996). "Leukocyte activity and tissue injury following ischemia-reperfusion in skeletal
muscle." Microvasc Res 51(3): 275-287.

Frink, M., F. Hildebrand, C. Krettek, J. Brand and S. Hankemeier (2010). "Compartment
syndrome of the lower leg and foot." Clin Orthop Relat Res 468(4): 940-950.

Furuichi, K., T. Wada, Y. Iwata, S. Kokubo, A. Hara, J. Yamahana, T. Sugaya, Y.
Iwakura, K. Matsushima, M. Asano, H. Yokoyama and S. Kaneko (2006). "Interleukin-1-

dependent sequential chemokine expression and inflammatory cell infiltration in
ischemia-reperfusion injury." Crit Care Med 34(9): 2447-2455.

Gao, D., M. Madi, C. Ding, M. Fok, T. Steele, C. Ford, L. Hunter and C. Bing (2014).
"Interleukin-1beta mediates macrophage-induced impairment of insulin signaling in
human primary adipocytes." Am J Physiol Endocrinol Metab 307(3): E289-304.

Gelberman, R. H., S. R. Garfin, P. T. Hergenroeder, S. J. Mubarak and J. Menon (1981).
"Compartment syndromes of the forearm: diagnosis and treatment." Clin Orthop Relat
Res(161): 252-261.

Gillani, S., J. Cao, T. Suzuki and D. J. Hak (2012). "The effect of ischemia reperfusion
injury on skeletal muscle." Injury 43(6): 670-675.

Gold, B. S., R. A. Barish, R. C. Dart, R. P. Silverman and G. V. Bochicchio (2003).
"Resolution of compartment syndrome after rattlesnake envenomation utilizing non-
invasive measures." J] Emerg Med 24(3): 285-288.

Goldsmith, A. L. and M. 1. McCallum (1996). "Compartment syndrome as a
complication of the prolonged use of the Lloyd-Davies position." Anaesthesia 51(11):
1048-1052.

Gorman, D., A. Drewry, Y. L. Huang and C. Sames (2003). "The clinical toxicology of
carbon monoxide." Toxicology 187(1): 25-38.

Gray, H. (2000). Anatomy of the Human Body. Philadelphia, Lea & Frebiger.




56

Greene, T. L. and D. S. Louis (1983). "Compartment syndrome of the arm--a
complication of the pneumatic tourniquet. A case report." J Bone Joint Surg Am 65(2):
270-273.

Griffiths, D. V. (1940). "Volkmann's ischaemic contracture." Br J Surg 28(110): 239-260.

Gute, D. C., T. Ishida, K. Yarimizu and R. J. Korthuis (1998). "Inflammatory responses
to ischemia and reperfusion in skeletal muscle." Mol Cell Biochem 179(1-2): 169-187.

Hansch, G. M., M. Seitz and M. Betz (1987). "Effect of the late complement components
C5b-9 on human monocytes: release of prostanoids, oxygen radicals and of a factor
inducing cell proliferation." Int Arch Allergy Appl Immunol 82(3-4): 317-320.

Hansch, G. M., M. Seitz, G. Martinotti, M. Betz, E. W. Rauterberg and D. Gemsa (1984).
"Macrophages release arachidonic acid, prostaglandin E2, and thromboxane in response
to late complement components.”" J Immunol 133(4): 2145-2150.

Hanson, G. C., W. K. Slack, H. E. Chew and D. A. Thomas (1966). "Clostridal infection
of the uterus. A review treatment with hyperbaric oxygen." Postgrad Med J 42(490): 499-
505.

Har-Shai, Y., M. Silbermann, N. D. Reis, C. Zinman, I. Rubinstein, Z. Abassi and O. S.
Better (1992). "Muscle microcirculatory impairment following acute compartment
syndrome in the dog." Plast Reconstr Surg 89(2): 283-289.

Hargens, A. R., W. H. Akeson, S. J. Mubarak, C. A. Owen, D. H. Gershuni, S. R. Garfin,
R. L. Lieber, L. A. Danzig, M. J. Botte and R. H. Gelberman (1989). "Kappa Delta
Award paper. Tissue fluid pressures: from basic research tools to clinical applications." J
Orthop Res 7(6): 902-909.

Hargens, A. R. and R. E. Ballard (1995). "Basic principles for measurement of
intramuscular pressure." Oper Tech Sports Med 3(4): 237-242.

Hargens, A. R., D. A. Schmidt, K. L. Evans, M. R. Gonsalves, J. B. Cologne, S. R.
Garfin, S. J. Mubarak, P. L. Hagan and W. H. Akeson (1981). "Quantitation of skeletal-

muscle necrosis in a model compartment syndrome." J Bone Joint Surg Am 63(4): 631-
636.

Harrington, P., J. Bunola, A. J. Jennings, D. J. Bush and R. M. Smith (2000). "Acute
compartment syndrome masked by intravenous morphine from a patient-controlled
analgesia pump." Injury 31(5): 387-389.

Harris, A. G. and T. C. Skalak (1996). "Effects of leukocyte capillary plugging in skeletal
muscle ischemia-reperfusion injury." Am J Physiol 271(6 Pt 2): H2653-2660.

Hartsock, L. A., D. O'Farrell, A. V. Seaber and J. R. Urbaniak (1998). "Effect of
increased compartment pressure on the microcirculation of skeletal muscle."

Microsurgery 18(2): 67-71.



57

Heckman, M. M., T. E. Whitesides, Jr., S. R. Grewe, R. L. Judd, M. Miller and J. H.
Lawrence, 3rd (1993). "Histologic determination of the ischemic threshold of muscle in
the canine compartment syndrome model." J Orthop Trauma 7(3): 199-210.

Heckman, M. M., T. E. Whitesides, Jr., S. R. Grewe and M. D. Rooks (1994).
"Compartment pressure in association with closed tibial fractures. The relationship
between tissue pressure, compartment, and the distance from the site of the fracture." J
Bone Joint Surg Am 76(9): 1285-1292.

Heemskerk, J. and P. Kitslaar (2003). "Acute compartment syndrome of the lower leg:
retrospective study on prevalence, technique, and outcome of fasciotomies." World J
Surg 27(6): 744-747.

Heppenstall, R. B., R. Scott, A. Sapega, Y. S. Park and B. Chance (1986). "A
comparative study of the tolerance of skeletal muscle to ischemia. Tourniquet application
compared with acute compartment syndrome." J Bone Joint Surg Am 68(6): 820-828.

Herbaczynska-Cedro, K., M. Wartanowicz, B. Panczenko-Kresowska, K. Cedro, B.
Klosiewicz-Wasek and W. Wasek (1994). "Inhibitory effect of vitamins C and E on the
oxygen free radical production in human polymorphonuclear leucocytes." Eur J Clin
Invest 24(5): 316-319.

Hildebrand, O. (1906). "Die Lehre von den ischemische Muskellahmungen und
Kontrakturen." Samml Klin Vortage 122: 437.

Hope, M. J. and M. M. McQueen (2004). "Acute compartment syndrome in the absence
of fracture." J Orthop Trauma 18(4): 220-224.

Hughes, J. R. (1948). "Ischaemic necrosis of the anterior tibial muscles due to fatigue." J
Bone Joint Surg Br 30B(4): 581-594.

Ibanez, L., M. J. Alcaraz, N. Maicas, D. Guede, J. R. Caeiro, R. Motterlini and M. L.
Ferrandiz (2012). "Downregulation of the inflammatory response by CORM-3 results in
protective effects in a model of postmenopausal arthritis." Calcif Tissue Int 91(1): 69-80.

Jaffe, E. A., R. L. Nachman, C. G. Becker and C. R. Minick (1973). "Culture of human
endothelial cells derived from umbilical veins. Identification by morphologic and
immunologic criteria." J Clin Invest 52(11): 2745-2756.

Jaggar, J. H., C. W. Leffler, S. Y. Cheranov, D. Tcheranova, S. E and X. Cheng (2002).
"Carbon monoxide dilates cerebral arterioles by enhancing the coupling of Ca2+ sparks
to Ca2+-activated K+ channels." Circ Res 91(7): 610-617.

Jan, B. V. and S. F. Lowry (2009). Systemic Response to Injury and Metabolic Support.
Schwatz's Principles of Surgery. F. C. Brunicardi, D. K. Andersen, T. R. Billiar et al.,
McGraw-Hill Professional.




58

Jepson, P. N. (1926). "Ischaemic Contracture: Experimental Study." Ann Surg 84(6):
785-795.

Jiang, J., J. Wang, C. Li, S. P. Yu and L. Wei (2009). "Dual roles of tumor necrosis
factor-alpha receptor-1 in a mouse model of hindlimb ischemia." Vasc Med 14(1): 37-46.

Johnson, S. B., F. A. Weaver, A. E. Yellin, R. Kelly and M. Bauer (1992). "Clinical
results of decompressive dermotomy-fasciotomy." Am J Surg 164(3): 286-290.

Jose, R. M., N. Viswanathan, E. Aldlyami, Y. Wilson, N. Moiemen and R. Thomas
(2004). "A spontaneous compartment syndrome in a patient with diabetes." J Bone Joint
Surg Br 86(7): 1068-1070.

Kajimura, M., R. Fukuda, R. M. Bateman, T. Yamamoto and M. Suematsu (2010).
"Interactions of multiple gas-transducing systems: hallmarks and uncertainties of CO,
NO, and H2S gas biology." Antioxid Redox Signal 13(2): 157-192.

Kalns, J., J. Cox, J. Baskin, A. Santos, R. Odland and S. Fecura, Jr. (2011). "Extremity
compartment syndrome in pigs during hypobaric simulation of aeromedical evacuation."
Aviat Space Environ Med 82(2): 87-91.

Kalns, J., J. Cox, J. Baskin, A. Santos, R. Odland and S. Fecura, Jr. (2011). "Threshold
model for extremity compartment syndrome in swine." J Surg Res 167(1): e13-19.

Kalyani, B. S., B. E. Fisher, C. S. Roberts and P. V. Giannoudis (2011). "Compartment
syndrome of the forearm: a systematic review." J Hand Surg Am 36(3): 535-543.

Karam, M. D., A. Amendola and S. Mendoza-Lattes (2010). "Case report: successful
treatment of acute exertional paraspinal compartment syndrome with hyperbaric oxygen
therapy." Iowa Orthop J 30: 188-190.

Kearns, S. R., A. F. Daly, K. Sheehan, P. Murray, C. Kelly and D. Bouchier-Hayes
(2004). "Oral vitamin C reduces the injury to skeletal muscle caused by compartment
syndrome." J Bone Joint Surg Br 86(6): 906-911.

Kearns, S. R., C. J. Kelly, M. Barry, H. Abdih, C. Condron, A. Leahy and D. Bouchier-
Hayes (1999). "Vitamin C reduces ischaemia-reperfusion-induced acute lung injury." Eur
J Vasc Endovasc Surg 17(6): 533-536.

Kearns, S. R., D. Moneley, P. Murray, C. Kelly and A. F. Daly (2001). "Oral vitamin C
attenuates acute ischaemia-reperfusion injury in skeletal muscle." J Bone Joint Surg Br
83(8): 1202-1206.

Kim, H. P., S. W. Ryter and A. M. Choi (2006). "CO as a cellular signaling molecule."
Annu Rev Pharmacol Toxicol 46: 411-449.

Kingston, R., C. J. Kelly and P. Murray (2004). "The therapeutic role of taurine in
ischaemia-reperfusion injury." Curr Pharm Des 10(19): 2401-2410.




59

Korthuis, R. J., D. N. Granger, M. 1. Townsley and A. E. Taylor (1985). "The role of
oxygen-derived free radicals in ischemia-induced increases in canine skeletal muscle
vascular permeability." Circ Res 57(4): 599-609.

Korthuis, R. J,, M. B. Grisham and D. N. Granger (1988). "Leukocyte depletion
attenuates vascular injury in postischemic skeletal muscle." Am J Physiol 254(5 Pt 2):
H823-827.

Kramkowski, K., A. Leszczynska, A. Mogielnicki, S. Chlopicki, A. Fedorowicz, E.
Grochal, B. Mann, T. Brzoska, T. Urano, R. Motterlini and W. Buczko (2012).

"Antithrombotic Properties of Water-Soluble Carbon Monoxide-Releasing Molecules."
Arterioscler Thromb Vasc Biol 32(9): 2149-2157.

Kurose, 1., D. C. Anderson, M. Miyasaka, T. Tamatani, J. C. Paulson, R. F. Todd, J. R.
Rusche and D. N. Granger (1994). "Molecular determinants of reperfusion-induced
leukocyte adhesion and vascular protein leakage." Circ Res 74(2): 336-343.

Kym, M. R. and R. A. Worsing, Jr. (1990). "Compartment syndrome in the foot after an
inversion injury to the ankle. A case report." ] Bone Joint Surg Am 72(1): 138-139.

Lawendy, A. and D. Sanders (2010). Operative Techniques: Orthopaedic Trauma
Surgery, Saunders.

Lawendy, A. R., A. Bihari, D. Sanders, G. McGarr, A. Badhwar and G. Cepinskas
(2015). "Contribution of inflammation to cellular injury in compartment syndrome in an
experimental rodent model." Bone Joint J 97-B(4): 539-543.

Lawendy, A. R., A. Bihari, D. W. Sanders, A. Badhwar and G. Cepinskas (2016).
"Compartment syndrome causes systemic inflammation in a rat." Bone Joint J 98-B(8):
1132-1137.

Lawendy, A. R., A. Bihari, D. W. Sanders, R. F. Potter and G. Cepinskas (2014). "The
severity of microvascular dysfunction due to compartment syndrome is diminished by the
systemic application of CO-releasing molecule-3." J Orthop Trauma 28(11): €263-268.

Lawendy, A. R., D. W. Sanders, A. Bihari, N. Parry, D. Gray and A. Badhwar (2011).
"Compartment syndrome-induced microvascular dysfunction: an experimental rodent
model." Can J Surg 54(3): 194-200.

Lawlor, D. K., R. W. Brock, K. A. Harris and R. F. Potter (1999). "Cytokines contribute
to early hepatic parenchymal injury and microvascular dysfunction after bilateral
hindlimb ischemia." J Vasc Surg 30(3): 533-541.

Leach, R. M., P. J. Rees and P. Wilmshurst (1998). "Hyperbaric oxygen therapy." BMJ
317(7166): 1140-1143.



60

Lehr, H. A., B. Frei, A. M. Olofsson, T. E. Carew and K. E. Arfors (1995). "Protection
from oxidized LDL-induced leukocyte adhesion to microvascular and macrovascular
endothelium in vivo by vitamin C but not by vitamin E." Circulation 91(5): 1525-1532.

Leser, E. (1884). "Untersuchungen uber ischamische Muskellahumungen und
Muskelcontracturen." Samml Klin Vortage 3: 2087.

Levine, M., R. C. Daruwala, J. B. Park, S. C. Rumsey and Y. Wang (1998). "Does
vitamin C have a pro-oxidant effect?" Nature 395(6699): 231; author reply 232.

Ley, K. (2008). The Microcirculation in Inflammation. Handbook of Physiology:
Microcirculation. R. F. Tuma, W. N. Duran and K. Ley. Oxford, UK, Academic Press
(Elsevier).

Ley, K., C. Laudanna, M. I. Cybulsky and S. Nourshargh (2007). "Getting to the site of
inflammation: the leukocyte adhesion cascade updated." Nat Rev Immunol 7(9): 678-
689.

Ley, K. and J. Reutershan (2006). "Leucocyte-endothelial interactions in health and
disease." Handb Exp Pharmacol(176 Pt 2): 97-133.

Linhares, M. C. and P. T. Kissinger (1992). "Capillary ultrafiltration: in vivo sampling
probes for small molecules." Anal Chem 64(22): 2831-2835.

Lum, H. and K. A. Roebuck (2001). "Oxidant stress and endothelial cell dysfunction."
Am J Physiol Cell Physiol 280(4): C719-741.

Maier, R. V. and E. M. Bulger (1996). "Endothelial changes after shock and injury." New
Horiz 4(2): 211-223.

Maines, M. D., G. M. Trakshel and R. K. Kutty (1986). "Characterization of two
constitutive forms of rat liver microsomal heme oxygenase. Only one molecular species
of the enzyme is inducible." J Biol Chem 261(1): 411-419.

Malinoski, D. J.,, M. S. Slater and R. J. Mullins (2004). "Crush injury and
rhabdomyolysis." Crit Care Clin 20(1): 171-192.

Manjoo, A., D. Sanders, A. Lawendy, M. Gladwell, D. Gray, N. Parry and A. Badhwar
(2010). "Indomethacin reduces cell damage: shedding new light on compartment
syndrome." J Orthop Trauma 24(9): 526-529.

Mars, M. and G. P. Hadley (1998). "Raised compartmental pressure in children: a basis
for management." Injury 29(3): 183-185.

Mars, M. and G. P. Hadley (1998). "Raised intracompartmental pressure and
compartment syndromes." Injury 29(6): 403-411.



61

Mathews, P. V., J. J. Perry and P. C. Murray (2001). "Compartment syndrome of the well
leg as a result of the hemilithotomy position: a report of two cases and review of
literature." J Orthop Trauma 15(8): 580-583.

Matsen, F. A., 3rd (1975). "Compartmental syndrome. An unified concept." Clin Orthop
Relat Res(113): 8-14.

Matsen, F. A., 3rd and D. K. Clawson (1975). "The deep posterior compartmental
syndrome of the leg." J Bone Joint Surg Am 57(1): 34-39.

Matsen, F. A., 3rd and R. B. Krugmire, Jr. (1978). "Compartmental syndromes." Surg
Gynecol Obstet 147(6): 943-949.

Matsen, F. A., 3rd, R. A. Winquist and R. B. Krugmire, Jr. (1980). "Diagnosis and
management of compartmental syndromes." J Bone Joint Surg Am 62(2): 286-291.

McCarter, S. D., T. G. Akyea, X. Lu, A. Bihari, J. R. Scott, A. Badhwar, A. A. Dungey,
K. A. Harris, Q. Feng and R. F. Potter (2004). "Endogenous heme oxygenase induction is
a critical mechanism attenuating apoptosis and restoring microvascular perfusion
following limb ischemia/reperfusion." Surgery 136(1): 67-75.

McCarter, S. D., A. Badhwar, J. R. Scott, T. G. Akyea, A. Bihari, A. A. Dungey, K. A.
Harris and R. F. Potter (2004). "Remote liver injury is attenuated by adenovirus-mediated
gene transfer of heme oxygenase-1 during the systemic inflammatory response
syndrome." Microcirculation 11(7): 587-595.

McCoubrey, W. K., Jr., T. J. Huang and M. D. Maines (1997). "Isolation and
characterization of a cDNA from the rat brain that encodes hemoprotein heme
oxygenase-3." Eur J Biochem 247(2): 725-732.

McFaul, S. J. and J. J. McGrath (1987). "Studies on the mechanism of carbon monoxide-
induced vasodilation in the isolated perfused rat heart." Toxicol Appl Pharmacol 87(3):
464-473.

McQueen, M. M., J. Christie and C. M. Court-Brown (1996). "Acute compartment
syndrome in tibial diaphyseal fractures." J Bone Joint Surg Br 78(1): 95-98.

McQueen, M. M., P. Gaston and C. M. Court-Brown (2000). "Acute compartment
syndrome. Who is at risk?" J Bone Joint Surg Br 82(2): 200-203.

McQueen, M. M., C. Hajducka and C. M. Court-Brown (1996). "Redisplaced unstable
fractures of the distal radius: a prospective randomised comparison of four methods of
treatment." J Bone Joint Surg Br 78(3): 404-409.

Michalk, D. V., B. Hoffmann and T. Minor (2003). "Taurine reduces renal
ischemia/reperfusion injury in the rat." Adv Exp Med Biol 526: 49-56.




62

Morita, T., M. A. Perrella, M. E. Lee and S. Kourembanas (1995). "Smooth muscle cell-
derived carbon monoxide is a regulator of vascular cGMP." Proc Natl Acad Sci U S A
92(5): 1475-1479.

Motterlini, R. (2007). "Carbon monoxide-releasing molecules (CO-RMs): vasodilatory,
anti-ischaemic and anti-inflammatory activities." Biochem Soc Trans 35(Pt 5): 1142-
1146.

Motterlini, R., J. E. Clark, R. Foresti, P. Sarathchandra, B. E. Mann and C. J. Green
(2002). "Carbon monoxide-releasing molecules: characterization of biochemical and
vascular activities." Circ Res 90(2): E17-24.

Motterlini, R. and L. E. Otterbein (2010). "The therapeutic potential of carbon
monoxide." Nat Rev Drug Discov 9(9): 728-743.

Mubarak, S. J., C. A. Owen, S. Garfin and A. R. Hargens (1978). "Acute exertional
superficial posterior compartment syndrome." Am J Sports Med 6(5): 287-290.

Mubarak, S. J., C. A. Owen, A. R. Hargens, L. P. Garetto and W. H. Akeson (1978).
"Acute compartment syndromes: diagnosis and treatment with the aid of the wick
catheter." J Bone Joint Surg Am 60(8): 1091-1095.

Mubarak, S. J. and N. C. Wilton (1997). "Compartment syndromes and epidural
analgesia." J Pediatr Orthop 17(3): 282-284.

Murphy, J. B. (1914). "Myositis." JAMA 63(15): 1249-1255.

Myers, R. A. (2000). "Hyperbaric oxygen therapy for trauma: crush injury, compartment
syndrome, and other acute traumatic peripheral ischemias." Int Anesthesiol Clin 38(1):
139-151.

Neal, M., A. Henebry, C. N. Mamczak and R. Ruland (2016). "The Efficacy of a Single-
Incision Versus Two-Incision Four-Compartment Fasciotomy of the Leg: A Cadaveric
Model." J Orthop Trauma 30(5): ¢164-168.

Nylander, G., H. Nordstrom, D. Lewis and J. Larsson (1987). "Metabolic effects of
hyperbaric oxygen in postischemic muscle." Plast Reconstr Surg 79(1): 91-97.

Odeh, M. (1991). "The role of reperfusion-induced injury in the pathogenesis of the crush
syndrome." N Engl ] Med 324(20): 1417-1422.

Odland, R., A. H. Schmidt, B. Hunter, L. Kidder, J. E. Bechtold, B. M. Linzie, R. A.
Pedowitz and A. R. Hargens (2005). "Use of tissue ultrafiltration for treatment of
compartment syndrome: a pilot study using porcine hindlimbs." J Orthop Trauma 19(4):
267-275.




63

Odland, R. M. and A. H. Schmidt (2011). "Compartment syndrome ultrafiltration
catheters: report of a clinical pilot study of a novel method for managing patients at risk
of compartment syndrome." J Orthop Trauma 25(6): 358-365.

Olson, S. A. and R. R. Glasgow (2005). "Acute compartment syndrome in lower
extremity musculoskeletal trauma." J Am Acad Orthop Surg 13(7): 436-444.

Onat, D., D. Brillon, P. C. Colombo and A. M. Schmidt (2011). "Human vascular
endothelial cells: a model system for studying vascular inflammation in diabetes and
atherosclerosis." Curr Diab Rep 11(3): 193-202.

Ott, M. C., J. R. Scott, A. Bihari, A. Badhwar, L. E. Otterbein, D. K. Gray, K. A. Harris
and R. F. Potter (2005). "Inhalation of carbon monoxide prevents liver injury and
inflammation following hind limb ischemia/reperfusion." FASEB J 19(1): 106-108.

Otterbein, L. E., F. H. Bach, J. Alam, M. Soares, H. Tao Lu, M. Wysk, R. J. Davis, R. A.
Flavell and A. M. Choi (2000). "Carbon monoxide has anti-inflammatory effects
involving the mitogen-activated protein kinase pathway." Nat Med 6(4): 422-428.

Otterbein, L. E., J. K. Kolls, L. L. Mantell, J. L. Cook, J. Alam and A. M. Choi (1999).
"Exogenous administration of heme oxygenase-1 by gene transfer provides protection
against hyperoxia-induced lung injury." J Clin Invest 103(7): 1047-1054.

Otterbein, L. E., P. J. Lee, B. Y. Chin, 1. Petrache, S. L. Camhi, J. Alam and A. M. Choi
(1999). "Protective effects of heme oxygenase-1 in acute lung injury." Chest 116(1
Suppl): 61S-63S.

Oz, E., D. Erbas, E. Gelir and A. Aricioglu (1999). "Taurine and calcium interaction in
protection of myocardium exposed to ischemic reperfusion injury." Gen Pharmacol
33(2): 137-141.

Perler, B. A., A. G. Tohmeh and G. B. Bulkley (1990). "Inhibition of the compartment
syndrome by the ablation of free radical-mediated reperfusion injury." Surgery 108(1):
40-47.

Petrache, 1., L. E. Otterbein, J. Alam, G. W. Wiegand and A. M. Choi (2000). "Heme
oxygenase-1 inhibits TNF-alpha-induced apoptosis in cultured fibroblasts." Am J Physiol
Lung Cell Mol Physiol 278(2): L312-319.

Podmore, 1. D., H. R. Griffiths, K. E. Herbert, N. Mistry, P. Mistry and J. Lunec (1998).
"Vitamin C exhibits pro-oxidant properties." Nature 392(6676): 559.

Pomerantz, B. J., L. L. Reznikov, A. H. Harken and C. A. Dinarello (2001). "Inhibition of
caspase 1 reduces human myocardial ischemic dysfunction via inhibition of IL-18 and
IL-1beta." Proc Natl Acad Sci U S A 98(5): 2871-2876.

Poss, K. D. and S. Tonegawa (1997). "Reduced stress defense in heme oxygenase 1-
deficient cells." Proc Natl Acad Sci U S A 94(20): 10925-10930.




64

Ricklin, D., G. Hajishengallis, K. Yang and J. D. Lambris (2010). "Complement: a key
system for immune surveillance and homeostasis." Nat Immunol 11(9): 785-797.

Rorabeck, C. H. (1984). "The treatment of compartment syndromes of the leg." J Bone
Joint Surg Br 66(1): 93-97.

Rorabeck, C. H. and K. M. Clarke (1978). "The pathophysiology of the anterior tibial
compartment syndrome: an experimental investigation." J Trauma 18(5): 299-304.

Rorabeck, C. H. and L. Macnab (1976). "Anterior tibial-compartment syndrome
complicating fractures of the shaft of the tibia." ] Bone Joint Surg Am 58(4): 549-550.

Rothwell, N., S. Allan and S. Toulmond (1997). "The role of interleukin 1 in acute
neurodegeneration and stroke: pathophysiological and therapeutic implications." J Clin
Invest 100(11): 2648-2652.

Rowlands, R. P. and M. S. Lond (1905). "A case of Volkmann's contracture treated by
shortening the radius and ulna." Lancet 166(4286): 1168-1171.

Ryter, S. W., J. Alam and A. M. Choi (2006). "Heme oxygenase-1/carbon monoxide:
from basic science to therapeutic applications." Physiol Rev 86(2): 583-650.

Ryter, S. W. and L. E. Otterbein (2004). "Carbon monoxide in biology and medicine."
Bioessays 26(3): 270-280.

Ryter, S. W., L. E. Otterbein, D. Morse and A. M. Choi (2002). "Heme oxygenase/carbon
monoxide signaling pathways: regulation and functional significance." Mol Cell Biochem
234-235(1-2): 249-263.

Sanghavi, R., A. Aneman, M. Parr, L. Dunlop and D. Champion (2006). "Systemic
capillary leak syndrome associated with compartment syndrome and rhabdomyolysis."
Anaesth Intensive Care 34(3): 388-391.

Schlag, M. G., K. A. Harris and R. F. Potter (2001). "Role of leukocyte accumulation and
oxygen radicals in ischemia-reperfusion-induced injury in skeletal muscle." Am J Physiol
Heart Circ Physiol 280(4): H1716-1721.

Schmidt, A. H. (2007). Acute Compartment Syndrome. Surgical Treatment of
Orthopaedic Trauma. J. P. Stannards, A. H. Schmidt and P. J. Kregor. New York, NY,
Thieme Medical Publisher: 44-57.

Schnall, S. B., P. D. Holtom and E. Silva (1994). "Compartment syndrome associated
with infection of the upper extremity." Clin Orthop Relat Res(306): 128-131.

Schwartz, J. T., Jr.,, R. J. Brumback, R. Lakatos, A. Poka, G. H. Bathon and A. R.
Burgess (1989). "Acute compartment syndrome of the thigh. A spectrum of injury." J
Bone Joint Surg Am 71(3): 392-400.




65

Scott, J. R., M. A. Cukiernik, M. C. Ott, A. Bihari, A. Badhwar, D. K. Gray, K. A. Harris,
N. G. Parry and R. F. Potter (2009). "Low-dose inhaled carbon monoxide attenuates the
remote intestinal inflammatory response elicited by hindlimb ischemia-reperfusion." Am
J Physiol Gastrointest Liver Physiol 296(1): G9-G14.

Seddon, H. J. (1966). "Volkmann's ischaemia in the lower limb." J Bone Joint Surg Br
48(4): 627-636.

Shadgan, B., M. Menon, P. J. O'Brien and W. D. Reid (2008). "Diagnostic techniques in
acute compartment syndrome of the leg." J Orthop Trauma 22(8): 581-587.

Sheridan, G. W. and F. A. Matsen (1975). "An animal model of the compartmental
syndrome." Clin Orthop Relat Res(113): 36-42.

Simi, A., D. Lerouet, E. Pinteaux and D. Brough (2007). "Mechanisms of regulation for
interleukin-1beta in neurodegenerative disease." Neuropharmacology 52(8): 1563-1569.

Sjodin, K., E. Nilsson, A. Hallberg and A. Tunek (1989). "Metabolism of N-acetyl-L-
cysteine. Some structural requirements for the deacetylation and consequences for the
oral bioavailability." Biochem Pharmacol 38(22): 3981-3985.

Slater, M. S. and R. J. Mullins (1998). "Rhabdomyolysis and myoglobinuric renal failure
in trauma and surgical patients: a review." J Am Coll Surg 186(6): 693-716.

Smith, G., J. Stevens, J. C. Griffiths and I. M. Ledingham (1961). "Near-avulsion of foot
treated by replacement and subsequent prolonged exposure of patient to oxygen at two
atmospheres pressure." Lancet 2(7212): 1122-1123.

Song, H., C. Bergstrasser, N. Rafat, S. Hoger, M. Schmidt, N. Endres, M. Goebeler, J. L.
Hillebrands, R. Brigelius-Flohe, A. Banning, G. Beck, R. Loesel and B. A. Yard (2009).
"The carbon monoxide releasing molecule (CORM-3) inhibits expression of vascular cell
adhesion molecule-1 and E-selectin independently of haem oxygenase-1 expression." Br
J Pharmacol 157(5): 769-780.

Song, R., M. Kubo, D. Morse, Z. Zhou, X. Zhang, J. H. Dauber, J. Fabisiak, S. M. Alber,
S. C. Watkins, B. S. Zuckerbraun, L. E. Otterbein, W. Ning, T. D. Oury, P. J. Lee, K. R.
McCurry and A. M. Choi (2003). "Carbon monoxide induces cytoprotection in rat

orthotopic lung transplantation via anti-inflammatory and anti-apoptotic effects." Am J
Pathol 163(1): 231-242.

Stein, M. and S. Gordon (1991). "Regulation of tumor necrosis factor (TNF) release by
murine peritoneal macrophages: role of cell stimulation and specific phagocytic plasma
membrane receptors." Eur J Immunol 21(2): 431-437.

Strauss, M. B., A. R. Hargens, D. H. Gershuni, D. A. Greenberg, A. G. Crenshaw, G. B.
Hart and W. H. Akeson (1983). "Reduction of skeletal muscle necrosis using intermittent
hyperbaric oxygen in a model compartment syndrome." J Bone Joint Surg Am 65(5):
656-662.




66

Sylvester, J. T. and C. McGowan (1978). "The effects of agents that bind to cytochrome
P-450 on hypoxic pulmonary vasoconstriction." Circ Res 43(3): 429-437.

Szekely, O., G. Szanto and A. Takats (1973). "Hyperbaric oxygen therapy in injured
subjects." Injury 4(4): 294-300.

Tepel, M., M. van der Giet, C. Schwarzfeld, U. Laufer, D. Liermann and W. Zidek
(2000). "Prevention of radiographic-contrast-agent-induced reductions in renal function
by acetylcysteine." N Engl J Med 343(3): 180-184.

Thomas, J. J. (1909). "Nerve involvement in the ischemic paralysis and contracture of
Volkmann." Ann Surg 49(3): 330-370.

Tornetta, P., 3rd, B. L. Puskas and K. Wang (2016). "Compartment Syndrome of the Leg
Associated With Fracture: An Algorithm to Avoid Releasing the Posterior
Compartments." J Orthop Trauma 30(7): 381-386.

Touzani, O., H. Boutin, J. Chuquet and N. Rothwell (1999). "Potential mechanisms of
interleukin-1 involvement in cerebral ischaemia." J Neuroimmunol 100(1-2): 203-215.

Toyokuni, S. (1999). "Reactive oxygen species-induced molecular damage and its
application in pathology." Pathol Int 49(2): 91-102.

Ulmer, T. (2002). "The clinical diagnosis of compartment syndrome of the lower leg: are
clinical findings predictive of the disorder?" J Orthop Trauma 16(8): 572-577.

Verma, A., D. J. Hirsch, C. E. Glatt, G. V. Ronnett and S. H. Snyder (1993). "Carbon
monoxide: a putative neural messenger." Science 259(5093): 381-384.

Vollmar, B., S. Westermann and M. D. Menger (1999). "Microvascular response to
compartment syndrome-like external pressure elevation: an in vivo fluorescence
microscopic study in the hamster striated muscle." J Trauma 46(1): 91-96.

von Volkmann, R. (1881). "Die Ischaemischen Muskellahmungen und Kontrakturen."
Zentralbl Chir 8: 801-803.

Vreman, H. J., R. J. Wong and D. K. Stevenson (2000). Carbon monoxide in breath,
blood, and other tissues. Carbon Monoxide Toxicity. D. G. Penney. Boca Raton, FL,
CRC: 19-60.

Wagener, F. A., E. J. Toonen, L. Wigman, J. Fransen, M. C. Creemers, T. R. Radstake,
M. J. Coenen, P. Barrera, P. L. van Riel and F. G. Russel (2008). "HMOX]1 promoter

polymorphism modulates the relationship between disease activity and joint damage in
rheumatoid arthritis." Arthritis Rheum 58(11): 3388-3393.

Wagner, R. (1839). Erlauterungstaflen zur Physiologie und Entwicklungsgeschichte.
Leipzig, Germany, Leopold Voss.




67

Wallach, D. (1997). "Apoptosis. Placing death under control." Nature 388(6638): 123,
125-126.

Wang, J. X., Y. Li, L. K. Zhang, J. Zhao, Y. Z. Pang, C. S. Tang and J. Zhang (2005).
"Taurine inhibits ischemia/reperfusion-induced compartment syndrome in rabbits." Acta
Pharmacol Sin 26(7): 821-827.

Wang, R., Z. Wang and L. Wu (1997). "Carbon monoxide-induced vasorelaxation and
the underlying mechanisms." Br J Pharmacol 121(5): 927-934.

Watson-Jones, R. (1952). "Fractures and joint injuries." Journal of Bone and Joint
Surgery Jul;34(3): 751.

Wattel, F., D. Mathieu, R. Neviere and N. Bocquillon (1998). "Acute peripheral
ischaemia and compartment syndromes: a role for hyperbaric oxygenation." Anaesthesia
53 Suppl 2: 63-65.

Weaver, L. K. (1999). "Carbon monoxide poisoning." Crit Care Clin 15(2): 297-317, viii.

Weaver, L. K. (1999). "Hyperbaric oxygen in carbon monoxide poisoning." BMJ
319(7217): 1083-1084.

Weibel, E. R. and G. E. Palade (1964). "New Cytoplasmic Components in Arterial
Endothelia." J Cell Biol 23: 101-112.

West, H. (2007). "Rhabdomyolysis associated with compartment syndrome resulting in
acute re