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Abstract

Cribbing behavior in horses is associated with an increased incidence of small intestinal
strangulation through the epiploic foramen. The suggested mechanism for this association is
through changes in intra-abdominal pressure (IAP); however, the effect of cribbing behavior on
IAP has not been previously researched. This study used 16 healthy horses to investigate the
effect of cribbing on IAP.

Eight healthy cribbing horses (cribbing cohort) and 8 healthy non-cribbing horses (non-cribbing
cohort) were selected and a microsensor catheter was introduced into the peritoneal cavity
through the right paralumbar fossa, using local anesthesia, for measurement of IAP. These
pressures were recorded in one minute intervals for 2 hours, while the horses were standing tied
in a stall.

Upon data analysis, baseline IAPs were not significantly different between cribbing and non-
cribbing cohorts (P=0.08). However, IAPs in the cribbing cohort were significantly increased
when compared to the non-cribbing cohort, during the period of active cribbing behavior
(P=0.002). The frequency of cribbing was not associated with increased IAP (P=0.3). IAPs in the
cribbing cohort remained significantly elevated compared to the non-cribbing cohort, even for
the 30 minutes measurement taken after the behavior had ceased (P=0.0002).

We concluded that cribbing is significantly associated with increased IAP in the horse, both

during and after the behavior.
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l. INTRODUCTION AND LITERATURE REVIEW

a. Cribbing Behavior In Horses

Definitions

Stereotypies are invariant, repetitive behaviors, with no apparent function, performed at a
higher than normal rate (Broom and Kennedy 1993, Dantzer 1986). Several stereotypic
behaviors have been described in animals other than horses, including pacing and licking in
captive giraffes (Bashaw et al. 2001), rumination in captive lowland gorillas (Lukas 1999), bar-
biting and sham chewing in sows (Rushen 1984) and tongue rolling in cows (Wiepkema et al.
1987). Stereotypic behaviors in horses can be oral or locomotor in nature (Dodman et al. 2005).
Locomotor stereotypies include weaving, a lateral rocking movement of the head, neck and
forelimbs, pawing, repetitively striking the ground with a forefoot, and head bobbing, a repetitive
up and down movement of the head (Kiley-Worthington 1983, Mills et al. 2005). Oral
stereotypies include cribbing, wind sucking, and wood chewing, which involves the use of
incisors to remove pieces of wood, which are not swallowed (Dodman et al. 2005, Mills et al.

2005).



Cribbing, crib-biting, wind-sucking and aerophagia are terms used synonymously (Hayes
1968, McGreevy et al. 1995a). Cribbing is an oral stereotypic behavior performed by horses
involving the placement of the upper incisors on a firm surface, which is often preceded by
licking of the surface (McGreevy et al. 1995a). The horse then flexes the ventral neck muscles
and rocks backwards, causing the larynx to retract caudally. Air then passes through the pharynx
and into the cranial esophagus, causing a characteristic grunting noise (Lebelt et al. 1998,
McGreevy et al. 1995a). Wind-sucking is a behavior defined in a similar manner as cribbing,
except the wind-sucking horse does not place its incisors on a fixed surface (Hayes 1968). What
happens to the air that passes into the cranial esophagus during cribbing and windsucking is
controversial, with many believing these behaviors have a component of aerophagia, or
swallowing of air (Hayes 1968, Houpt 1986, Dodman et al. 1987). However, radiographic
studies performed by McGreevy et al. (1995a) showed that the majority of air returns to the

pharynx before being expelled, and little air passes on into the stomach.

Prevalence

Cribbing has been observed in domestic and captive equines, but does not appear to be
significantly prevalent in wild horses. Dodman et al. (2005) has reported on the prevalence of
stereotypic behaviors, including cribbing, in formerly feral Mustangs. Data collected on 243
Mustangs, found only six (2.4%) displayed some form of stereotypic behavior and three (1.2%)
were known to crib (Dodman et al. 2005). On the other hand, in domestic horses, cribbing has a
reported incidence of 2.1-13.3%, depending on breed, location, use and management (Albright et

al. 2009, Bachmann et al. 2003a, Luescher et al. 1998, McGreevy et al. 1995a, Mills et al. 2005,



Vecchiotti and Galanti 1986, Wickens and Heleski 2010). Affected horses may spend anywhere

from 10-65% of their day cribbing (Bachmann et al. 2003a, Nicol et al. 2002).

Risk factors

Numerous management factors such as decreased turn out, decreased amounts of forage,
increased amounts of concentrates and increased social isolation have been implicated in
development of cribbing behavior. A survey of owners found that 40% of farms allowing
stereotypic horses on property kept these horses isolated from other animals (McBride and Long
2001). However, social isolation has been reported to induce a stress response in horses
(Alexander et al. 1988, Bagshaw et al. 1994, Lansade et al. 2008) and stereotypic behaviors seem
to occur with greater frequency under stressful conditions (Mason 1991). Horses and other
animals allowed social contact with conspecifics have been shown to have a lower prevalence of
abnormal behavior (Redbo 1990, McGreevy et al. 1995b, Bachmann et al. 2003b). While
increased time on pasture may reduce frequency of cribbing (McGreevy et al. 1995b), it has not
been shown to completely extinguish performance of the behavior. This further supports the

theory that the behavior is liberated from the original eliciting stimulus as it develops.

Diets high in concentrates and low in forage are also related to this vice. A prospective
study found Thoroughbred foals were four times more likely to develop cribbing behavior if fed
concentrates at weaning (Waters et al. 2002). Parker et al. (2008) determined that natural
weaning, which occurs at an older age and at the discretion of the mare, resulted in a decreased
risk of developing stereotypic behaviors. Weaned foals kept on grass pasture were less likely to

develop abnormal behavior than those kept in stalls (Parker et al. 2008). Furthermore, multiple



studies have found that as turn out time increases, performance of stereotypic behaviors,
including cribbing, decreases (McGreevy et al. 1995b, Wickens and Heleski 2010). Social
contact with other horses has been shown to reduce the probability of cribbing behavior
(Bachmann et al. 2003b, Wickens and Heleski 2010) while isolation often results in increased
risk of developing abnormal behaviors associated with social deprivation (Mills et al. 2005).
Visser et al. (2008) found that 22% of young horses housed in isolation displayed cribbing

behavior compared to no stereotypic behaviors in horses that were paired.

Heritability of stereotyped behaviors, including cribbing, is highly debated, especially
since the behavior seems to occur more commonly in some breeds compared to others. Twenty
five percent of horse owners believed stereotyped behaviors were inherited (McBride and Long
2001). Indeed, eight of 14 cribbing horses had one or more relatives that also displayed the
behavior (Vecchiotti and Galanti 1986). However, it is difficult to distinguish whether these

findings are the result of genetic influence or a reflection of management strategies.

Whether cribbing behavior can be transmitted to horses observing the behavior is also
debatable. About half of horse owners, and other individuals associated with horses, believed
that it could be learned by observation (McBride and Long 2001), to the point that many felt that
affected animals should be isolated. Despite this belief, there is no evidence suggesting that
horses are capable of learning to do a task by watching a more experienced individual (Baer et al.
1983). In a study from Clegg et al. (2008) cribbing behavior could not be elicited in unaffected

horses by housing them in contact with affected horses.

Prevention



Strategies to prevent or deter horses from cribbing have been researched with variable
results. Bucket muzzles can be used but they obviously interfere with prehension of food
(McGreevy and Nicol 1998a). Acupuncture may be useful for decreasing cribbing and
aerophagia, but its mechanism of action in this specific scenario is unclear, and the results are not
consistent (Kuussaari 1983). Taste deterrents painted on cribbing substrates, shock collars,
electric fencing, and metal inserts in the oral cavity can be impractical and success rates have
been inconsistent (Magner 1903, McGreevy and Nicol 1998a, Owen 1982). The list of taste
deterrents for horses is exhaustive and ranges from sheepskin (Magner 1903) to asafoetida
(Leeney 1929) and creosote (Miller and Robertson 1959). The use of proprietary electric fencing
inside stables is a common deterrent to crib-biting. It is arranged on all ledges in the same way
that taste deterrents are applied (Houpt and McDonnell 1993). Meanwhile, filing of the incisor
teeth, placement of metal inserts between them, (Magner 1903) or insertion of implants that
impinge on the palate (Owen 1982) have been described as means of making the grasping of
fixed objects unpleasant. Commercially available electronic dog training collars can be adapted
to fit the equine neck and can be remotely controlled so that the horse does not associate
punishment with human presence (Houpt and McDonnell 1993). It is reported that by applying
an electric shock after the horse has grasped but before it has engulfed air, extinction of grasping

may be achieved, rather than simple avoidance (Baker and Kear-Colwell 1975).

Dodman et al. (1987) reported the successful one-time parenteral administration of opioid
antagonists, including naloxone, nalmefene and diprenorphine, to prevent horses from cribbing
for anywhere from 20 minutes to four hours. The mechanism of action of these drugs in relation
to cribbing behavior is unclear; they may act by sedating the animal thus making the behavior

less rewarding, or by eliminating the frustration caused by the surrounding environment



(McGreevy and Nicol 1998a). However, the sedation displayed by the animals under influence
of these medications may be undesirable, and horses resumed cribbing when the drug was
discontinued or wore off. Continuous administration of injectable drugs is not a practical

preventative strategy for most owners due to time and cost constraints.

Three surgical procedures are described to treat cribbing behavior: the Forssell’s
procedure, the modified Forssell’s procedure, and the bilateral neurectomy of the ventral branch
of the spinal accessory nerve (Houpt 1986, Baker and Kear-Colwell 1974, Forssell 1926, Hamm
1977, Firth 1980). The original procedure described by Forssell in 1920 consists of surgically
removing portions of the sternomandibularis, sternothyrohyoideus and omohyoideus muscles
that are involved in the cribbing action (Baker and Kear Colwell 1974, Forssell 1926). The
procedure has been modified to improve its cosmetic outcome by decreasing the extent of tissue
resected. The technique for bilateral neurectomy of the ventral branches of the spinal accessory
nerves (11th cranial nerves) was initially described by Hamm (1977) and subsequently modified
(Bruere 1966) to remove the innervation to the sternomandibularis muscles, which are the major
muscles used by the horse to flex its neck. Another surgical method to prevent cribbing is
permanent buccal fistulation, which prevents the horse from keeping the mouth airtight
(Karlander et al. 1965). However, the mouth is open when cribbing, so both the rationale and

efficacy of this procedure have been questioned (McGreevy and Nicol 1998a).

To date, the surgical treatment of choice for cribbing is a combination of a modified
Forssell’s procedure and a bilateral neurectomy (Houpt 1986). The success claimed for
myectomy diverges between authors, with Forsell (1926) quoting success rates of 100-60% and,
more recently (Hermans 1973), a 53% ‘cure’ rate being reported. Similar discrepancies arise for

neurectomy. Monin (1982) and Fraufelder (1981) cite success rates of 60%, while Firth (1980)
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and Owen et al. (1980) cite complete failure. It has been suggested that confusion in terminology
and differing criteria for success, follow-up periods and post-operative management may have
contributed to these divergences (Owen 1982). Of the surgical cases that show partial rather than
complete resolution, grasping is reported to be more persistent than grunting. This supports the
findings of McGreevy et al. (1995a) which revealed the involvement of the musculature of the

ventral neck in the air-engulfing process that accompanies the characteristic grunt.

The most common method of managing cribbing behavior in horses is the use of a
cribbing collar or strap. This device is used to punish and prevent neck flexion (Hayes 1968). In
general, the collar consists of a leather strap with or without a hinged, metal curve to allow room
for the trachea. Many modifications of the basic design exist, including metal spikes and leather
spurs that are meant to increase discomfort when the neck is flexed (Owen 1982), and shock
collars. The collar is placed at around the neck at the throatlatch and is tightened to the point
where neck flexion cannot be performed. Many animals will adapt to the constriction and then
resume cribbing, causing the collar to be further tightened, which eventually could lead to trauma
(Hatchen 1995). Use of a cribbing collar has been shown to induce a stress response (McBride
and Cuddleford 2001). Also, while the cribbing collar may initially reduce performance of the
behavior, horses have been shown in one study to crib at higher than normal frequencies once the

device is removed (McGreevy and Nicol 1998b).

Conseqguences

There are a number of negative side effects of cribbing behavior. Regarding their

environment, horses displaying cribbing behavior usually cause significant damage to equine



facilities by continuously latching on surfaces with their incisors. Cribbing can lead to loose
fence posts and broken boards and doors, as well as damage to feed and water buckets, hay rings
and gates. Not only is cribbing an annoyance for horse owners, it is also can result in medical
problems for affected horses. The incisors are invariably eroded prematurely due the repeated
stress placed on them (Fraser 1992), which could also lead to fractures or avulsions of these
teeth. Horses affected by cribbing behavior may also be underweight (Hayes 1968). McGreevy et
al. (2001) determined that cribbing horses displayed a trend for weight loss compared to horses
that did not perform the behavior. Difficulty maintaining weight could be attributed to the
propensity of cribbing horses to spend less time eating and resting compared to non-cribbing
horses (McGreevy et al. 2001). The musculature of the neck can also become hypertrophic in
habitual cribbers (Dodman et al. 1987). This feature could make the animal esthetically
unacceptable to potential buyers and could potentially even affect the animal’s ability to be

safely and pleasantly ridden by increasing the animal’s pull on the bit.

Regarding gastrointestinal disorders, reports have linked cribbing to a higher incidence of
large colon tympany (Dodman et al. 1987, Hillyer et al. 2002) and simple large colon
displacements (Hillyer et al. 2002). Caretaker’s preconceptions of any association between this
vice and colic may have resulted in reporting bias for this variable. However, Hillyer et al.
(2002) designed a study that effectively minimized this bias and still found a strong association
between cribbing and large colon tympany and displacement. McGreevy (1996) recognized an
association between cribbing and colic, although previous work suggests it may not be a result of
direct passage of air into the stomach (McGreevy et al. 1995a). Later research by the same group

showed a prolongation of intestinal transit time in cribbing horses (McGreevy et al. 2001) and



this may provide a mechanism for the increased risk of large colon tympany and displacements

associated with this behavior (Hillyer et al. 2002).

There is also evidence that cribbing behavior may be associated with foregut acidosis and
irritation. Nicol (1999) hypothesized cribbing serves to increase saliva flow and protect against
gastric irritation. Indeed, cribbing horses seem to produce less saliva overall compared to non-
cribbing horses, and decreased saliva production was observed when cribbing was prevented
(Moeller et al. 2008). Sixty percent of cribbing foals suffer from gastric ulceration, compared
with only 20% of non-cribbing foals (Nicol et al. 2002). Interestingly, addition of anti-acid
medications to the foals” diets resulted in decreased cribbing behavior as well as improved the
health of the gastric mucosa, suggesting that cribbing and colic may be the result of altered
gastrointestinal physiology, rather than the cause. Cribbing behavior is suggested to manifest in
response to anything that results in visceral pain, which would include gastric ulceration (Mills et
al. 2005). More recently, a study from Wickens et al. (2013) found no difference in number or
severity of gastric ulcers, prevalence of hyperkeratosis, or baseline gastric pH between cribbing
and non-cribbing adult horses, indicating that cribbing behavior per se would not directly cause
gastric damage; however, consumption of concentrate feed resulted in greater serum gastrin

concentration in cribbing horses compared to non-cribbing horses.

Two separate studies (Archer et al. 2004, 2008) have solidly proven an association
between cribbing behavior and epiploic foramen entrapment in horses. Epiploic foramen
entrapment (EFE) is one of the most common causes of small intestinal strangulation in this
species. While EFE represents a relatively small proportion of colic cases occurring within the

general population, it accounts for 5-23% of all strangulating lesions of the small intestine, it is



the second most prevalent type of small intestinal strangulating lesion in some hospital

populations, and it represents 2—-8% of horses with colic that undergo surgery (Freeman 2006).

Horses of greater height at the withers were identified to be at a higher risk for
development of EFE (Archer et al. 2008). The relationship between height and altered likelihood
of EFE may be due to anatomical differences in the relative dimensions of the epiploic foramen
making entrapment more likely to occur in larger horses, but this is unproven. Age was not
shown to alter the likelihood of EFE in some studies (Archer et al. 2004, 2008, Freeman and
Schaeffer 2001), in contrast with older literature (Wheat 1972). In fact, horses of all ages can be
affected, including foals less than 9 months old and horses 11 months to 3 years (Freeman 2006).
In some of the larger studies, 47% to 71% of horses were younger than 11 years of age, and none
of the affected horses was older than 20 years (Vachon and Fischer 1995, Scheidemann 1989,
Schmid 1998, Engelbert et al. 1993, Freeman and Schaeffer 2001). Some studies found
Thoroughbred and Thoroughbred-crosses to be at higher risk (Vachon and Fischer 1995, Vasey
1988, Archer et al. 2004), and geldings or stallions constituted the vast majority of cases in two
studies (Vachon and Fischer 1995, Scheidemann 1989). Increased stabling in the 28 days prior to
the colic event was significantly associated with increased likelihood of EFE in one study
(Archer et al. 2008). Increased stabling may be a marker for a number of other changes such as
reduced access to pasture, increased quantity of supplementary forage and reduction in exercise.
Evidence of a seasonal pattern with more cases of EFE occurring in January than in any other
month was consistent across several studies (Archer et al. 2004, 2006, 2008). Sudden increases
in stabling may coincide with particular seasonal weather patterns, therefore seasonality and

stabling may be two reflections of the same practice management (Archer 2008).
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The proposed pathogenic factor for development of EFE was a decrease in intra-abdominal
pressure (IAP), which would cause expansion of the epiploic foramen, and increase the risk for
entrance of the small intestine. In human medicine, a similar condition of intestinal strangulation
is described as herniation through the foramen of Winslow (Ghahremani 2009). This form of
strangulation in humans is very rare, but the interesting fact about it is that its onset is often
preceded by an event that results in a significant increase in IAP, such as parturition, straining, or
sneezing (Erskine 1967, Forbes and Stephen 2006, Meyers 1994). In horses, the effect of
cribbing behavior on IAP has not been directly assessed. During previous studies conducted by
the authors that investigated IAP in horses, it was noted that IAP increased during coughing,
urination and defecation (Munsterman, unpublished data); therefore it is likely that cribbing
causes an increase in IAP. The goal of this study was to measure the IAP of horses before, during
and after the cribbing behavior. We hypothesized that IAP of horses at the time of cribbing

would be significantly higher compared to resting AP and to horses that do not crib.
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b. Intra-Abdominal Pressure In Human Medicine

Historical Background

As summarized by Schein, the effects of elevated IAP have been known since 1863,
when Marey of Paris highlighted that “the effects that respiration produces on the thorax are the
inverse of those present in the abdomen” (Schein 2006). It was not until 1911 that Emerson
showed in dogs that elevated IAP increases systemic vascular resistance (SVR) and can cause
death from cardiac failure even before the development of asphyxia. The term abdominal
compartment syndrome (ACS) was first used by Fietsam et al. (1989) to describe the
pathophysiologic alterations resulting from intra-abdominal hypertension (IAH) secondary to
aortic aneurysm surgery: “In four patients that received more than 25 L of fluid resuscitation
increased IAP developed after aneurysm repair. It was manifested by increased ventilatory
pressure, increased central venous pressure, and decreased urinary output. This set of findings
constitutes an ACS caused by massive interstitial and retroperitoneal swelling [...]. Opening the
abdominal incision was associated with dramatic improvements [...]”. Hence the first definition

of ACS was finally coined (Malbrain et al. 2008).

Definitions
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The World Society on Abdominal Compartment Syndrome (WSACS — www.wsacs.org)
was founded in 2004 to serve as a peer-reviewed forum and educational resource for all
healthcare providers and industry members who have an interest in human IAH and ACS. The
first consensus definitions report of the WSACS was recently published (Malbrain et al. 2006).
In the consensus, IAP is defined as the steady-state pressure concealed within the abdominal
cavity. Abdominal Perfusion Pressure (APP) is the difference between Mean Arterial Pressure
(MAP) and IAP. Normal IAP is approximately 5-7 mmHg (6.8-9.5 cmH20) in critically ill
human adults. IAH is defined by a sustained or repeated pathologic elevation of IAP above 12
mmHg (>16.3 cmH20), and is graded as grade | (12-15 mmHg, 16.3-20.4 cmH20), grade Il (16-
20 mmHg, 20.5-27.2 cmH20), grade Il (21-25 mmHg, 27.3-34 cmH20) and grade 1V (>25
mmHg, >34 cmH20). When new organ or dysfunction occurs concurrently to an IAP >20
mmHg (>27.2 cmH20), ACS is defined. ACS can be primary or secondary. Primary ACS is
associated with injury or disease in the abdomino-pelvic region, whereas secondary ACS does
not originate from conditions affecting the abdomino-pelvic region directly (Malbrain et al.

2006).

Analogous to the widely accepted and clinically utilized concept of cerebral perfusion
pressure (CPP), which is calculated as mean arterial pressure (MAP) minus intracranial pressure
(ICP), abdominal perfusion pressure (APP), calculated as MAP minus IAP, has been proposed as
a more accurate predictor of visceral perfusion and a potential endpoint for resuscitation
(Cheatham et al. 2000, Malbrain 2002, Deeren et al. 2005, Cheatham and Malbrain 2006a). With
respect to both arterial inflow (MAP) and restrictions to venous outflow (IAP), APP is

statistically superior to either parameter alone in predicting patient survival from IAH and ACS
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(Cheatham and Malbrain 2006b). A target APP of at least 60 mmHg (81.6 cmH20O) has been

demonstrated to correlate with improved survival from IAH and ACS (Malbrain et al 2008).

Etiology

ACS can be diagnosed when there is increased IAP with evidence of end-organ
dysfunction. Although multiple causes of acute cardiopulmonary, renal, hepatosplanchnic or
neurologic deterioration exist in the ICU, it is particularly important that IAP is recognized as an
independent risk factor for organ function deterioration. Many conditions have been reported in
association with IAH/ACS and can be classified into four categories (Burch et al. 1996, Ivatury
et al. 2001): factors that diminish abdominal wall compliance, factors related to increased intra-
abdominal contents, factors related to abdominal collections of fluid, air or blood, and factors

related to capillary leakage and fluid resuscitation (See Table 1).

Diagnosis

The abdominal circumference is not a reliable parameter to assess IAP, and clinical 1AP
estimation is also inaccurate, with a sensitivity and a positive predictive value of 40-60%
(Kirkpatrick et al. 2000, Sugrue et al. 2002). Radiologic investigations with plain radiography of
the chest or abdomen, abdominal ultrasound or CT scans are also not sensitive to increased 1AP
(Malbrain et al. 2008). Direct or indirect measurement of 1AP is the only effective method to

assess it (Malbrain et al. 2008).
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The abdomen and its contents can be considered as relatively non-compressive and fluid
in character, therefore they are thought to behave in accordance with Pascal’s law that states that
pressure exerted anywhere in a confined incompressible fluid is transmitted equally in all
directions throughout the fluid. The IAP measured at one point may therefore be assumed to
represent the IAP throughout the abdomen (Malbrain 2004a, Malbrain and Jones 2006). IAP
increases with inspiration (diaphragmatic contraction) and decreases with expiration
(diaphragmatic relaxation) normally ranging from 0 to 10 mmHg (0-13.6 cmH20) (Sanchez et
al. 2001). However, certain physiologic conditions such as morbid obesity (Sugerman et al.
1997, Sugerman 2001), ovarian tumors, cirrhosis or pregnancy may be associated with chronic
IAP elevations of 10-15 mmHg (13.6-20.4 cmH20), to which patients can adapt without
significant pathophysiology (Malbrain et al. 2008). In contrast, children commonly show lower

IAP values (median 4 mmHg, 5.4 cmH20) (Davis et al. 2005).

The clinical importance of IAP must therefore be assessed in view of the baseline steady-
state IAP for the individual patient (Malbrain et al. 2008). IAP can be directly measured with an
intraperitoneal catheter attached to a pressure transducer. During COZ2-insufflation in
laparoscopic surgery IAP is measured directly via the Verres needle. Different indirect methods
for estimating IAP are used clinically because direct measurements are considered to be too
invasive (Malbrain 2004b, De Potter et al. 2005). These techniques include rectal, uteral, gastric,

inferior vena caval and urinary bladder pressure measurement.

1. Bladder
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1.1 Original Open Single Measurement Technique

This bladder technique, first described by Kron et al. (1984), has traditionally been used
as the method of choice for measuring IAP. Each measurement involves disconnecting the
patient’s Foley catheter from the urine collection bag and sterilely instilling 50-100 ml of saline
in the bladder. For each individual IAP measurement a 16 g needle is then used to connect a
manometer or pressure transducer. The symphysis pubis is used as a reference line. This
technique has many disadvantages. First and foremost, it is time consuming. Second, each
measurement disrupts a closed sterile system, elevating the risk for contamination and urinary
tract infections. Third, if the same pressure transducer is used for IAP and Central Venous
Pressure (CVP), with zero-reference at the midaxillary line, putting the patient upright with
concomitant rise in the transducer may lead to underestimation of IAP, while putting the patient
in the Trendelenburg position can lead to overestimation. Fourth, the fact that recalibration needs

to be done before every measurement augments the risk for errors.

Finally, a fluid-filled system can produce artifacts that further distort the IAP pressure
waveform. Failure to recognize these recording system artifacts can lead to interpretation errors
(Darovic et al. 1995). Any fluid-filled system is prone to changes in body-position and over- or
underdamping due to the presence of air-bubbles, tubing that is too compliant or too long, etc. A
rapid flush test should, therefore, always be performed before an IAP reading in order to obtain
an idea of the dynamic response properties and to minimize these distortions and artifacts (Iberti
et al. 1987). Confirmation of correct measurement can be done by inspection of respiratory
variations and by gentle oscillations applied to the abdomen that should be immediately
transmitted and seen on the monitor with a quick return to baseline. In case of a questionable

signal, the flush test should be repeated.
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Other disadvantages of this technique are that it is an intermittent technique that
interferes with urine output without the possibility of obtaining a continuous trend, it places the
patient at increased risk of urinary tract infection or sepsis, and it subjects healthcare providers to
the risk of needle stick injuries and exposure to blood and body fluids (Kron et al. 1984). In

conclusion, the Kron technique has at the present time no clinical implications.

1.2 Closed System Single Measurement Technique

Iberti and co-workers reported the use of a closed system drain and transurethral bladder
pressure monitoring method (Iberti et al. 1987, 1989). Using a sterile technique, the method
infuses an average of 250 ml of normal saline through the urinary catheter to purge catheter
tubing and bladder. The bladder catheter is clamped and a 20-gauge needle is inserted through
the culture aspiration port for each AP measurement. The transducer is zeroed at the symphysis,
and mean IAP is read after a 2-min equilibration period. This method has the same disadvantages
related to the hydrostatic fluid column as the Kron technique, and because it is not needle-free it
also subjects health care workers to needlestick injuries (Sugrue et al. 2002; Castillo et al. 1998).
The advantages compared with the Kron technique are that it is simpler, less time-consuming,
and there are fewer manipulations, thus a lesser risk of infections. In conclusion, the Iberti

technique has at the present time limited clinical implications (e.g. screening for IAH).

1.3 Closed System Repeated Measurement Technique

Cheatham and Safcsak reported a revision of Kron’s original technique (Cheatham and

Safcsak 1998). In this method, a standard intravenous infusion set is connected to a 1,000 ml
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reservoir bag of normal saline, two stopcocks, a 60-ml Luer-lock syringe and a disposable
pressure transducer. An 18-gauge plastic intravenous infusion catheter is inserted into the culture
aspiration port of the Foley catheter and the needle is removed. The infusion catheter is attached
to the pressure tubing and the system flushed with saline (Fig.1). Measurements of 1AP are then

obtained.

This technique has the same inconveniencies related to any fluid-filled system as
described with the Kron and Iberti techniques. It can pose problems after a couple of days
because the culture aspiration port membrane can become leaky or the catheter may Kink,
leading to false IAP measurement. The fact that the infusion catheter needs to be replaced after a
couple of days could increase the infection risk and needle-stick injuries. However, this
technique has minimal side effects and complications, e.g. a decreased risk for urinary tract
infection (Sagraves et al. 1997), it is safer, less invasive, takes less than 1 minute, it allows
repeated measurements and is more cost-effective (Cheatham and Safcsak 1998). This technique
is ideal for screening and monitoring, but because of leakage it cannot be used for longer than 48

hours.

1.4 Revised Closed System Repeated Measurement Technique

The technique of Cheatham and Safcsak (1998) was modified as follows. A ramp with
three stopcocks is inserted in the drainage tubing connected to a Foley catheter. A standard
infusion set is connected to a bag of 1,000 ml of normal saline and attached to the first stopcock.
A 60-ml syringe is connected to the second stopcock and the third stopcock is connected to a

pressure transducer via rigid pressure tubing (Fig.2). The system is flushed with normal saline
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and the pressure transducer is zeroed at the symphysis pubis (or the midaxillary line when the
patient is in complete supine position). It has the same inconveniencies related to a fluid-filled
system as described with the Kron, Iberti or Cheatham techniques. This technique has the same
advantages as the Cheatham technique, with a required nursing time of less than 2 min per
measurement, a minimized risk of urinary tract infection and sepsis since it is a closed, sterile
system, the possibility of repeated measurements and reduced cost. Since it is a needle-free
system, it does not interfere with the culture aspiration port and the risk of needle stick injuries is
absent. This technique can be used for screening or for monitoring for a longer period of time (2—

3 weeks).

In an anuric patient, continuous IAP recordings are possible via the bladder using a
closed system connected to the Foley catheter after the culture aspiration port, or directly to the
Foley catheter using a conical connection piece connected to a standard pressure transducer via
pressure tubing. After initial calibration of the system with 50 ml of saline and zeroing at the
symphysis pubis, the transducer is taped at the symphysis or thigh and a continuous 1AP reading

can be obtained.

In conclusion, if one wants to use Intra-Vesical Pressure (IVP) as estimate for 1AP, the
Cheatham or revised technique is preferred over the Kron or Iberti technique. The revised
methods for IAP measurement via the bladder maintain the patient’s Foley catheter as a closed
system, limiting the risk of infection. Since these are needle-free systems they also avoid the
risks of needle-stick injury and overcome the problems of leakage and catheter kinks in the
method described by Cheatham. They are more cost-effective, and facilitate repeated

measurements of 1AP.
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1.5 Classic Technique

A quick estimate of the IAP can also be obtained in a patient without a pressure
transducer by using his own urine as the transducing medium, first described by nurse Harrahill
(Malbrain 2001, 2002; Harrahill 1998). To perform this measurement, one clamps the Foley
catheter just above the urine collection bag. The tubing is then held at a position of 30-40 cm
above the symphysis pubis and the clamp is released. The IAP is indicated by the height (in cm)
of the urine column from the pubic bone. The meniscus should show respiratory variations. This
rapid estimation of IAP can only be done in case of sufficient urine output. In an oliguric patient,
50 ml of saline can be injected to prime the system. This method has all the inconveniencies
associated with a fluid-filled system, as described previously. However, since it is needle-free, it
poses no risks for injuries. It allows repeated measurements, is very inexpensive, and fast with

minimal manipulation. Commercial Kits are available for this technique (Fig.3).

1.6 U-tube Technique

In an animal study, Lee and co-workers compared direct insufflated abdominal pressure
with indirect bladder, gastric and inferior vena cava pressures (Lee et al. 2002). IVP was
measured by both the standard and U-tube technique, using the patient’s own urine. With the U-
tube technique, the catheter tubing was raised approximately 60 cm above the animal to form a
fluid filled manometer, and IVVP was measured as the height of the meniscus of urine from the
pubic symphysis. The authors found a good correlation between the U-tube pressure and other
direct and indirect techniques. It has the same advantages and inconveniences as the classic
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“Harrahill” technique. The major advantage of this technique is that the volume re-instilled into
the bladder is more stable (but still not well defined). This method can be used as a quick

screening method.

1.7 Foley Manometer Technique

A prototype Foley catheter device (Holtech Medical, Copenhagen, Denmark) was tested
for IAP measurement using the patients’ own urine as pressure transmitting medium (Malbrain et
al. 2002). A 50 ml container fitted with a bio-filter for venting is inserted between the Foley
catheter and the drainage bag. The container fills with urine during drainage; when the container
is elevated, the 50 ml of urine flows back into the patient’s bladder, and 1AP can be read from
the position of the meniscus in the clear manometer tube between the container and the Foley

catheter.

A good correlation was found between the 1AP obtained via the Foley manometer and the
gold standard in 119 paired measurements (R2=0.71, P<0.0001). It has the same inconveniencies
and advantages as the other manometry techniques. It allows repeated measurements, is very
cost-effective, and fast, with minimal manipulation. The advantage with the Foley manometer is
that the volume re-instilled into the bladder is standardized at 50 ml; therefore, it is preferred
over the other manometry techniques. A major drawback is the possibility of occasional
obstruction of the bio-filter, leading to overestimation of IAP in some cases, and the presence of
air-bubbles in the manometer tube, producing multiple menisci leading to misinterpretation of
IAP. Further refinement and multicentric validation needs to be done before this method is used

in a clinical setting.
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In conclusion, the manometry techniques give a rapid and cost-effective idea of the
magnitude of IAP and may be as accurate as other direct and indirect techniques. They can easily
be performed every other hour together with and without interfering with urine output
measurements. Moreover, the risk of infection and needle stick injury is absent. Since they need

to be validated in a multicenter setting, they are currently not ready for general clinical use.

2. Stomach

2.1 Classic Intermittent Technique

The IAP can also be measured by means of a nasogastric or gastrostomy tube. This
method can be used when the patient has no Foley catheter in place, or when accurate bladder
pressures are not possible due to the absence of free movement of the bladder wall. In case of
bladder trauma, peritoneal adhesions, pelvic hematomas or fractures, abdominal packing, or a
neurogenic bladder, IVP may overestimate IAP, and an alternative method of measurement
should be used (Collee et al. 1993). The same inconveniences associated with every fluid-filled
system apply to measurements from the stomach. Another disadvantage is that the migrating
motor complex and nasogastric feeding interfere with gastric pressures. Furthermore, all air and
fluid needs to be aspirated from the stomach before measuring 1AP, which is difficult to verify

and becomes very difficult to confirm in patients with ileus. The advantages are that it is cheap,
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does not interfere with urine output, and the risks of infection and needlestick injuries are absent.

This cost-effective technique is ideal for screening.

2.2 Semi-Continuous Technique

Sugrue and co-workers assessed the accuracy of measuring simultaneous IVP and IAP
via the balloon of a gastric tonometer during laparoscopic cholecystectomy (Sugrue et al. 1994).
The tonometric balloon on the tube is usually employed for tonometry, a technique of indirectly
measuring intramural pH. The balloon was inserted orally, and its intragastric position was
confirmed by aspiration of gastric juice, auscultation of air insufflation into the stomach, and
confirmation of a rise in IAP following external epigastric pressure. A pressure volume curve of
the gastric tonometer balloon at 37 °C confirmed that instillation of up to 3 ml of air allowed the
balloon to act as a pressure transducer. Particular attention was paid to make sure that the
stomach was in a period of quiescent motor activity. They found a good correlation between the
intravesical and the intragastric method. These results were validated and a good correlation was
found between the classic gastric method, the tonometer method and VP in a subsequent study

(Debaveye et al. 2000).

Measurement via the tonometer balloon limits the risks and has major advantages over
the standard intravesical method: no infection risk and no interference with estimation of urine
output. Since it is air-filled, it has none of the disadvantages associated with fluid-filled systems
(zero-reference points, over- or underdamping or body position). A possible disadvantage is the
effect on interpretation of IAP values by the migrating motor complex. Recording the “diastolic”

value of IAP at end-expiration can solve this problem. Other problems are that a 5-ml glass
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syringe is needed to fill the balloon, and that no data are available on effects of enteral feedings
on these IAP measurements. This technique could be used for experimental purposes and in

cases where clinicians are interested in simultaneous CO2 gap and IAP monitoring.

2.3 Revised Semi-Continuous Technique

In this method, an esophageal balloon catheter is inserted into the stomach for
measurement of intra-gastric pressures. When the balloon is in the stomach, the whole of the
respiratory 1AP pressure wave will be positive and will increase upon inspiration in cases of a
functional diaphragm. If the balloon is too high in the thorax, the pressure will flip from positive
to negative on inspiration, indicating the balloon is measuring esophageal or pleural pressure
instead. A standard three-way stopcock is connected to a pressure transducer. All air is evacuated
from the balloon with a glass syringe and 1-2 ml of air reintroduced to the balloon. The balloon
is connected via a “dry” system to the transducer; however, the transducer itself is not classically
connected to a pressurized bag and not flushed with normal saline to avoid air/fluid interactions.

The transducer is zeroed to the atmosphere and AP is read at end expiration.

A disadvantage is that the air in the balloon is reabsorbed after a couple of hours, so that
“recalibration” of the balloon is necessary with a 2-5 ml glass syringe for continuous
measurement. Inaccurate measurements may occur if the nurse waits too long for recalibration or
if the re-instilled volume is not exactly the same as the previous one. Advantages are it is less
time-consuming, and it has all the advantages of an air-filled system. By using this technique, the
cost of IAP is further reduced depending on the catheter used. Moreover, a semi-continuous

measurement of IAP as a trend over time is possible. This technique is ideal for monitoring for
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an extended period of time; however, when using multiple tubes the risk of sinusitis or infection

needs to be evaluated.

2.4 Continuous Fully Automated Technique

For this continuous technique, the IAP catheter is introduced like a nasogastric tube, and
it is equipped with an air pouch at the tip. The catheter has one lumen that connects the air-pouch
with the IAP monitor and one lumen that takes the guide wire for introduction. The pressure
transducer, the electronic hardware, and the device for filling the air-pouch are integrated in the
IAP-monitor. Once every hour, the IAP monitor opens the pressure transducer to atmospheric
pressure for automatic zero adjustment. The air-pouch is then filled with a volume of 0.1 ml
required for accurate pressure transmission. Initial validation in ICU patients and laparoscopic
surgery showed good correlation with the standard IVP method (Malbrain 2003). Schachtrupp
and co-authors used the same technique to directly measure IAP in a porcine model and found a
good correlation between the air pouch system and direct insufflator pressure (Schachtrupp et al.

2003).

This technique has no major disadvantage except that validation in humans is still in its
infant stage. The advantages are similar to those related to other gastric and air-filled methods. In
summary, it is simple, fast, accurate, reproducible, and fully automated, so that a real continuous
24 hour trend can be obtained. This technique is not suited for screening, but is best for
continuous, fully automated monitoring for extended periods of time. Since it is less prone to
errors and more cost-effective if in place for a longer period of time, this technique has potential

in becoming the future standard for multicenter research purposes.

25



In summary, the revised methods via the stomach have the advantage of being free from
interference caused by inaccurate transducer positions, since the creation of a conductive fluid
column is not needed as air is used as the transmitting medium. The continuous fully automated
technique also gives a continuous tracing of IAP together with APP, analogous to measurement
of intracranial pressure and cerebral perfusion pressure, allowing both parameters to be
monitored as a trend over time. The APP is calculated by subtracting IAP from the mean arterial
blood pressure. Clinical data showed the importance of APP as a superior marker for 1AH,
allowing for improved treatment of patients with IAH and ACS, and reducing end-organ failure

and associated morbidity and mortality (Malbrain 2002; Cheatham et al. 2000).

3. Rectum

Rectal pressures are used routinely as an estimate for IAP during urodynamic studies.
Transmural detrusor muscle pressure is calculated as IVP minus IAP (Lacey et al. 1987; Shafik
et al 1997). Rectal pressures can be obtained by means of an open rectal catheter with a
continuous slow irrigation (1 ml/min), but special fluid-filled balloon catheters are used more
routinely, although they are more expensive. The major problem with the open catheter is that
residual feces can block the catheter-tip opening leading to overestimation of IAP. Other
disadvantages of this technique are that it is more difficult, requires more manipulation, is
intermittent, and cannot be used in patients with lower gastro-intestinal bleeding or profound
diarrhea. There is also a great reluctance among nurses to use it. Since it is fluid-filled, it has all
the problems associated with a hydrostatic fluid column, but since it is needle-free it decreases

patient and healthcare worker infections or injuries. The fluid-filled balloon catheters are more
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expensive and could theoretically stay in place for a longer period of time, but they may interfere
with gastro-intestinal transit and can cause erosions and even necrosis of the anal sphincter and
rectal ampulla. Finally these techniques have not been validated in the ICU setting. This

technique has no clinical implications in the human ICU setting.

4. Uterus

This technique is performed with the same catheters as for the rectal route. Uterine
pressures are used routinely by gynecologists during pregnancy and labor. Classically, a standard
so-called “intra-uterine pressure catheter” (IUPC) is used for this purpose (Dowdle 1997). A
special fluid-filled balloon catheter (as for rectal pressure) can be used; however electronic
catheters are becoming more available (Fig.4). The major disadvantages of this technique are the
same as for rectal pressures: i.e., it is more difficult, requires more manipulation, is intermittent,
and cannot be used on patients with gynecological bleeding or infection. In its manometric, fluid-
filled version, it has all the problems associated with a hydrostatic fluid column. Finally, this
technique has not been validated in ICU patient populations. This technique has no clinical

implications in the human ICU setting, and is limited to females.

5. Inferior Vena Cava

The inferior vena cava pressure (IVCP) has been suggested as an estimation for IAP in
humans. It uses the same techniques as described previously but the methods are applied to an

inferior vena cava catheter. A central venous line is inserted into the inferior vena cava via the
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left or right femoral vein. The intra-abdominal position of the catheter is confirmed by portable
lower abdominal radiographs, and confirmation of a rise in 1AP following external abdominal
pressure. A three-way stopcock is connected to the distal lumen, one end is connected to a
pressure transducer via arterial tubing, and the other end is connected to a pressurized infusion
bag of 1,000 ml saline. The transducer is zeroed at the midaxillary line with the patient in the

supine position and IAP is read end-expiratory as with CVP.

The major disadvantage of this technique is the risk of possible catheter-related
bloodstream infections and septic shock. The initial placement is more time-consuming. It also
has the problems inherent to fluid-filled systems and poses potential injury to the patient and
healthcare workers. The major advantages are that a continuous trend can be obtained, it does not
interfere with urine output, and it could be used in bladder-trauma patients. Finally this technique

has not been validated in human ICU patient populations.

In a rabbit study comparing different methods of indirect IAP measurement, Lacey and
coworkers found a good correlation between bladder and inferior vena cava pressure with direct
intraperitoneal IAP measurement, but not with gastric, femoral or rectal pressure (Lacey et al.
1987). Lee et al. (2002) also found a good correlation in 30 patients during laparoscopy. A study
conducted in humans comparing superior vena cava pressure (SVCP) with common iliac venous
pressure (CIVP) in various conditions of IAP and PEEP showed that the difference between
CIVP and SVCP was not affected by the IAP, which implies that CIVP does not reflect IAP
correctly (Yol et al. 1998). The most likely explanation is the differing anatomy between the
humans and an experimental model used to induce increased IAP in canines. In humans both

CVIP and SVCP increase as IAP increases (Yol et al. 1998). Joynt et al. (1996) also found a
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good correlation between SVCP and IVCP regardless of IAH. This technique has limited

implications in the ICU setting.

6. Microchip Transducer-Tipped Catheters

Different types of catheters tipped with microchip transducers are now available on the
market (Fig.4). They can either be placed via the rectal, uterine, vesical or gastric route. These
catheters have two types of construction: a 360 degree membrane pressure sensor in the organ
(rectum, uterus, bladder, stomach) connected to an external transducer in a reusable cable, or a
fiber-optic in vivo pressure transducer in the tip of the catheter itself. These catheters provide
true zero in-situ calibration. By disconnecting and checking for zero on the monitor, clinicians

can instantly validate and check the zero status of the monitor and the transducer (Dowdle 1997).

Schachtrupp and co-workers found a good correlation between IAP obtained by a
piezoresistive pressure device and direct insufflator pressure (R2=0.92), with a difference of
1.6+4.8 mmHg (2.2+6.5 cmH20); however, the limits of agreement were large (8 to 11.2
mmHg, 10.9 to 15.2 cmH20) (Schachtrupp et al. 2003). This might have been due to an
unknown measurement drift due to the fact that the device cannot be zeroed to the environment
when placed intra-abdominally. The major disadvantages of this technique is that it is very
expensive; these catheters are said to be re-usable a couple of times after cleaning with soap and
water and gas sterilization, but no data on ICU patients is available. They are mostly used during
urodynamic studies or in females in labor for a limited period of time (hours); none have been

tested in ICU patients for longer periods of time (days to weeks). The major advantages are that a

29



continuous trend can be obtained, it is less time consuming, and it does not interfere with urine

output.

In summary, only gastric and bladder pressures are used clinically in humans. Over the
years, bladder pressure has advanced as the gold-standard indirect method and commercial
measurement Kits have become available including the Foley Manometer (Holtech Medical,
Kopenhagen, Denmark) and AbViser- valve (Wolfe Tory Medical, Salt Lake City, UT, USA).
The bladder technique has achieved widespread adoption due to its simplicity and minimal cost
(Malbrain 2004a, Malbrain and Jones 2006). However, considerable variation is noted between
the different techniques used, and clinical data suggest that minimal volumes (10-25 ml) should
be instilled in the bladder for priming to achieve consistent readings. (De Waele 2006, Malbrain

and Deeren 2006, Ball and Kirkpatrick 2006).

Pathophysiologic Implications

IAH affects multiple organ systems in a graded fashion. In order to fully understand the
clinical presentation and management of IAH disorders, the pathophysiology of each organ

system must be considered separately (Saggi et al. 2001, Malbrain 2004b, Malbrain et al. 2005).

1. Neurologic Function

Acute IAH causes increased ICP due to augmentation of pleural pressure. Cranial
perfusion pressure (CPP) decreases due to functional obstruction of cerebral venous outflow

caused by increased intrathoracic pressure (ITP), which in turn is due to cephalad displacement
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of the diaphragm in combination with the reduction of systemic blood pressure by decreased
preload and cardiac output (CO). Cerebral blood flow and jugular bulb saturation also decrease.
The effects of IAP on the central nervous system (CNS) have not been extensively studied to
date and remain a challenging area for laboratory and clinical investigators (Malbrain et al. 2008,
Deeren et al. 2005, Citerio and Berra 2006, Citerio et al. 2001, Bloomfield et al. 1999,

Bloomfield et al. 1995, Bloomfield et al. 1996, Bloomfield et al. 1997, Saggi et al. 1999).

2. Cardiovascular Function

Pleural pressure and ITP also increase due to cephalad movement of the diaphragm. This
results in difficult assessment of preload because traditional filling pressures are erroneously
increased. When 1AP rises above 10 mmHg (13.6 cmH20), CO drops because of increased
afterload, as well as decreased preload and left ventricular compliance. Systemic vascular
resistance (SVR) increases due to mechanical compression of vascular beds, and preload is
reduced by decreased stroke volume and venous return (Kashtan et al. 1981, Ridings et al.1995,
Richardson and Trinkle 1976, Malbrain and Cheatham 2004). Mean arterial blood pressure may
initially rise due to shunting of blood away from the abdominal cavity, but thereafter normalizes

or decreases (Cheatham and Malbrain 2006a, Cheatham and Malbrain 2006b).

3. Pulmonary Function

Interactions between the abdominal and thoracic compartments pose a specific challenge

to ICU physicians (Mertens zur Borg et al. 2006a). Both compartments are linked via the
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diaphragm and on average a 50% (range: 25-80%) transmission of 1AP to the ITP has been noted
in previous animal and human studies (Malbrain and Cheatham 2004). Patients with primary
ACS often develop secondary acute respiratory distress syndrome (ARDS) and require a
different ventilatory strategy as well as more specific treatment than patients with primary ARDS
(Ranieri et al. 1997, Gattinoni et al. 1998). The major problem lies in a reduction of functional
residual capacity, which, together with alterations caused by secondary ARDS, leads to so-called
“baby-lungs”. The “baby-lungs” concept originated from a series of CT examinations carried in
patients with primary or secondary ARDS, which showed that the normally aerated tissue has the
dimensions of the lung of a 5- to 6- year old child (Gattinoni and Pesenti 2012). Also, the
compression of the pulmonary parenchyma, which appears to begin with an IAP of 16-30 mmHg
(21.8-40.8 cmH20), results in alveolar atelectasis, decreased oxygen transport across the
pulmonary capillary membrane, reduced pulmonary capillary blood flow, decreased CO2
excretion and increased alveolar dead space, which in turn lead to hypoxia and hypercarbia. Both
peak inspiratory and mean airway pressures are also significantly increased and may result in

pulmonary edema (Cheatham 2009).

4. Hepatic Function

The liver appears to be particularly susceptible to injury in the presence of elevated 1AP.
Animal and human studies have shown impairment of hepatic cell function and liver perfusion
even with an only moderately elevated IAP of 10 mmHg (13.6 cmH20) (Diebel et al. 1992a,

Wendon et al. 2006). Furthermore, acute liver failure, decompensated chronic liver disease and
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liver transplantation are frequently complicated by IAH and ACS (Biancofiore et al. 2004,

Biancofiore et al. 2003a and b).

5. Renal Function

IAH has been associated with renal impairment for over 150 years (Schein 2006), but a
clinically recognized relationship was only recently found (Biancofiore et al 2003b, Sugrue et al.
2006). An increasing number of large clinical studies have found that 1AH is independently
associated with renal impairment and increased mortality (Sugrue et al. 1995, Sugrue et al.
1999). The etiology of these changes is not well established but may be multifactorial and
include reduced renal perfusion, reduced CO, increased SVR and altered expression of humeral
and neurogenic factors. Elevated IAP significantly decreases renal artery blood flow and
compresses the renal vein, leading to renal dysfunction and failure (Kirkpatrick et al. 2007).
Oliguria develops at an IAP of 15 mmHg (20.4 cmH20) and anuria at 30 mmHg (40.8 cmH20)
in the presence of normovolemia, and at lower levels of IAP in patients with hypovolemia or

sepsis (Bradley et al. 1955, Harman et al.1982).

Renal perfusion pressure (RPP) and renal filtration gradient (FG) have been proposed as
key factors in the development of IAP-induced renal failure and are defined as RPP = MAP -
IAP and FG = GFP — PTP = (MAP - IAP) — IAP = MAP - 2 x IAP, where GFP is the glomerular
filtration pressure and PTP the proximal tubular pressure. Thus, changes in IAP affect renal
function and urine production more than changes in MAP. It is therefore not surprising that
decreased renal function as evidenced by oliguria is one of the first visible signs of IAH

(Malbrain et al. 2008).
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6. Gastrointestinal Function

Intra-abdominal hypertension has profound effects on splanchnic organs, causing
diminished perfusion, and mucosal acidosis, setting the stage for multi-organ failure (MOF)
(Ivatury et al. 2006). The pathologic changes are more pronounced after sequential insults of
ischemia-reperfusion and IAH. Intra-abdominal hypertension and ACS may serve as the second
insult in the two-hit phenomenon of multiple-organ dysfunction syndrome (Diebel et al. 1997,
Diebel et al 1992b). Clinical studies have demonstrated a temporal relationship between ACS
and subsequent MOF (Ivatury and Diebel 2006, Balogh and Moore 2006, Raeburn and Moore

2006).

In animals, ACS provokes cytokine release and neutrophil migration, resulting in remote
organ failure. In humans, ACS results in splanchnic hypoperfusion that may occur in the absence
of hypotension or decreased CO. This ischemic and reperfusion injury to the gastrointestinal tract
serves as the second insult in a two-hit model of MOF where the lymph flow conducts gut-

derived pro-inflammatory cytokines to remote organs.

7. Abdominal Wall and Endocrine Function

Increased IAP has been shown to reduce abdominal wall blood flow by direct
compressive effects leading to local ischemia and edema (Diebel et al. 1992c), which in turn can

decrease abdominal wall compliance and exacerbate IAH (Mutoh et al. 1992). Abdominal wall

34



muscle and fascial ischemia may contribute to infectious and non-infectious wound

complications (e.g., dehiscence, herniation, necrotizing fasciitis) often seen in patients with I1AH.

Clinical Management

The management of patients with IAH is based on three principles (Mayberry 2006, Parr
and Olvera 2006): specific procedures to reduce IAP and the consequences of ACS, general
support (intensive care) of the critically ill patient, and optimization after surgical decompression

in an attempt to counteract some of the specific adverse effects associated with decompression.

1. Medical Treatment

Before surgical decompression is considered, less invasive medical treatment options
should be exhausted. Different medical treatment procedures have been suggested to decrease
IAP (Malbrain 2002) and are based on five different mechanisms: improvement of abdominal
wall compliance, evacuation of intraluminal contents, evacuation of abdominal fluid, correction
of capillary leak and positive fluid balance, and specific treatments to reduce abdominal

pressure.

1.1 Improvement of Abdominal Wall Compliance

A number of pharmacological, physical and surgical approaches can be used to manage

abdominal wall compliance. Drugs that are used to decrease IAP include sedatives and curarizing
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agents. Sedation can help to control IAH by increasing abdominal wall compliance. Fentanyl,
however, may acutely increase IAP by stimulation of active phasic expiratory activity
(Drummond and Duncan 2002) so opioids should be used judiciously in sedation protocols for
these patients. Curarization decreases IAP, however its use is almost exclusive to the operating
theater (Deeren et al. 2005, De Waele et al. 2003, Macalino et al. 2002, Kimball and Mone 2005,

Kimball et al. 1985).

Regarding mechanical strategies, body positioning has an important effect on 1AP. It
appears that supine position results in a decrease in IAP and prone positioning results in its
increase, most likely as a consequence of restriction of abdominal movements (Hering et al.
2001, 2002, Michelet et al. 2005). In situations where prone positioning is necessary for other
reasons, for example to improve arterial oxygenation in patients presenting with ARDS, the use
of skin pressure decreasing interfaces such as air mattresses can help keep the increase in IAP to

a minimum (Michelet et al. 2005).

As far as surgical approaches to treatment of IAH and ACS, a percutaneous procedure for
increasing abdominal capacity/compliance and decreasing IAP based on the principles of
abdominal wall component separation was validated in a porcine ACS model (Voss et al. 2003).
Briefly, bilateral subcutaneous tunnels were made above the plane of the abdominal musculature,
and dissection of the external oblique insertion and development of the plane between external
and internal oblique muscles was performed. The fascia overlying internal oblique was left
intact. This procedure resulted in an increase in the abdominal capacity of more than 1 L, a mean
pressure drop of 31.6%, and a 61% improvement in intestinal perfusion (Voss et al. 2003). In

burn patients, a similar procedure also had beneficial effects (Latenser et al. 2002).
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1.2 Evacuation of Intra-Luminal Contents

lleus is common in most critically ill patients. Non-invasive evacuation of abdominal
contents should be attempted by gastric tube placement and suctioning, rectal catheters, enemas
and possibly endoscopic decompression (Bauer et al. 1985, Cheatham et al. 1995, Moss and
Friedman 1977, Savassi-Rocha et al. 1992). These procedures can be performed in conjunction
with administration of gastro- and or colonoprokinetics such as erythromycin, metoclopramide
and neostigmine or prostygmine (Ponec et al. 1999, Wilmer et al. 1997, Madl and Druml 2003,

Malbrain 2000a, Gorecki et al. 2000, van der Spoel et al. 2001).

1.3 Evacuation of Abdominal Fluid Collections

Drainage of tense ascites may result in decreased IAP (Luca et al. 1994, Cabrera et al.
2001, Reckard et al. 2005). In patients with liver cirrhosis and esophageal varices, paracentesis
helps to decrease variceal wall tension and the risk of rupture and bleeding. (Escorsell et al.
2002). Paracentesis is also the treatment of choice for burn patients with secondary ACS
(Latenser et al. 2002, Gotlieb et al. 1998. Navarro-Rodriguez et al. 2003). For hematomas, blood
collections and local abscesses, CT-guided fine needle aspiration has been described in the

setting of IAH and ACS (Malbrain and De Laet 2009).

1.4 Correction of Capillary Leakage, Blood Pressure Management and Positive Fluid Balance
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In the initial phase, fluid loss should be compensated to prevent splanchnic
hypoperfusion (Friedlander et al.1998, Gargiulo et al. 1998, Simon et al. 1997). Low-dose
infusion of dobutamine, but not dopamine, also corrects the impairment of intestinal mucosal
perfusion by moderate increases in intra-abdominal pressure (Agusti et al. 2000). Abdominal
compartment syndrome patients retain large volumes of sodium and water that exacerbates tissue
edema and third spacing due to capillary leakage, thereby resulting in a vicious cycle of ongoing
IAH. In the early stages, diuretic therapy in combination with albumin can mobilize the edema,
but only if the patient is hemodynamically stable. In some cases, it is preferable to give colloids
or albumin instead of crystalloids (O’Mara et al. 2005, SAFE 2004). In burn patients, co-
administration of ascorbic acid results in reduced fluid requirements (Matsuda et al. 1991,
Tanaka et al. 2000). Many patients, however, will develop anuria as renal blood flow is reduced.
In these cases, renal replacement therapy with fluid removal by intermittent dialysis or
continuous veno-venous hemofiltration (CVVH) should not be delayed (Oda et al. 2005, Kula et

al. 2004, Vachharajani et al. 2003).

1.5 Specific Treatments

The application of continuous negative abdominal pressure using an externally applied,
continuous, negative abdominal pressure device has shown to decrease IAP and increase end-
expiratory lung volumes in animals and humans (Bloomfield et al. 1999, Saggi et al. 1999,
Valenza et al. 2005, Valenza et al. 2003, Valenza and Gattinoni 2006). In a manner similar to the
targeting of CPP (CPP=MAP-ICP) or coronary perfusion pressure (CoPP) (CoPP = diastolic

blood pressure — pulmonary artery occlusion pressure), it may be appropriate to target APP,

38



where APP=MAP-IAP, to a level that reduces the risk of worsened splanchnic perfusion and
subsequent organ dysfunction (Cheatham et al. 2000, Malbrain 2002, Malbrain and Cheatham

2004).

2. Surgical Decompression

Although surgical decompression remains the only definitive management tool for ACS,
the timing of this procedure still remains controversial. During the intervention, specific
anesthetic challenges need to be addressed, and after decompression the patient is at risk for
ischemia-reperfusion injury, venous stasis and fatal pulmonary embolism (Mertens zur Borg et
al. 2006b). Maintenance of adequate preload and APP is the key to success (Cheatham et al.
2000, Cheatham and Malbrain 2006a, Simon et al. 1997). Open abdomen treatment (or
laparostomy) was initially intended for patients with diffuse intra-abdominal infections and often
was used in combination with a planned re-laparotomy approach. Due to the increased awareness
of the deleterious effects of IAH, open abdomen treatment, either prophylactic or therapeutic, is

more common in the ICU (Balogh and Moore 2006, Balogh et al. 2006).
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C. Intra-Abdominal Pressures in Equine Medicine

Potential Relevance

As previously mentioned, three causes of IAH in human medicine include decreased
body wall compliance (e.g., tight abdominal closures), increased intra-abdominal contents (e.qg.,
due to ileus, ascites, or hemoabdomen), as well as IAH secondary to large volume resuscitation
resulting in capillary leak syndrome, reperfusion injury, and cytokine release (Pelosi et al. 2002,
Ivatury et al. 1997, Malbrain et al. 2008). Similar risk factors for IAH are present in equine
patients (Munsterman and Hanson 2009), and recognition of IAH in this species would allow for
development of therapies to prevent multiorgan dysfunction from ACS (Munsterman and

Hanson 2009).

Current Literature

Although animal models for IAH and ACS have been developed using pigs, dogs, cats,
ruminants, rabbits, chimpanzees and guinea pigs (Bailey and Shapiro 2000, Rosenthal et al.
1997, Rosenthal et al. 1998, Gudmundsson et al. 2001, Schachtrupp et al. 2002, Harman et al.
1982, Davis et al. 1965, Beckett et al. 1967, Dougherty et al. 1955, Yagci et al. 2005, Doty et al.
2002), clinical reports in veterinary medicine are sparse. In companion animals, |IAH has been

associated with ovariohysterectomy, gastric dilatation and volvulus, pyometra, hemoperitoneum,
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ascites, diaphragmatic hernia, bile peritonitis, and babesiosis (Conzemius et al. 1995, Drellich
2000, Joubert et al. 2007). In large animal species, cardiopulmonary sequelae of pathologic IAH
in ruminant bloat and iatrogenic IAH secondary to CO2 insufflation during laparoscopy in horses
have been investigated (Donaldson et al. 1998, Latimer et al. 2003, Cruz et al. 2004). More
recent research in horses established reference values for indirect IAP in standing, sedated and
recumbent, anesthetized horses (Southwood and Wilkins 2005), which measured <10 cmH20
(<7.4mmHg) in anesthetized, recumbent horses; and <7 cmH20 (<5mmHg) in standing sedated
horses using a bladder catheterization technique and a water manometer (Wilkins 2005,
Southwood and Wilkins 2005). Munsterman and Hanson (2009) developed a direct method for
measuring intra-abdominal pressures in the standing horse, established reference values for
pressures using this technique in horses off feed, and investigated several indirect measurement
techniques in this species. The same group of investigators researched the effect of abdominal
bandages and gastric fill on IAP (Barrett et al. 2013a,b), and validated the use of a microsensor
catheter as a more practical tool for direct IAP measurement in this species (Barrett et al. 2013c).
Reference values for direct (invasive) measurement techniques as established by Munsterman
and Hanson (2009, 2011) were subatmospheric (range -5.0 to 0.3 cm H20, mean £ SD -1.80 +
1.61 cm H20 in the 2009 study; range -6.6 to 3.1 cm H20, mean +_ SD, -1.59 + 2.09 cmH20

in the 2011 study).

Diagnosis

Similarly to human medicine, IAP in horses can be obtained directly, through an

intraperitoneal catheter, or through indirect methods, using catheters introduced into one of a
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number of intra-abdominal organs that transfer pressure through their walls (Malbrain 2004a).
The indirect method using intravesicular pressures has been investigated as technique for intra-
abdominal pressure measurement in veterinary patients (Joubert et al. 2007, Wilkins 2005,
Munsterman and Hanson 2009) as well as in canine and porcine models of human intra-
abdominal hypertension (Kron et al. 1984, Iberti et al. 1987, Gudmundsson et al. 2002).
Research models measuring intra-abdominal pressures in horses have used both a direct and

indirect method (Dechant et al. 2008, Southwood and Wilkins 2005).

1. Bladder

1.1 Water Manometry

Munsterman and Hanson (2009) have shown that indirect IAP measured using a
transvesical technique were repeatable within each horse, but not between horses, and that
indirect pressures did not significantly correlate to direct pressure measurements (Munsterman
and Hanson 2011, Barrett et al. 2013a, Barrett et al. 2013b). This study was also the first in
evaluating the effect of infused fluid volume on bladder pressures in horses. The results indicated
that indirect pressures were increased with increasing bladder infusion volumes, probably due to
increased detrusor tone as reported in the human literature (Gudmundsson et al. 2002, Del aet et
al. 2008, Souminen et al. 2006, Chiumello et al. 2007, Malbrain and Deeren 2006, De Waele et
al. 2006). Current recommendations suggest that bias can be reduced by infusing a minimal
amount of fluid, 25mL in humans, to establish a column of fluid for a pressure reading (Malbrain
et al. 2006, DeL aet et al. 2008, Malbrain and Deeren 2006, De Waele et al. 2006, Fusco et al.
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2001). The results of the study from Munsterman and Hanson (2009) show no effect on pressures
with infusion volumes of 50mL or less, and more consistent readings obtained with volumes >0
mL. Therefore the 50-mL infusion volume appears to allow for the most dependable indirect

pressure measurement in the horses in that study.

When indirect IAP were compared with direct pressures across the range of bladder
volumes in that study, the correlations were only low to moderate for all volumes infused. These
correlations improved slightly as volume increased, but were not significant. Human studies that
examined the correlation of direct and indirect IAP across a range of volumes showed much
higher correlation coefficients for all volumes, with Pearson’s r values ranging from 0.78 to 0.97
(Souminen et al. 2006, Fusco et al. 2001). Anatomical differences, including the position of the
bladder (retroperitoneal) in the human versus the horse (intraperitoneal), make direct
comparisons between studies difficult (Gudmundsson et al. 2002, Munsterman and Hanson

2009).

1.2 AirFilled System

An alternative air-filled system (Canola et al. 2009) has been used for intravesical
measurement resulting in inconsistent findings; correlation between values of intravesical
pressure and 1AP was lacking. The authors speculated on several possible reasons for this lack of
correlation; the bladder may have been over-distended (3 ml/kg fluid was used in each horse),
the compliance of the bladder wall may not be consistent amongst individuals which may have

reflected in transvesical pressure measurements, and circulating catecholamines due to stress of
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catheter placement and manipulation may have had an effect on the detrusor muscle and

therefore on bladder pressures (Canola et al. 2009).

2. Stomach

Equine intragastric pressure (IGP) was first measured in studies on exercise physiology,
by means of a balloon catheter (Slocombe et al. 1991), a microchip-tipped transducer (Ainsworth
et al. 1996), and a specially made barostatic intragastric bag (Lorenzo-Figueras and Merritt
2002). This bag measures changes in pressure by recording the amount of air that must be
injected or removed to maintain a preset pressure, and it has been used in place of the tonometry
balloon for gastric pressure measurement in exercising horses (Lorenzo-Figueras and Merritt
2002); however, direct comparison to intraperitoneal pressures or any other method of indirect

pressure measurement has not been performed.

Munsterman and Hanson (2009) tested IGP in horses and their correlation with directly
measured intra-abdominal pressures. Indeed, the stomach acts in a manner similar to the bladder,
allowing transduction of intra-abdominal pressures to the fluid column established within a
nasogastric tube (Munsterman and Hanson 2011). To allow for a comparison, simultaneous
direct intraperitoneal pressure measurement was performed. For indirect IAP measurement using
gastric pressures, a U-tube manometry technique was used based on a previously published
method (Lee et al. 2002). A standard equine nasogastric tube (12mm internal diameter, 295cm
long) was placed in the stomach to the level of the 11th rib space, with the distance measured
before placement of the tube. Air was removed from the stomach, and the tube was kinked and

then capped to reduce the entrance of room air. For gastric pressure measurement, a solid fluid
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column was established with the residual fluid in the stomach by infusion of a specific volume of
water using a funnel. Gastric pressures were measured by holding the nasogastric tube vertical to
act as a manometer, and the pressure determined using a centimeter ruler, zeroed at the point of

the shoulder (Munsterman and Hanson 2011).

This method uses the tubing itself as the manometer and has been validated in pigs and in
humans as a noninvasive method for IAP measurement (Collee et al. 1993, Lee et al. 2002). By
raising the tubing vertically, a U is formed, allowing the water pressure to be measured as the
height of the column of fluid above a given reference. The point of the shoulder was chosen in
this specific study as a repeatable reference point to approximate the level of the stomach in the

horse (Munsterman and Hanson 2011).

For comparison of the intraperitoneal and gastric pressures measurement techniques,
pressures were recorded using both methods simultaneously after infusion of 5 different volumes
of fluid (0, 400, 1,000, 2,000, 3,000mL) into the stomach. Multiple volumes were selected to
determine the effect, if any, on gastric pressure, as well as to determine the optimum volume to
consistently obtain a manometry reading. Although the authors were able to obtain gastric
pressure measurements in all of the horses, the intra- and inter-individual variation was
significantly greater for gastric pressure measurements at all infusion volumes when compared
with intraperitoneal pressures. Comparison between the two methods of pressure measurement
demonstrated a conclusive lack of correlation (Lin’s concordance correlation coefficient, -0.003;
P = 0.75), indicating that gastric pressures should not be used in place of intraperitoneal

pressures for IAP measurement.
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The authors suggested the most likely cause of the inaccuracies of the pressures recorded
to be the fluid manometry method itself (Malbrain 2004a). The residual volume in the stomach
was unknown, which raises questions as to the accuracy and reproducibility between
measurements based on a specific volume infused. Furthermore, it is impossible to know exactly
where the tubing is placed in a horse’s stomach, and any air pocket in the stomach or tubing
could attenuate the pressures transferred through the fluid column (Malbrain 2004a). The U-tube
method, as described, requires complete drainage of the stomach and removal of any residual air
in the organ before measurement to avoid this complication (Collee et al. 1993, Lee et al. 2002),

but this is difficult to perform or confirm in horses (Munsterman and Hanson 2011).

To avoid the pitfalls of the manometry system, the use of a gastric tonometry balloon in
human medicine has been shown to increase accuracy, and also allow for the measurement of
gastric pH as an independent measure of perfusion (Turnbull et al. 2007, Sugrue et al. 1994). The
balloon is filled with a specific volume of air, and pressure changes are recorded by measuring
compression of the balloon. This air-filled system negates the problems with the manometry
technique in terms of the variability of an arbitrary reference point, or over- and underdamping
of the system by air bubbles (Munsterman and Hanson 2011). Gastric tonometry has been
described in foals (Sanchez et al. 2008, Valverde et al. 2006), and the use of gastric and
esophageal balloon manometers has been attempted subsequently; however the correlation with

directly measured 1AP was poor (Canola et al. 2011a).

3. Rectum
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Intra-rectal pressures (IRP) in horses have been tested as part of an exercise physiology
study using a balloon catheter (Slocombe et al. 1991). That study found lack of correlation
between IRP, IGP and IAP and also inconsistent readings for each catheter. The authors
speculated that there may be real differences in regional pressures throughout the abdomen
attributable to elastic, resistive and inertial effects of different regions of the visceral mass.
However, this explanation contradicts Pascal’s law that states that pressure exerted anywhere in a
confined incompressible fluid is transmitted equally in all directions throughout the fluid such
that the pressure variations remain the same (Bloomfield 2006). Alternatively some data in
Slocombe’s study may be spurious due to the fact that the catheters may not have been

surrounded by a fluid medium at all times during measurements (Slocombe et al. 1991).

4. Direct Techniques

4.1 Teat Cannula and Water Manometer

Munsterman and Hanson (2011) were the first to describe a standardized and repeatable
technique for direct measurement of IAP in horses. A teat cannula was placed intra-peritoneal
using a modified abdominocentesis technique. The height of the midpoint of the tuber ischii and
the point of the shoulder (cranial eminence of the greater tubercle of the humerus) were
measured and recorded. A point midway between these measurements was calculated as the
height for placement of the peritoneal cannula. The final site was chosen at that height,
approximately 12 cm caudal to the last rib in the right flank. After proper clipping, aseptic
preparation and local anesthesia, an 8-cm metal teat cannula was introduced into the abdomen.
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An extension set with an injection port near the hub was attached to the teat cannula. A water
manometer system was connected to the extension set and a fluid column was established from
the water manometer using sterile electrolyte solution. The manometer was zeroed at the height
measured for introduction of the cannula. The averaged direct IAP measured from standing,
normal horses with the head in a neutral position was -1.80 cmH20 (1.61 cmH20; 95% Cl, -2.80
to -0.80), ranging from -5.0 to 0.3 cmH20 (median -1.65 cmH20) in that study. Serial
measurement of direct IAP was performed in each horse, which obtained consistent readings
(variance 0.00-0.85, average SD 0.22) (Munsterman and Hanson 2009). This study is the first in

reporting a standardized technique for direct IAP measurements in the horse.

The cannula site for direct pressure measurement was selected based on 2 factors. First,
the site was extrapolated from the mid-axillary line, the recommended reference point for
indirect pressure measurement in humans (Malbrain et al. 2006). Second, this site was easily
accessible in the flank, and used 2 boney landmarks to allow for consistent selection of an entry
point. Previous work had shown that the mass of the abdominal contents above the site of
measurement influences the IAP measured (Pelosi et al. 2002, Malbrain 2004a, Loring et al.
1994, Bumaschny and Rodriguez, 2000). Because the majority of gastrointestinal viscera lie
beneath the cannula, the authors postulated that their site selected should reduce error due to
normal variations in abdominal fill, but still allow space above the cannula to measure any
increase in intra-abdominal pressure in future studies. Finally, the catheter site was selected to
allow for a more relevant comparison between direct and indirect IAP measurement by
intravesicular and intragastric catheters. Based on the unknown effects of the abdominal viscera

on the pressures measured at the various positions of the catheters in the abdomen, the site was
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selected to approximate a similar height in the abdomen for all 3 catheters in an effort to reduce

this effect (Munsterman and Hanson 2009).

Direct IAP obtained in the study were subatmospheric, which is expected to allow for
normal venous return and perfusion of the abdominal organs (Malbrain et al. 2006, Pelosi et al.
2002, Masey et al. 1985). Interestingly, direct pressures measured previously through a ventral
midline cannula in horses were extremely positive (95% CI 17.9-43.1cmH20) (Dechant et al.
2008) probably due to the increased weight and volume of viscera above the cannula when
pressures were measured on ventral midline. Higher direct pressures are noted in other species as
pressures are measured more ventrally, which has been related to the known effects of gravity,
the mass and deformability of organs, and to compressive external forces (Malbrain 2004a,

Loring et al. 1994).

In humans, body mass index significantly increases IAP (Lambert et al. 2005, Sanchez et
al. 2001, Malbrain et al. 2004b, Malbrain 2000b), but interestingly the opposite is true for horses
(Munsterman and Hanson 2009). An explanation for this finding could relate to either variations
in body condition, or a relative increase in abdominal dimensions compared with body size as
body weight decreased (Munsterman and Hanson 2009). When both studies from Munsterman
and Hanson are analyzed (2009 and 2011), intra- and inter-individual variance for directly
measured IAP were similar in both reports, indicating that the use of this method appears to
provide reliable results in normal horses. Both studies noted a lack of correlation between the
indirect measurements using bladder or gastric pressures and intraperitoneal pressures. In
addition, there was significantly greater inter-individual variation for the indirect measurement of
intra-abdominal pressures regardless of technique (Munsterman and Hanson 2011). The authors

concluded that both methods of indirect intra-abdominal pressure measurement are highly
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variable between horses, which will make statistical comparison between horses and between

studies difficult.

Potentially serious complications of direct intra-abdominal pressure measurement, using
the technique described in this study, include enterocentesis, peritonitis, pneumoperitoneum, and
local subcutaneous infection or abscess formation. The risks of these complications could
increase in horses with increased intra-abdominal pressures or visceral distention, as well as the
risk of cannula occlusion by the viscera. However, this method is comparable in risk to a teat
cannula abdominocentesis, commonly performed in horses with abdominal disease. Clinical use
of this procedure may be contraindicated in any horse in which cannula abdominocentesis was

deferred, or in horses where long-term intra-abdominal pressure monitoring is required.

Differences between investigational approaches and reference points for placement of the
cannula have contributed to there being substantial variation in reported normal values. Some
obtained subatmospheric values ranging from -11.6 £ 2.0 mmHg (-11.6 + 2.7 cmH20) (Canola
et al. 2009) and -10.16 + 2.2 mmHg (-14.4 + 2.3 cmH20) (Canola et al. 2011b) to -1.32 £ 4.5
mmHg (-1.8 + 6.1 cmH20) (Munsterman and Hanson 2009) and -1.17 +1.53 mmHg (-1.6 £ 2
cmH20) (Munsterman and Hanson 2011) while others have reported positive 1AP values,
ranging from 2.72 + 1.0 mmHg (3.7 £ 1.4 cmH20) (Slocombe et al. 1991) to 32.5 £11.5 mmHg
(44.2 £ 15.6 cmH20) (Dechant et al. 2008). In the first case series describing IAH in 2 clinical
equine cases, IAP values measured directly by abdominal puncture ranged from 21-26 mmHg

(28.5-35.3 cmH20) (Brosnahan et al. 2009).

Direct IAP measurement in man has also been shown to be prone to errors caused by

flow of ingesta, resulting in rapid increases in abdominal pressure during IAP investigation
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previously to abdominal inflation. Furthermore, the needle opening can be blocked by tissue
leading to over- or underestimation of IAP (Malbrain 2004a). Many diverse factors are known to
influence 1AP, including body position, body weight, obesity, mechanical ventilation under
general anesthesia, intestinal motility and intestinal content, and anesthesia-induced muscle
relaxation (Malbrain 2004a, Southwood and Wilkins 2005, Dechant et al. 2008, Cheatham 2009,
de Keulenaer et al. 2009, Munsterman and Hanson 2009, Gallagher 2010). Based on a critical
review of the current literature, it is possible to conclude that at this point standard reference
intervals for diagnosis of intra-abdominal hypertension may only be possible based on direct

intraperitoneal pressure measurement (Munsterman and Hanson 2011).

4.2 Microchip Transducer-Tipped Catheters

Electronic catheters were used for IGP measurement in horses in the study by Ainsworth
et al. (1996). More recently, Barrett et al (2013c) validated the use of a solid-state microsensor
catheter (Fig.5) for direct measurement of 1AP using a technique modified by Munsterman and
Hanson (2011). The method used a solid microsensor (Fig. 5) placed at the same height as the
cannula at a location 14 cm caudal to the last rib, on the right side of the horse. Prior to
placement within the abdomen, the microsensor is zeroed within a fluid medium as directed by
the manufacturer. An open-ended metal cecal cannula (Fig.6) was placed intraperitoneally at this
location in the same fashion as the first metal cannula. The obturator was removed, and the
microsensor was fed through the cannula into the abdomen. After the microsensor is fed 12 cm
into the abdomen, the cannula is removed from the body wall, leaving only the microsensor in

place within the abdomen. The microsensor is then connected to an electronic display.
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Advantages of the microsensor are that the malleable cord allows for continuous direct IAP
measurements without repeatedly cannulating the abdomen and without the need for restraint in
stocks. Additionally, the unit is simple to use and allows for digital recording of any measured

data (Barrett et al. 2013c).

Clinical Applications

Clinical signs displayed by horses affected by IAH are not well recognized and will most
likely depend on the nature of the underlying causative disease (Wilkins 2005). From a general
perspective, abnormal physical examination findings may include lethargy, reduced or absent
appetite, tachycardia, tachypnea, abdominal distention, oliguria, ventral subcutaneous edema,
and limb edema (especially affecting the pelvic limbs). Signs of decreased cardiac output such as
cool distal extremities have also been reported (Brosnahan et al. 2009). Abnormalities regarding
the pattern of urination such as dysuria and pollakiuria have been described in both equine
(Brosnahan et al. 2009) and human patients (Sugrue 2005); these may be the clinical
manifestation of renal dysfunction occurring as a result of IAH, due to increased renal vascular
resistance, decreased cardiac output and glomerular filtration rate. Cardiac anomalies may be
further demonstrated by echocardiography, which may show decreased right ventricular end-
diastolic volume, consistent with decreased venous return and thoracic tamponade (Brosnahan et
al. 2009). Finally, ultrasonographic examination of the abdomen may demonstrate an increased

quantity of peritoneal fluid (Wilkins 2005, Brosnahan et al. 2009).

A number of conditions frequently reported in equine medicine may alter IAP in this

species, namely gastric fill, abdominal bandages and abdominal palpation per rectum. Clinically,
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the volume of contents within the equine stomach may be increased in two scenarios. The first is
pathologic, such as in intestinal ileus or small intestinal impaction with ingesta that causes the
buildup of fluid within the stomach (Freeman 2006, Barrett et al. 2013a). The second is
iatrogenic, through instillation of a volume of fluid (e.g., water, electrolyte solution, mineral oil,
or feed slurry) into the stomach to treat dehydration, malnutrition, diarrhea, fecal impactions, or
large colon displacements, among others (Monreal et al. 2010, Rainger and Dart 2006, Lopes et

al. 2004, Lopes 2003, Barrett et al. 2013a).

Barrett et al. (2013a) elegantly demonstrated that gastric distension significantly
increases intra-abdominal pressures in normal horses. In this study, the mean IAP prior to
placement of the nasogastric tube was subatmospheric, consistent with the findings from
Munsterman and Hanson (2009). Comparisons of IAP taken after infusion of fluid into the
stomach noted statistically significant differences from baseline when 5L, 10 L, 15 L and 20 L
were administered, with 1AP rising up to 9 cm H20 from baseline values. Abdominal organ
perfusion pressures, determined from the MAP minus the mean IAP, decreased as the gastric
instillation volumes increased, but were not significantly different for any comparison made.
Average baseline APP in these horses was 138 + 30 cm H20 and decreased to 131 + 21 cm H20

after instillation of a total of 20 L of water.

The rise in 1AP seen in this study after the instillation of fluid into the stomach could
produce an additive effect with pressure from preexisting abdominal disease leading to an
increased risk of ACS in affected horses. The small increases in pressure seen in this study could
escalate pressures to levels capable of compressing intra-abdominal vessels, leading to altered
blood flow and reduced tissue perfusion. Additional work is required to assess the effect of

increased gastric volumes in horses with concurrent disease, but the results of this study may
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influence the use of enteral fluids in clinical cases. Nasogastric administration of between 8 and
10 L of balanced electrolyte solution every two hours has been suggested for the treatment of
large colon impactions (Monreal et al. 2010), and volumes as high as 10 L every 30 min have
been administered experimentally (Lopes 2003). Repeated administration of these large amounts
of fluid as boluses within a short period of time could repeatedly increase pressures and may lead
to sustained raised IAP with unknown clinical consequences. These results may suggest keeping
the residual stomach volume to 5 L or less in refluxing horses to reduce adverse effects of gastric
fill on 1AP. Increased residual fluid volumes in the stomach may result from gastrointestinal

disorders including intestinal impaction, postoperative ileus and enteritis.

Abdominal bandages are commonly used after a ventral midline celiotomy in horses, due
to a reported decrease in the incidence of incisional infections (Smith et al. 2007). In addition,
abdominal palpation per rectum is often performed in colic patients to monitor progression of the
gastrointestinal disease (Hardy and Rakestraw 2012). These procedures may cause an abdominal
press, due to the discomfort of the exam or bandage, and reduced abdominal compliance by

mechanical pressure on the body wall by the bandage.

The same authors examined the effects of compressive abdominal bandages and
abdominal palpation per rectum on IAP in horses (Barrett et al. 2013b). Placement of an
abdominal support wrap resulted in a significant increase of IAP from baseline, whereas no
significant effect was elicited by abdominal palpation per rectum. Tight abdominal wraps are
known to reduce abdominal wall compliance in human patients and reduced compliance is a
known contributing factor for IAH (Malbrain et al. 2008, Hunter and Damani 2004). The results
of this study suggest that abdominal compression wraps can significantly increase the IAP

measured in the normal horse. This complication of abdominal support wraps has not been
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previously investigated in horses, and its clinical significance requires further investigation in
horses with abdominal disease. While the relative magnitude of change in IAP was small, it is
possible that this increase in pressure could provide an additive effect, increasing the risk of IAH

in patients already experiencing increased IAP for other reasons (Barrett et al 2013b).

The clinical relevance of IAP in horses is an interesting prospect for future investigations
in equine critical care. To date, changes in IAP have been considered in the pathogenesis of
epiploic foramen entrapment in this species (Archer et al. 2008), and in turn the association
between cribbing behavior and epiploic foramen entrapment has been proven by several
retrospective studies (Archer et al. 2004, 2008). The objective of this research was to further
investigate the association between cribbing behavior and IAP in horses, to offer a potential

pathogenic explanation for development of epiploic foramen entrapment.

Previously, some authors suggested that cribbing behavior may decrease IAP, thereby
causing expansion of the epiploic foramen and herniation of the small intestine through the
foramen itself (Archer 2008). This study aimed to investigate the effect of cribbing behavior on
IAP. The goal of the present study was to measure the IAP of horses before, during and after the
cribbing behavior. The hypotheses of this study were that IAP of horses during cribbing would
be significantly higher compared to resting 1AP, and that IAP of cribbing horses would be higher

than the AP of horses that do not crib.
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l. MATERIALS AND METHODS

This study was performed at Auburn University Large Animal Teaching Hospital, and all
procedures were approved by the Auburn University Institutional Animal Care and Use
Committee. The horses were selected based on the following inclusion criteria: no history of
colic in the previous 6 months, no history of previous abdominal surgery, no ongoing pregnancy,
body condition score <6/9 and >4/9 according to the system described by Henneke (1983, 1985),
normal physical exam, normal trans-rectal palpation, and normal abdominal and thoracic
ultrasonographic exam at the time of inclusion. A total of sixteen horses were used, 13 geldings
and 3 mares. Breeds represented included Thoroughbred, Quarter Horse, Paint and a warmblood
cross. Mean age was 13.8 years (median 14 years, range 10 to 18 years) and average weight was
519 kg (median 517 kg, range 422 to 585 kg). Mean height at withers was 163 cm (median 164
cm, range 148 to 170 cm). Eight of the selected horses (Group 1, cribbing cohort) were known to
perform the stable vice of cribbing, based on history, observation of the stereotypical behavior,
and dental wear. Of these, 7 were geldings and 1 was a mare. The other 8 were free of this vice

(Group 2, non-cribbing cohort). Of these, 6 were geldings and 2 were mares.
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a. Initial Examination (Day One)

For inclusion in the study, each horse was restrained in stocks and received a physical
exam, external abdominal and thoracic ultrasound, and a trans-rectal palpation to confirm a lack
of pregnancy, abdominal or thoracic disease. Body condition scores were recorded, as well as
the body weight and height at the withers. Horses identified as cribbers were selected from an
Auburn University herd specifically maintained and known to crib. Dental wear and history was
evaluated on all horses to confirm or refute that the horses actively performed the vice. If the
horses met the inclusion criteria, they were confined in a 12x12 foot stall. Food was withheld for
24 hours, and a muzzle was placed if necessary to prevent ingestion of shavings. Water was
removed from the stall 3 hours prior to instrumentation. Visual checks every hour were

performed during stall confinement.
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b. Instrumentation (Day Two)

Each horse was restrained in the stocks and a peritoneal cannula was placed in a manner
previously described for direct measurement of intra-abdominal pressures (Munsterman and
Hanson 2009). Briefly, in the lower right flank at a level midway between the point of the
shoulder and the tuber ischii, a 4x4 cm area of skin was clipped and aseptically prepared in a
routine manner (chlorhexidine scrub and alcohol). The skin and subcutaneous tissues were
anesthetized with 5 ml mepivacaine. A stab incision was made through the skin using a number
15 blade, allowing for placement of a 10 cm cannula through the body wall and peritoneum.
Placement in the abdomen was confirmed by a loss of resistance to digital pressure on insertion,
as well as the audible entrance of air into the abdomen. Sterile water-based lubricant was
immediately placed around the cannula to prevent aspiration of air through the cannula at the
insertion site. The stylet was removed from the cannula and a solid state, microsensor
piezoelectric catheter (Codman, Raynham, Massachusetts) was placed through the cannula into
the peritoneal cavity. The cannula was removed, leaving the catheter in place, and the insertion
site bandaged with sterile gauze and elastic tape (Elastikon, Johnson and Johnson, New
Brunswick, New Jersey). The Codman catheter is an electronic device and no cap or tubing is

necessary.

58



c. Monitoring Phase (Day Two, Continued)

The horses were returned to their stalls and confined to one corner by loosely tying their
heads. For measurement of the intra-abdominal pressures, the intraperitoneal catheter was
attached to a commercial monitor with an electronic display (Codman, Raynham,
Massachusetts). The monitor, as well as a digital video camera (Logitech HD 720 P Logitech,
Newark, California), were placed on a cart by the horse’s head, so the camera was able to

continuously record both the readings of the monitor and the horse’s behavior.

Baseline mean 1APs were obtained real time every minute over a 30 minute period (pre-cribbing
period). After 30 minutes, a wooden board was positioned adjacent to the horse’s head, to elicit
cribbing behavior in horses of group 1 (Fig.7). In addition, the horses were teased with handfuls
of hay to help instigate the behavior. Horses in group 2 were not provided boards, but were
teased with hay in a similar manner. Placement of a wooden board in front of the horses not
affected by cribbing behavior was not deemed biologically necessary to achieve significant data.
All episodes of cribbing, defines as crib-bouts, were recorded and counted, as well as defecations
and urinations, for the next 60 minutes, defined as the cribbing period, that was further divided
into early cribbing (first 30 minutes) and late cribbing periods (second 30 minutes) for data

analysis purposes. At 90 minutes, the wooden boards were removed from group 1 horses and
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IAP monitored and recorded for an additional 30 minutes in all horses (post-cribbing period)
(Fig.8). The intraperitoneal catheters were then removed and an analgesic cream (Surpass,
Boehringer Ingelheim, St. Joseph, Missouri) was applied to the insertion site. The horses were
turned loose in their stalls, provided feed and water, and monitored for an additional 48 hours for
colic, altered vital parameters, and complications such as swelling, pain and heat at the sites of

instrumentation.
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d. Statistical Analysis

Intra-abdominal pressure was modeled using repeated measures analysis after evaluating
residual plots for normality of data (PROC MIXED, SAS 9.2). Correlated data were accounted
for using the following linecar model: Y = Xp + Zu +¢ where Y was the vector of observations
(intra-abdominal pressure), X was the treatment design matrix (cribbing and non-cribbing horses;
pre—cribbing, early cribbing, late cribbing, and post-cribbing period; 1-30 minute observations),
B was the vector of fixed treatment effects, Z was the random effects design matrix (horse), p
was the vector of random block effects, and e was the vector of experimental error. To account
for the non-independence of observations within horses, 5 correlation structures were tested
(compound symmetry, first order autoregressive, spatial power, unstructured, and variance
component) and compound symmetry was used. Models were compared using Akaike’s
information criterion. “Horse” was included in the model as a random effect. The Kenward-
Roger correction was used for all models. The P values of multiple comparisons were adjusted

using the Tukey-Kramer method. P values < 0.05 were considered significantly different.
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1. RESULTS

During the study, no horse was noted to crib under hourly walk-by observations made during
the 24 hours of stall confinement prior to the IAP measurements. Placement of intra-peritoneal
catheters was well tolerated by all horses, without the need for sedation. Intra-abdominal
pressures in the cribbing cohort ranged between -22 and 19 mmHg; in the non-cribbing cohort,
IAP ranged between -25 and 5 mmHg. The cribbing cohort (group 1) had increased mean IAP as
compared to the non-cribbing cohort horses (group 2) (see Fig.8 and Table 2). This increase in
pressure was not statistically significant during the pre-cribbing period (P = 0.0764; non-cribbing
=-9.24 £6.14 mmHg; cribbing = -1.52 £9.48 mmHg), but was significantly increased during the
early cribbing period (P = 0.0184; non-cribbing = -10.1 £5.41 mmHg; cribbing = 0.838 £8.96)
and the late cribbing period (P = 0.0003; non-cribbing = -9.79 +4.86 mmHg; cribbing = 5.53
+8.20 mmHg), and continued to remain significantly elevated after cribbing was discontinued (P
= 0.0002; non-cribbing = -8.86 £5.83 mmHg; ; cribbing = 5.97 £7.15 mmHg). Compared to the
cribbing cohort, 1APs of non-cribbing horses were relatively stable and maintained mean

negative pressures over the course of the study (Fig.8, Table 2).

When only cribbing horses were evaluated, early cribbing period IAP were significantly

increased compared to pre-cribbing period IAP (P < 0.0001; early cribbing = 0.838 +8.96
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mmHg; pre-cribbing = -1.52 +9.48 mmHg); late cribbing period IAP (second 30 minutes of the
cribbing period) were significantly increased compared to early cribbing period IAP (first 30
minutes of the cribbing period, P < 0.0001; late cribbing = 5.53 +8.20 mmHg; early cribbing =
0.838 £8.96 mmHg); but post-cribbing period IAP were not significantly different from late
cribbing period 1AP (P = 0.617; post-cribbing = 5.97 £7.15 mmHg ; late cribbing = 5.53 +8.20).
The number of cribbing bouts was not associated with increased IAP (P = 0.347). During the
total cribbing period (early and late cribbing periods combined), time was a significant predictor
for increased AP for the cribbing cohort (P < 0.0001), but not for the non-cribbing cohort (P =

0.9976).

None of the horses experienced peritoneal catheter insertion site infection. Minor
complications included subcutaneous swelling at the peritoneal catheter site in 6 horses that
resolved within 48 hours with local anti-inflammatory treatment, and one horse in the cribbing
cohort (group 1) had an episode of mild colic 32 hours after the end of the measurements.
Findings on physical exam, abdominal palpation per rectum and ultrasonographic exam of the
abdomen were within normal limits and the horse recovered uneventfully after administration of

1 gallon mineral oil via nasogastric tube and 500 mg flunixin meglumine intravenously.
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IV.  DISCUSSION

During the course of this study, IAPs of the cribbing cohort remained relatively stable during
the pre-cribbing period, steadily increased and, despite starting out with negative pressures, they
obtained positive pressures during the cribbing period, and then leveled and remained elevated
during the post-cribbing period. In contrast, IAPs of the non-cribbing cohort remained relatively
stable and maintained negative pressures throughout the course of the study. The IAPs were
significantly higher in cribbing horses during and after the cribbing episodes, compared to non-
cribbing horses. This evidence supports our hypothesis that cribbing behavior is related to
increased IAP, in contrast to a previous hypothesis that stated that cribbing behavior would

actually decrease IAP (Archer et al. 2004).

It is unclear how cribbing increases IAP. When cribbing, horses can be observed to splint
their abdomen, which may decrease abdominal wall compliance. In addition, aerophagia during
cribbing may result in gastric and small intestinal distention (Hayes 1968, Houpt 1986, Dodman
et al. 1987), although it is not proven that cribbing horses are truly aerophagic (McGreevy et al.
1995a). Both diminished abdominal wall compliance and intestinal distention have been
advocated in human (Malbrain 2008) and equine medicine (Barrett et al. 2013a) as causes of
alterations of IAP and could explain the positive correlation between cribbing and increased IAP

noted in this study.
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During the cribbing observation period, it was noted that the IAP increased significantly in
the late cribbing period compared to the early cribbing period. This finding suggests that the
increase in AP is directly related to the amount of time the horse spends cribbing. However, the
number of cribbing bouts did not seem to have an effect on IAP. Intra-abdominal pressure also
remained significantly elevated in cribbing horses for 30 minutes after the cribbing behavior had
ceased. This suggests a cumulative effect of cribbing on IAP that remains even after cribbing
has ended. Based on this finding, it is possible that horses affected by cribbing behavior have
chronically elevated IAP under conditions where they are allowed to crib ad libitum. The result
of this could be explained by hypertrophy of the abdominal muscles which may occur in
cribbers, or by air collected in the GI tract, although aerophagia in cribbers is questionable. One
could argue that, if that was the case, IAP should be significantly different between the groups
even during the pre-cribbing period, which is not what this study observed. However, the two
groups were trending towards a difference even in the pre-cribbing period, as demonstrated by
the P = 0.0764, which is close to the set value for significance. Alternatively, it may simply
require longer than 30 minutes for pressures to return to normal values after the cribbing
behavior has ceased. Further investigations that measure IAP over longer periods of time are

needed to support or refute these hypotheses in horses allowed to crib ad libitum.

The pre-cribbing pressures were close to significantly different between the two cohorts (P =
0.0764): this finding may be explained by the possibility that those horses may have cribbed
during the 24 hours prior to the instrumentation, although they were never observed to do so.
Alternatively, the pressures in cribbing horses may take more than 24 hours to return to normal

value even when the cribbing behavior has ceased.
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In human medicine, a similar condition of intestinal strangulation called herniation through
the foramen of Winslow has been occasionally reported, constituting about 8% of all internal
hernias in people (Forbes and Stephen 2006). In general, the occurrence of internal abdominal
herniations is relatively rare in people, with reports of 0.5% to 4.1% of cases of small bowel
obstruction (Takeyama et al. 2005). Hernias through the foramen of Winslow most commonly
involve the small bowel (60%—-70% of all cases), but they also can contain the terminal ileum,
cecum, and ascending colon (25%-30%). Rarely, hernias involving the transverse colon, the
greater omentum, and the gallbladder have also been reported (Martin et al. 2006, Takeyama et
al. 2005, Bruot et al. 2007, Inoue et al. 1996). Multiple anatomical and physiological
abnormalities have been considered as predisposing factors (Forbes and Stephen 2006,
Takeyama et al. 2005, Blachar and Federle 2002, Saida et al. 2000, Azar et al. 2010) including
changes in IAP (Forbes and Stephen 2006) resulting from parturition, straining, or sneezing
(Ghahremani 2009, Meyers 1994, Erskine 1967, Forbes and Stephen 2006, Martin et al. 2006).
Published studies in veterinary medicine have inferred a similar pathogenesis for epiploic
foramen entrapment in the horse (Archer et al. 2004), but up until now the relationship between

IAP and cribbing in the horse was never established.
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V. CONCLUSION

The present study, although novel, has two major pitfalls. The first is that IAP measurements
were obtained on horses for 2 hours after a 24 hour starvation period. This was deemed
necessary in order to have data as uniform as possible, by minimizing the possible effect of the
weight of gastrointestinal contents on our measurements. However, this artificial situation may
not reflect what happens in horses that are provided 24 hours access to hay or pasture, and in
situations that would allow for normal cribbing behaviors in horses that crib. In a situation
where cribbing is allowed free choice, it is possible that pressures may have been even higher,
due to the residual effect of cribbing on IAP noted in this study. Further investigations in horses

in a natural environment would be required for evaluation.

The second limitation of our study is that it provides evidence for only an association
between cribbing behavior and increased IAP. This is a step forward in understanding the
connection between cribbing and epiploic foramen entrapment, but does not establish a cause-to-
effect relationship between cribbing and epiploic foramen entrapment through a change in 1AP.
A prospective, longitudinal study including a larger population of cribbing horses, evaluating

IAP and observing the incidence of epiploic foramen entrapment in that same population would
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be necessary to establish an association between these three factors (cribbing, pressures and

epiploic foramen entrapment).

IAP and IAH is a rapidly developing field of research in equine critical care. Further research
is needed to investigate the role played by IAH in the equine acute abdomen and to elucidate its
potential involvement in postoperative complications. Finally, techniques to manage and
decrease 1AP in this species must be investigated. The clinical application of measuring methods
and of management strategies will be the challenge for the next generation of investigators in

equine critical care.

68



VI. REFERENCES

Agusti M, Elizalde JI, Adalia R, Cifuentes A, Fontanals J, Taura P. Dobutamine restores
intestinal mucosal blood flow in a porcine model of intra-abdominal hyperpressure. Crit Care
Med 2000; 28: 467-472.

Ainsworth D, Eicker S, Nalevanko M, Ducharme N, Hackett R, Snedden K. The effect of
exercise on diaphragmatic activation in horses. Resp Phys 1996; 106: 35-46.

Albright J, Mohammed H, Heleski C, Wickens C, Houpt K. Crib-biting in US horses: breed
predispositions and owner perceptions of aetiology. Equine Vet J 2009; 41: 455-458.

Alexander S, Irvine C, Livesey J, Donald R. Effect of isolation stress on concetrations of
arginine vasopressin, alpha-melanocyte-stimulating hormone and ACTH in the pituitary venous
effluent of the normal horse. J Endocrinol 1988; 116: 325-334.

Archer D, Freeman D, Doyle A, Proudman C, Edwards GB. Association between cribbing and
entrapment of the small intestine in the epiploic foramen in horses: 68 cases (1991-2002). J Am
Vet Med Assoc 2004; 224: 562-564.

Archer D, Pinchbeck G, Proudman C, Clough H. Is equine colic seasonal? Novel application of a
model based approach. BMC Veterinary Research 2006; 2: 27.

Archer D, Pinchbeck G, French N, Proudman C. Risk factors for epiploic foramen entrapment
colic in a UK horse population: a prospective case-control study. Equine Vet J 2008; 40:405-
410.

Azar A, Abraham C, Coulier B, Broze B. lleocecal herniation through the foramen of Winslow:
MDCT diagnosis. Abdom Imaging 2010; 35:574-577.

Bachmann I, Bernasconi P, Herrmann R, Weishaupt M, Stauffacher M. Behavioural and
physiological responses to an acute stressor in crib-biting and control horses. Appl Anim Behav
Sci 2003a; 82: 297-311.

Bachmann I, Audigeé L, Stauffacher M. Risk factors associated with behavioural disorders of
crib-biting, weaving and box-walking in Swiss horses. Equine Vet J 2003b; 35: 158-163.

69



Baer K, Potter G, Friend T, Beaver B. Observation effects on learning in horses. Appl Anim
Ethol 1983, 11: 123-129.

Bagshaw C, Ralston S, Fisher H. Behavioral and physiological effect of orally-administered
tryptophan on horses subjected to acute isolation stress. Appl Anim Behav Sci 1994; 40: 1-12,

Bailey J, Shapiro M. Abdominal compartment syndrome. Crit Care 2000; 4:23-29.

Baker G, Kear-Colwell. Aerophagia (windsucking) and aversion therapy in the horse. Proc Am
Assoc Equine Pract. 1975.

Ball C, Kirkpatrick A. ‘Progression towards the minimum’: the importance of standardizing the
priming volume during the indirect measurement of intra-abdominal pressures. Crit Care 2006;
10: 153-154.

Balogh Z, Moore F. Postinjury secondary abdominal compartment syndrome. In: Ivatury R,
Cheatham M, Malbrain M, Sugrue M, editors. Abdominal compartment syndrome. Georgetown:
Landes Bioscience; 2006.p.170-177.

Balogh Z, Moore F, Goettler C, Rotondo M, Schwab C, Kaplan M. Management of abdominal
compartment syndrome. In: lvatury R, Cheatham M, Malbrain M, Sugrue M, editors. Abdominal
compartment syndrome. Georgetown: Landes Bioscience; 2006.p.264-294.

Barrett E, Munsterman A, Hanson R. Effects of gastric distension on intraabdominal pressures in
horses. J Vet Emerg Crit Care 2013a; 23: 423-428.

Barrett E, Munsterman A, Hanson R. Effects of compressive abdominal bandaging and
transrectal palpation on intra-abdominal pressures in horses. J Vet Emerg Crit Care 2013b; 23:
41-46.

Barrett E, Munsterman A, Albanese V, Hanson R. Direct measurement of intra-abdominal
pressures in a horse using a solid microsensor. J Equine Vet Sci 2013c; 33: 1000-1003.

Bashaw M, Tarou L, Maki T, Maple T. A survey of variables related to stereotypy in captive
giraffe & okapi. Appl Anim Behav Sc. 2001; 73: 235-247.

Bauer J, Gelernt I, Salky B, Kreel I. Is routine postoperative nasogastric decompression really
necessary? Ann Surg 1985; 201: 233-236.

Beckett S, Meyer D, Dale H. Effects of ruminal insufflation on renal function of conscious goats
and calves. Am J Vet Res 1967; 28: 713-719.

Biancofiore G, Bindi M, Romanelli A, Boldrini A, Consani G, Bisa M, Filipponi F, Vagelli A,
Mosca F. Intra-abdominal pressure monitoring in liver transplant recipients: a prospective study.
Intensive Care Med 2003a; 29: 30-36.

70



Biancofiore G, Bindi ML, Romanelli AM, Bisa M, Boldrini A, Consani G, Filipponi F, Mosca F.
Postoperative intra-abdominal pressure and renal function after liver transplantation. Arch Surg
2003b; 138: 703-706.

Biancofiore G, Bindi M, Boldrini A, Consani G, Bisa M, Esposito M, Urbani L, Catalano G,
Filipponi F, Mosca F. Intraabdominal pressure in liver transplant recipients: incidence and
clinical significance. Transplant Proc 2004; 36: 547-549.

Blachar A, Federle M. Internal hernia: an increasingly common cause of small bowel
obstruction. Semin Ultrasound CT MR 2002; 23: 174-183.

Bloomfield L. How Things Work: The Physics of Everyday Life (ed 5). Somerset: Wiley, 2006.
p. 153.

Bloomfield G, Dalton J, Sugerman H, Ridings P, De Maria E, Bullock R. Treatment of
increasing intracranial pressure secondary to the acute abdominal compartment syndrome in a
patient with combined abdominal and head trauma. J Trauma 1995; 39: 1168-70.

Bloomfield G, Ridings P, Blocher C, Marmarou A, Sugerman H. Effects of increased intra-
abdominal pressure upon intracranial and cerebral perfusion pressure before and after volume
expansion. J Trauma 1996; 40: 936-41; discussion 41-43.

Bloomfield G, Ridings P, Blocher C, Marmarou A, Sugerman H. A proposed relationship
between increased intra-abdominal, intrathoracic, and intracranial pressure. Crit Care Med 1997;
25: 496-503.

Bloomfield G, Saggi B, Blocher C, Sugerman H. Physiologic effects of externally applied
continuous negative abdominal pressure for intra-abdominal hypertension. J Trauma 1999; 46:
1009-14; discussion 14-16.

Bradley S, Mudge G, Blake W, Alphonse P. The effect of increased intra-abdominal pressure on
the renal excretion of water and electrolytes in normal human subjects and in patients with
diabetes insipidus. Acta Clin Belg 1955; 10: 209-223.

Broom D, Kennedy M. Stereotypies in horses: their relevance to welfare and causation. Eq Vet
Educ 1993; 5: 151-154.

Brosnahan M, Holbrook T, Gilliam L, Ritchey J, Confer A. Intra-abdominal hypertension in two
adult horses. J Vet Emerg Crit Care 2009; 19: 174-180.

Bruere A. A modification of Forssell’s operation for crib-biting in the horse. NZ Vet J 1966; 14:
95-97.

Bruot O, Laurent V, Tissier S. Colon CT exploration of an internal hernia of the ascending
cecocolon through the hiatus of Winslow. J Radiol 2007; 88: 393-396.

71



Bumaschny E, Rodriguez A. Abdominal compartment syndrome, In: Baue AE, Faist E, Fry DE.
editors. Multi-organ failure: pathophysiology, prevention and therapy. New York: Springer-
Verlag; 2000, pp. 291-302.

Burch J, Moore E, Moore F, Franciose R. The abdominal compartment syndrome. Surg Clin
North Am. 1996; 76: 833-42.

Cabrera J, Falcon L, Gorriz E, Pardo MD, Granados R, Quinones A, Maynar M. Abdominal
decompression plays a major role in early postparacentesis haemodynamic changes in cirrhotic
patients with tense ascites. Gut 2001; 48: 384-389.

Canola P, Perotta J, Dias D, Canola J, Valadao C. Indirect measurement of abdominal pressure in
horses. In: Proceedings of the 11th International Congress of the World Equine Veterinary
Association. 2009, pp 68-609.

Canola P, Perotta J, Laskoski L, Escobar A, Melo e Silva C, Canola J, Johnson P, Valadéo C.
Use of gastric balloon manometry for estimation of intra-abdominal pressure in horses. Equine
Vet J 2011a; 43: 714-720.

Canola P, Perotta J, Laskoski L, Escobar A, Melo e Silva C, Canola J, Johnson P, Valadéo C.
Effect of passive pneumoperitoneum on oesophageal pressure, cardiovascular parameters and
blood gas analysis in horses. Equine Vet J 2011b; 43: 446-450.

Castillo M, Lis RJ, Ulrich H, Rivera G, Hanf C, Kvetan V. Clinical estimate compared to intra-
abdominal pressure measurement. Crit Care Med 1998; 26 (Suppl 1): 78A.

Cheatham M. Abdominal compartment syndrome: Pathophysiology and definitions. Scand J
Trauma Resusc Emerg Med 2009; 17: 10-20.

Cheatham M, Chapman W, Key S, Sawyers J. A metaanalysis of selective versus routine
nasogastric decompression after elective laparotomy. Ann Surg 1995; 221: 469-76.

Cheatham M, Safcsak K. Intra-abdominal pressure: a revised method of measurement. Am J
Surg 1998; 186: 368-369.

Cheatham M, White M, Sagraves S, Johnson J, Block E. Abdominal perfusion pressure: a
superior parameter in the assessment of intra-abdominal hypertension. J Trauma 2000; 49: 621-
6; discussion 6-7.

Cheatham M, Malbrain M. Cardiovascular implications of elevated intra-abdominal pressure. In:
Ivatury R, Cheatham M, Malbrain M, Sugrue M, editors. Abdominal compartment syndrome.
Georgetown: Landes Bioscience; 2006a. p. 89- 104.

72



Cheatham M, Malbrain M. Abdominal perfusion pressure. In: lvatury R, Cheatham M, Malbrain
M, Sugrue M, editors. Abdominal compartment syndrome. Georgetown: Landes Bioscience;
2006b. p.69-81.

Chiumello D, Tallarini F, Chierichetti M, Polli F, Li Bassi G, Motta G, Azzari S, Carsenzola C,
Gattinoni L. The effect of different volumes and temperatures of saline on the bladder pressure
measurement in critically ill patients. Crit Care 2007; 11: R82.

Citerio G, Berra L. Central nervous system. In: Ivatury R, Cheatham M, Malbrain M, Sugrue M,
editors. Abdominal compartment syndrome. Georgetown: Landes Bioscience; 2006.p.144-156.

Citerio G, Vascotto E, Villa F, Celotti S, Pesenti A. Induced abdominal compartment syndrome
increases intracranial pressure in neurotrauma patients: a prospective study. Crit Care Med 2001;
29: 1466-1471.

Clegg H, Buckley P, Friend, M, McGreevy P. The ethological and physiological characteristics
of cribbing and weaving horses. Appl Anim Behav Sci 2008; 109: 68-76.

Collee G, Lomax D, Ferguson C, Hanson G. Bedside measurement of intra-abdominal pressures
(IAP) via an indwelling nasogastric tube: clinical validation of the technique. Intensive Care Med
1993; 19: 478-480.

Conzemius M, Sammarco J, Holt D, Smith G. Clinical determination of preoperative and
postoperative intra-abdominal pressures in dogs. Vet Surg 1995; 24: 195-201.

Cruz A, Kerr C, Boure L, Sears W. Cardiovascular effects of insufflation of the abdomen with
carbon dioxide in standing horses sedated with detomidine. Am J Vet Res 2004; 65: 357-362.

Dantzer R. Behavioral, physiological, and functional aspects of stereotyped behavior: a review
and a re-interpretation. J Anim Sci 1986; 62: 1776-1786.

Darovic G, Vanriper S, Vanriper J. Fluid-filled monitoring systems. In: Darovic G, editor.
Hemodynamic monitoring, 2nd edn. Philadelphia: WB Saunders; 1995.p.149-175.

Davis P, Koottayi S, Taylor A, Butt W. Comparison of indirect methods of measuring intra-
abdominal pressure in children. Intensive Care Med 2005; 31: 471-475.

Davis L, Westfall B, Dale H. Effects of ruminal insufflation on cerebral circulation and
metabolism in the goat. Am J Vet Res 1965; 26: 1403-1412.

Debaveye Y, Bertieaux S, Malbrain ML. Simultaneous measurement of intra-abdominal pressure
and regional CO2 via a gastric tonometer. Intensive Care Med 2000; 26(Suppl 3): S324.

73



Dechant J, Nieto J, LeJeune S. Comparison of techniques for measurement of intra-abdominal
pressure in horses. In: Proceedings of 10th American College of Veterinary Emergency and
Critical Care Symposium; 2008: Phoenix, USA. p. 838.

Deeren D, Dits H, Malbrain ML. Correlation between intra-abdominal and intracranial pressure
in nontraumatic brain injury. Intensive Care Med 2005; 31: 1577-81.

De Keulenaer B, de Waele J, Powell B, Malbrain M. What is normal intra-abdominal pressure
and how is it affected by positioning, body mass and positive end-expiratory pressure? Intensive
Care Med 2009; 35: 969-976.

DelLaet I, Hoste E, De Waele J. Transvesical intra-abdominal pressure measurement using
minimal instillation volumes: how low can we go? Intensive Care Med 2008; 34: 746-750.

De Potter T, Dits H, Malbrain ML. Intra- and interobserver variability during in vitro validation
of two novel methods for intra-abdominal pressure monitoring. Intensive Care Med 2005; 31:
747-51.

Desie N, Willems A, Dits H, Van Regenmortel N, Schoonheydt K, Van De Vyvere M, Malbrain
M. Intra-abdominal pressure measurement using the Foley Manometer does not increase the risk
for urinary tract infection in critically ill patients. Annals of intensive care 2012; 2: 1-9.

De Waele J, Benoit D, Hoste E, Colardyn F. A role for muscle relaxation in patients with
abdominal compartment syndrome? Intensive Care Med 2003; 29: 332.

De Waele J, Pletinckx P, Blot S, Hoste E. Saline volume in transvesical intra-abdominal pressure
measurement: enough is enough. Intensive Care Med 2006; 32: 455-459.

Diebel L, Wilson R, Dulchavsky S, Saxe J. Effect of increased intra-abdominal pressure on
hepatic arterial, portal venous, and hepatic microcirculatory blood flow. J Trauma 1992a; 33:
279-282; discussion 82-83.

Diebel L, Dulchavsky S, Wilson R. Effect of increased intra-abdominal pressure on mesenteric
arterial and intestinal mucosal blood flow. J Trauma 1992b; 33: 45-48; discussion 8-9

Diebel L, Saxe J, Dulchavsky S. Effect of intra-abdominal pressure on abdominal wall blood
flow. Am Surg 1992c; 58: 573-575.

Diebel L, Dulchavsky S, Brown W. Splanchnic ischemia and bacterial translocation in the
abdominal compartment syndrome. J Trauma 1997; 43: 852-855.

Dodman N, Shuster L, Court M, Dixon R. Investigation into the use of narcotic antagonists in the
treatment of a stereotypic behavior pattern (crib-biting) in the horse. Am J Vet Res 1987; 48:
311-319.

74



Dodman N, Normile J, Cottam N, Guzman M, Shuster L. Prevalence of compulsive behaviors in
formerly feral horses. Intern J Appl Res Vet Med 2005; 3: 20-24.

Donaldson L, Trostle S, White N. Cardiopulmonary changes associated with abdominal
insufflation of carbon dioxide in mechanically ventilated, dorsally recumbent, halothane
anesthetized horses. Equine Vet J 1998; 30:144-151.

Doty J, Oda J, Ivatury R, Blocher C, Christie G, Yelon J, Sugerman H. The effects of
hemodynamic shock and increased intra-abdominal pressure on bacterial translocation. J Trauma
2002; 52: 13-17.

Dougherty R, Meredith C, Robert R. Physiological effects of insufflation of the stomach of
sheep. Am J Vet Res 1955; 16: 79-90.

Dowdle M. Evaluating a new intrauterine pressure catheter. J Reprod Med 1997; 42:506-513.

Drellich S. Intraabdominal pressure and abdominal compartment syndrome. Compend Cont
Educ Prac Vet 2000; 22: 764—769.

Drummond G, Duncan M. Abdominal pressure during laparoscopy: effects of fentanyl. Br J
Anaesth 2002; 88: 384-388.

Engelbert TA, Tate LP, Bowman KF, Bristol DG. Incarceration of the small intestine in the
epiploic foramen: report of 19 cases (1983-1992). Vet Surg 1993; 22: 57-61.

Erskine J. Hernia through the foramen of Winslow. Surg Gynecol Obstet 1967; 125: 1093-11009.

Escorsell A, Gines A, Llach J, Garcia-Pagan JC, Bordas JM, Bosch J, Rodes J. Increasing intra-
abdominal pressure increases pressure, volume, and wall tension in esophageal varices.
Hepatology 2002; 36: 936-940.

Fietsam R, Villalba M, Glover J, Clark K. Intra- abdominal compartment syndrome as a
complication of ruptured abdominal aortic aneurysm repair. Am Surg 1989; 55: 396-402.

Firth EC. Bilateral ventral accessory neurectomy in windsucking horses. Vet Rec 1980; 106: 30-
32.

Forbes S, Stephen W. Herniation through the foramen of Winslow: radiographic and
intraoperative findings. J Can Chir 2006; 49: 362-363.

Forssell G. The new surgical treatment against crib-biting. Vet J 1926; 82: 538-548.
Fraser A. The Behaviour of the Horse. Wallingford: CABI Publishing. 1992. p.59.

Fraufelder H. Treatment of crib-biting: A surgical approach in the standing horse. Equine vet J
1981; 13: 62-63.

75



Freeman D. Small intestine. In: Auer JA, Stick JA. editors. Equine Surgery, 3rd ed. St. Louis:
Saunders Elsevier; 2006, pp. 401-436.

Freeman D, Schaeffer D. Age distribution of horses with strangulation of the small intestine by a
lipoma or in the epiploic foramen: 46 cases (1994-2000). J Am Vet Med Assoc 2001; 219: 87-
89.

Friedlander M, Simon R, Ivatury R, DiRaimo R, Machiedo G. Effect of hemorrhage on superior
mesenteric artery flow during increased intra-abdominal pressures. J Trauma 1998; 45: 433-89.

Fusco M, Martin R, Chang M. Estimation of intra-abdominal pressure by bladder pressure
measurement: validity and methodology. J Trauma 2001; 50: 297-302.

Gallagher J. Intra-abdominal hypertension: detecting and managing a lethal complication of
critical illness. AACN Adv Crit Care 2010; 21: 205-219.

Gargiulo N, Simon R, Leon W, Machiedo G. Hemorrhage exacerbates bacterial translocation at
low levels of intra-abdominal pressure. Arch Surg 1998; 133: 1351-1355.

Gattinoni L, Pesenti A. The concept of “baby lung”. Applied Physiol Int Care Med 2012; 1: 289-
297.

Gattinoni L, Pelosi P, Suter P, Pedoto A, Vercesi P, Lissoni A. Acute respiratory distress
syndrome caused by pulmonary and extrapulmonary disease. Different syndromes? Am J Respir
Crit Care Med 1998; 158: 3-11.

Ghahremani G. Abdominal and pelvic hernias. In: Gore RM and Levine MS, editors: Textbook
of gastrointestinal radiology (ed 2). Philadelphia: Saunders, 2009. p. 1993-2009.

Gorecki P, Kessler E, Schein M. Abdominal compartment syndrome from intractable
constipation. J Am Coll Surg 2000; 190: 371.

Gotlieb W, Feldman B, Feldman- Moran O, Zmira N, Kreizer D, Segal Y, Elran E, Ben-Baruch
G. Intraperitoneal pressures and clinical parameters of total paracentesis for palliation of
symptomatic ascites in ovarian cancer. Gynecol Oncol 1998; 71: 381-385.

Gudmundsson FF, Gislason HG, Dicko A, Horn A, Viste A, Grong K, Svanes K. Effects of
prolonged increased intra-abdominal pressure on gastrointestinal blood flow in pigs. Surg
Endosc 2001; 15: 854-860.

Gudmundsson FF, Viste A, Gislason H, Svanes K. Comparison of different methods for
measuring intra-abdominal pressure. Intensive Care Med 2002; 28: 509-514.

Hamm D. A new surgical procedure to control crib biting. Proc Am Assoc Equine Pract 1977;
23: 301.

76



Hayes M. Veterinary Notes for Horse Owners (ed 16). London: Stanley Paul. 1968. p.147-149.

Hardy J, Rakestraw, P. Postoperative care, complications and reoperation. In: Auer JA, Stick JA.
editors. Equine Surgery. Ed.4 St. Louis: Elsevier, 2012. p.514-529.

Harman P, Kron I, McLachlan H, Freedlender A, Nolan S. Elevated intra-abdominal pressure
and renal function. Ann Surg 1982; 196: 594-597.

Harrahill M. Intra-abdominal pressure monitoring. J Emerg Nurs 1998; 24: 465-466.
Hatchen W. Cribbing treatment. The Equine Athlete. 1995; 8: 20-21.

Henneke D. Relationship between body condition score, physical measurement and body fat
percentage in mares. Equine Vet J 1983; 15: 371-372.

Henneke D. A condition score system for horses. Equine Pract 1985; 7: 13-15.

Hering R, Wrigge H, Vorwerk R, Brensing KA, Schroder S, Zinserling J. Hoeft A, Spiegel T,
Putensen C. The effects of prone positioning on intraabdominal pressure and cardiovascular and
renal function in patients with acute lung injury. Anesth Analg 2001; 92: 1226-1231.

Hering R, Vorwerk R, Wrigge H, Zinserling J, Schroder S, von Spiegel T, Hoeft A, Putensen C.
Prone positioning, systemic hemodynamics, hepatic indocyanine green kinetics, and gastric
intramucosal energy balance in patients with acute lung injury. Intensive Care Med 2002; 28: 53-
58.

Hermans WA. Kribbebijten-luchtzuigen. Tijdschrift Diergeneesk 1973; 98: 132-1137.
Houpt KA. Stable vices and trailer problems. Equine Pract 1986; 2: 623-633.

Houpt KA, McDonnel SM. Equine stereotypies. Comp cont Educ pract Vet 1993; 15: 1265-
1272.

Hillyer M, Taylor F, Proudman C, Edwards G, Smith J, French N. Case control study to identify
risk factors for simple colonic obstruction and distension colic in horses. Equine Vet J 2002; 34:
455-463.

Hunter J, Damani Z. Intra-abdominal hypertension and the abdominal compartment syndrome.
Anaesthesia 2004; 59: 899-907.

Iberti T, Kelly K, Gentili D, Hirsch S, Benjamin E. A simple technique to accurately determine
intra-abdominal pressure. Crit Care Med 1987; 15: 1140-1142.

Iberti T, Lieber C, Benjamin E. Determination of intra-abdominal pressure using a transurethral
bladder catheter: clinical validation of the technique. Anesthesiology 1989; 70: 47-50.

77



Inoue Y, Nakamura H, Mizumoto S, Akashi H. Lesser sac hernia through the gastrocolic
ligament: CT diagnosis. Abdom Imaging 1996; 21: 145-147.

Ivatury R, Deibel L, Porter JM, Simon R. Intra-abdominal hypertension and the abdominal
compartment syndrome. Surg Clin North Am 1997; 77:783-800.

Ivatury R, Sugerman H, Peitzman A. Abdominal compartment syndrome: recognition and
management. Adv Surg 2001; 35: 251-2609.

Ivatury R, Diebel L. Intra-abdominal hypertension and the splanchnic bed. In: Ivatury R,
Cheatham M, Malbrain M, Sugrue M, editors. Abdominal compartment syndrome. Georgetown:
Landes Bioscience; 2006.p.129-137.

Joubert K, Oglesby P, Downie J, Serfontein T. Abdominal compartment syndrome in a dog with
babesiosis. J Vet Emerg Crit Care 2007; 17: 184-190.

Joynt G, Gomersall C, Buckley T, Oh T, Young R, Freebairn R. Comparison of intrathoracic and
intraabdominal measurements of central venous pressure. The Lancet 1996; 347: 1155-1157.

Karlander S, Monson J, Tufvesson G. Buccostomy as a method of treatment of aerophagia in the
horse. Nord Vet Med 1965; 17: 455-458.

Kashtan J, Green J, Parsons E, Holcroft JW. Hemodynamic effect of increased abdominal
pressure. J Surg Res 1981; 30: 249-255.

Kiley-Worthington M. Stereotypes (sic) in horses. Equine Pract 1983; 5: 34-40.

Kimball W, Loring S, Basta S, De Troyer A, Mead J. Effects of paralysis with pancuronium on
chest wall statics in awake humans. J Appl Physiol 1985; 58: 1638-1645.

Kimball EJ, Mone M. Influence of neuromuscular blockade on intra-abdominal pressure. Crit
Care Med 2005; 33: A38.

Kirkpatrick A, Brenneman F, McLean R, Rapanos T, Boulanger B. Is clinical examination an
accurate indicator of raised intra-abdominal pressure in critically injured patients? Can J Surg
2000; 43: 207-211.

Kirkpatrick A, Colistro R, Laupland K, Fox D, Konkin D, Kock V, Mayo J, Nicolaou S. Renal
arterial resistive index response to intraabdominal hypertension in a porcine model. Crit Care
Med 2007; 35: 207-13.

Kron I, Harman P, Nolan S. The measurement of intra-abdominal pressure as a criterion for
abdominal re-exploration. Ann Surg 1984; 199: 28-30.

Kula R, Szturz P, Sklienka P, Neiser J, Jahoda J. A role for negative fluid balance in septic
patients with abdominal compartment syndrome? Intensive Care Med 2004; 30: 2138-21309.

78



Kuussaari J. Acupuncture treatment of aerophagia in horses. Am J Acupunct 1983; 11: 363.

Lacey S, Bruce J, Brooks S, Griswald J, Ferguson W, Allen J, Jewett T, Karp M, Cooney D. The
relative merits of various methods of indirect measurement of intra-abdominal pressure as a
guide to closure of bdominal wall defects. J Ped Surg 1987; 22: 1207-1211.

Lambert D, Marceau S, Forse R. Intra-abdominal pressure in the morbidly obese. Obes Surg
2005; 15 :1225-1232.

Lansade L, Bouissou M, Erhard H. Reactivity to isolation and association with conspecifics: a
temperament trait stable across time and situations. Appl Anim Behav Sci 2008; 109; 355-373.

Latenser B, Kowal- Vern A, Kimball D, Chakrin A, Dujovny N. A pilot study comparing
percutaneous decompression with decompressive laparotomy for acute abdominal compartment
syndrome in thermal injury. J Burn Care Rehabil 2002; 23: 190-195.

Latimer F, Eades S, Pettifer G, Tetens G, Hosgood G, Moore RM. Cardiopulmonary, blood and
peritoneal fluid alterations associated with abdominal insufflation of carbon dioxide in standing
horses. Equine Vet J 2003; 35: 283-290.

Lebelt D, Zanella A, Unshelm J. Physiological correlates associated with cribbing behavior in
horses: changes in thermal threshold, heart rate, plasma beta-endorphin and serotonin. Equine
Vet J 1998 (Suppl 27): 21-27.

Lee S, Anderson J, Kraut E, Wisner D, Wolfe B. A simplified approach to the diagnosis of
elevated intra-abdominal pressure. J Trauma 2002; 52: 1169-1172.

Leeney H. Home Doctoring of Animals. Macdonald and Martin, London 1929.

Lopes M. Administration of enteral fluid therapy: methods, composition of fluids and
complications. Equine Vet Educ 2003; 15: 107-112.

Lopes M, White N, Donaldson L, Crisman M, Ward D. Effects of enteral and intravenous fluid
therapy, magnesium sulfate, and sodium sulfate on colonic contents and feces in horses. Am J
Vet Res 2004; 65: 695-704.

Lorenzo-Figueras M, Merritt A. Effects of exercise on gastric volume and pH in the proximal
portion of the stomach of horses. Am J Vet Res 2002; 63: 1481-1487.

Loring S, Yoshino K, Kimball W, Barnas G. Gravitational and shear associated pressures in the
abdomen. J Appl Physiol 1994; 77: 1375-1382.

Luca A, Feu F, Garcia- Pagan JC, Jimenez W, Arroyo V, Bosch J, Rodes J. Favorable effects of
total paracentesis on splanchnic hemodynamics in cirrhotic patients with tense ascites.
Hepatology 1994; 20: 30-33.

79



Luescher U, McKeown D, Dean H.. A cross-sectional study on compulsive behaviour (stable
vices) in horses. Equine Vet J 1998 (Suppl. 27): 14-18.

Lukas K. A review of nutritional and motivational factors contributing to the performance of
regurgitation and reingestion in captive lowland gorillas (Gorilla gorilla gorilla). Appl Anim
Behav Sci 1999; 63: 237-249.

Macalino J, Goldman R, Mayberry J. Medical management of abdominal compartment
syndrome: case report and a caution. Asian J Surg 2002; 25: 244-246.

Madl C, Druml W. Gastrointestinal disorders of the critically ill. Systemic consequences of ileus.
Best Pract Res Clin Gastroenterol 2003; 17: 445-456.

Magner D. Magner’s Standard Horse and Stock Book, New York: Saalfield. 1903.
Malbrain ML. Abdominal pressure in the critically ill. Curr Opin Crit Care 2000a; 6: 17-29.

Malbrain ML. Relationship of body mass index (BMI), lactate, and intra-abdominal pressure
(1AP) to subsequent mortality in ICU patients. Crit Care 2000b; 3(suppl 1): P0309.

Malbrain ML. Intra-abdominal pressure in the Intensive Care Unit: clinical tool or toy? In:
Vincent JL, editor. Yearbook of Intensive Care and Emergency Medicine. New York: Springer
Berlin Heidelberg, 2001. p.547-585.

Malbrain ML. Abdominal perfusion pressure as a prognostic marker in intra-abdominal
hypertension. In: Vincent JL, editor. Yearbook of intensive care and emergency medicine. New
York: Springer, 2002. p.792-814.

Malbrain ML. Validation of a novel fully automated continuous method to measure intra-
abdominal pressure (1AP). Intensive Care Med 2003; 29(Suppl 1): S73.

Malbrain ML. Different techniques to measure intra-abdominal pressure (IAP): time for a critical
re-appraisal. Intensive Care Med 2004a; 30: 357-371.

Malbrain ML. Is it wise not to think about intraabdominal hypertension in the ICU? Curr Opin
Crit Care 2004b; 10: 132-145.

Malbrain ML, Cheatham ML. Cardiovascular effects and optimal preload markers in intra-
abdominal hypertension. In: Vincent JL, editor. Yearbook of intensive care and emergency
medicine. New York: Springer, 2004.p.519-543.

Malbrain ML, Deeren D, De Potter TJ. Intra- abdominal hypertension in the critically ill: it is
time to pay attention. Curr Opin Crit Care 2005; 11: 156-171.

Malbrain ML, Cheatham ML, Kirkpatrick A, Sugrue M, Parr M, De Waele J, Balogh Z,
Leppaniemi A, Olvera, C, Ivatury R, D’Amours S, Wendon J, Hillman K, Johansson K, Wilmer

80



A. Results from the International Conference of Experts on Intra-abdominal Hypertension and
Abdominal Compartment Syndrome. I. Definitions. Intensive Care Med 2006; 32: 1722-1732.

Malbrain ML, Deeren DH. Effect of bladder volume on measured intravesical pressure: a
prospective cohort study. Crit Care 2006; 10: R98.

Malbrain ML, Jones F. Intra-abdominal pressure measurement techniques. In: Ivatury R,
Cheatham M, Malbrain M, Sugrue M, editors. Abdominal compartment syndrome. Georgetown:
Landes Bioscience; 2006.p.19-68.

Malbrain ML, Vidts W, Ravyts M, De Laet I, De Waele J. Acute intestinal distress syndrome:
the importance of intra-abdominal pressure. Minerva Anestesiol 2008; 74: 657-673.

Malbrain ML, De Laet IE. Intra-abdominal hypertension: evolving concepts. Clin Chest Med
2009; 30: 45-70.

Martin L, Merkle E, Thompson W. Review of internal hernias: radiographic and clinical
findings. Am J Rad 2006; 186: 703-717.

Masey S, Koehler R, Buck J, Pepple J, Rogers M, Traystman. Effect of abdominal distension on
central and regional hemodynamics in neonatal lambs. Pediatr Res 1985; 19: 1244-1249.

Mason G. Stereotypies: a critical review. Anim Behav 1991; 41: 1015-1037.

Matsuda T, Tanaka H, Williams S, Hanumadass M, Abcarian H, Reyes H. Reduced fluid volume
requirement for resuscitation of third - degree burns with high-dose vitamin C. J Burn Care
Rehabil 1991; 12: 525-532.

Mayberry JC. Prevention of abdominal compartment syndrome. In: Ivatury R, Cheatham M,
Malbrain M, Sugrue M, editors. Abdominal compartment syndrome. Georgetown: Landes
Bioscience; 2006.p.221-229.

McBride S, Cuddeford D. The putative welfare-reducing effects of preventing equine stereotypic
behaviour. Anim Welf 2001; 10: 173-1809.

McBride S, Long L. Management of horses showing stereotypic behaviour, owner perception
and the implications for welfare. Vet Rec 2001; 148: 799-802.

McGreevy P. Why Does My Horse...?, London: Souvenir Press Ltd, 1996.pp 111-115.

McGreevy P, Webster A, Nicol C. A study of the behaviour, digestive efficiency and gut transit
times of crib-biting horses. Vet Rec 2001; 148: 592-596.

McGreevy P, Richardson P, Christine J, Lane J. Radiographic and endoscopic study of horses
performing an oral based stereotypy. Equine Vet J 1995a; 27: 92-95.

81



McGreevy P, Nicol C, Cripps P, Green L, French N. Management factors associated with
stereotypic and redirected behaviour in the Thoroughbred horse. Equine Vet J 1995b; 27: 86-91.

McGreevy P, Nicol C. Prevention of crib-biting: a review. Equine Vet J 1998a (Suppl. 27): 35—
38.

McGreevy P, Nicol C. The effect of short term prevention on the subsequent rate of crib-biting in
Thoroughbred horses. Equine Vet J 1998b (Suppl. 27): 30-34.

Mertens zur Borg I, Verbrugge S, Olvera C. Pathophysiology: respiratory. In: Ivatury R,
Cheatham M, Malbrain M, Sugrue M, editors. Abdominal compartment syndrome. Georgetown:
Landes Bioscience; 2006a. p.105-118.

Mertens zur Borg I, Verbrugge S, Kolkman K. Anesthetic considerations in abdominal
compartment syndrome. In: Ivatury R, Cheatham M, Malbrain M, Sugrue M, editors. Abdominal
compartment syndrome. Georgetown: Landes Bioscience; 2006b. p.252-263.

Meyers M. Dynamic radiology of the abdomen: normal and pathologic anatomy (ed 4) New
York: Springer-Verlag, 1994.

Michelet P, Roch A, Gainnier M, Sainty JM, Auffray JP, Papazian L. Influence of support on
intra-abdominal pressure, hepatic kinetics of indocyanine green and extravascular lung water
during prone positioning in patients with ARDS: a randomized crossover study. Crit Care 2005;
9: R251-257

Miller WC, Robertson ED. Practical animal husbandry (ed 7) Edinburgh: Oliver and Boyd, 1959.

Mills D, Taylor K, Cooper J. Weaving, headshaking, cribbing and other stereotypies. Proc 51th
Am Assoc Equine Pract, 2005: 220-230.

Moeller B, McCall C, Silverman S, McElhenney W. Estimation of saliva production in crib-
biting and normal horses. J Equine Vet Sci 2008; 28: 85-90.

Monin T. Surgical management of crib-biting in the horse. Comp cont Educ pract Vet 1982; 4:
69-72.

Monreal L, Navarro M, Armengou L, Jose-Cunilleras E, Cesarini C, Segura D. Enteral fluid
therapy in 108 horses with large colon impactions and dorsal displacements. Vet Rec 2010; 166:
259-263.

Moss G, Friedman RC. Abdominal decompression: increased efficency by esophageal aspiration
utilizing a new nasogastric tube. Am J Surg 1977; 133: 225-228.

Munsterman A, Hanson R. Comparison of direct and indirect methods of intra-abdominal
pressure measurement in normal horses. J Vet Emerg Crit Care 2009; 19: 545-553.

82



Munsterman A, Hanson R. Evaluation of gastric pressures as an indirect method for
measurement of intraabdominal pressures in the horse. J Vet Emerg Crit Care 2011; 21: 29-35.

Mutoh T, Lamm WJ, Embree LJ, Hildebrandt J, Albert RK. Volume infusion produces
abdominal distension, lung compression, and chest wall stiffening in pigs. J Appl Physiol 1992;
72: 575-582.

Navarro-Rodriguez T, Hashimoto C, Carrilho F, Strauss E, Laudanna A, Moraes- Filho J.
Reduction of abdominal pressure in patients with ascites reduces gastroesophageal reflux. Dis
Esophagus 2003; 16: 77-82.

Nicol C. Understanding equine stereotypies. Equine Vet J 1999 (Suppl. 28): 20-25.

Nicol C, Davidson H, Harris P, Waters A, Wilson A. Study of crib-biting and gastric
inflammation and ulceration in young horses. Vet Rec 2002; 151: 658-662.

Oda S, Hirasawa H, Shiga H, Matsuda K, Nakamura M, Watanabe E, Moriguchi T. Management
of intra-abdominal hypertension in patients with severe acute pancreatitis with continuous
hemodiafiltration using a polymethyl methacrylate membrane hemofilter. Ther Apher Dial 2005;
9: 355-361.

O’Mara M, Slater H, Goldfarb I, Caushaj P. A prospective, randomized evaluation of intra-
abdominal pressures with crystalloid and colloid resuscitation in burn patients. J Trauma 2005;
58: 1011-1018.

Owen R, McKeating F, Jagger D. Neurectomy in wind-sucking horses. Vet Rec 1980; 106: 134-
135.

Owen R. Crib-biting and windsucking—that equine enigma. In: Hill C, Grunsell F, editors. The
Veterinary Annual. Bristol: Wright Scientific Publications; 1982.p.159-168.

Parker M, Goodwin D, Redhead E. Survey of breeders’ management of horses in Europe, North
America and Australia: comparison of factors associated with the development of abnormal
behavior. Appl Anim Behav Sci 2008; 114: 206-215.

Parr M, Olvera C. Medical management of abdominal compartment syndrome. In: Ivatury R,
Cheatham M, Malbrain M, Sugrue M, editors. Abdominal compartment syndrome. Georgetown:
Landes Bioscience; 2006.p.230-237.

Pelosi P, Aspesi M, Gamberoni C, Chiumello D, Severgnini R, Oggioni G, Tulli G, Malacrida R,
Chiaranda M. Measuring intra-abdominal pressure in the intensive care setting. Anasthesiol
Intensivmed Notfallmed Schmerzther 2002; 39: 509-519.

Ponec R, Saunders M, Kimmey M. Neostigmine for the treatment of acute colonic pseudo-
obstruction. N Engl J Med 1999; 341: 137-141.

83



Raeburn CD, Moore EE. Abdominal compartment syndrome provokes multiple organ failure:
animal and human supporting evidence. In: Ivatury R, Cheatham M, Malbrain M, Sugrue M,
editors. Abdominal compartment syndrome. Georgetown: Landes Bioscience; 2006.p.157-169.

Rainger JE, Dart AJ. Enteral fluid therapy in large animals. Aust Vet J 2006; 84: 447-451.

Rakestraw P, Hardy J. Large Intestine. In: Auer J and Stick J, editors: Equine Surgery (ed 4). St
Louis: Elsevier, 2012. P. 454-494.

Ranieri V, Brienza N, Santostasi S, Puntillo F, Mascia L, Vitale N, Giuliani R, Memeo V, Bruno
F, Fiore T, Brienza A, Slutsky A. Impairment of lung and chest wall mechanics in patients with
acute respiratory distress syndrome: role of abdominal distension. Am J Respir Crit Care Med
1997; 156: 1082-1091.

Reckard J, Chung M, Varma M, Zagorski S. Management of intraabdominal hypertension by
percutaneous catheter drainage. J Vasc Interv Radiol 2005; 16: 1019-1021.

Redbo I. Changes in duration and frequency of stereotypies and their adjoining behaviours in
heifers, before, during, and after the grazing period. Appl Anim Behav Sci 1990; 26: 57-67.

Richardson J, Trinkle J. Hemodynamic and respiratory alterations with increased intra-
abdominal pressure. J Surg Res 1976; 20: 401-404.

Ridings P, Bloomfield G, Blocher C, Sugerman H. Cardiopulmonary effects of raised intra-
abdominal pressure before and after intravascular volume expansion. J Trauma 1995; 39: 1071-
1075.

Rosenthal R, Friedman R, Kabn A, Martz J, Thiagarajah S, Cohen D, Shi Q, Nussbaum M.
Reasons for intracranial hypertension and hemodynamic instability during acute elevations of
intra-abdominal pressure: observations in a large animal model. J Gastrointest Surg 1998; 2:
415-425.

Rosenthal RJ, Hiatt JR, Phillips EH, Hewitt W, Demetriou A, Grode M. Intracranial pressure:
effects of pneumoperitoneum in a large animal model. Surg Endosc 1997; 11: 376-380.

Rushen J. Stereotyped behaviour, adjunctive drinking and the feeding periods of tethered sows.
Anim Behav 1984; 32: 1059-1067.

SAFE Study Investigators. A comparison of albumin and saline for fluid resuscitation in the
Intensive Care Unit. N Engl J Med 2004; 350: 2247-2256.

Saggi B, Bloomfield G, Sugerman H, Blocher C, Hull J, Marmarou A, Bullock M. Treatment of
intracranial hypertension using nonsurgical abdominal decompression. J Trauma 1999; 46: 646-
651.

84



Saggi B, Ivatury R, Sugerman H. Surgical critical care issues: abdominal compartment
syndrome. In: Holzheimer RG, Mannick JA, editors. Surgical treatment evidence-based and
problem-oriented. Minchen: W. Zuckschwerdt Verlag Miinchen; 2001

Sagraves S, Cheatham M, Johnson J, White M, Block E, Nelson L. Intravesicular pressure
monitoring does not increase the risk of urinary tract or systemic infection. Crit Care Med 1997;
27: A48.

Saida Y, Nagao J, Takase M. Herniation through both Winslow’s foramen and a lesser omental
defect: report of a case. Surg Today 2000; 30: 544-547,

Sanchez L, Giguere S, Javsicas L, Bier L, Walrond C, Womble A. Effect of age, feeding, and
omeprazole administration on gas tonometry in healthy foals. J Vet Intern Med 2008; 22: 406—
410.

Sanchez NC, Tenofsky PL, Dort JM, Shen LY, Helmer SD, Smith RS. What is normal intra-
abdominal pressure? Am Surg 2001; 67: 243-248.

Savassi-Rocha P, Conceicao S, Ferreira J, Diniz M, Campos I, Fernandes V, Garavini D, Castro
L. Evaluation of the routine use of the nasogastric tube in digestive operation by a prospective
controlled study. Surg Gynecol Obstet 1992; 174: 317-320.

Schachtrupp A, Toens C, Hoer J, Klosterhalfen B, Lawong A, Schumpelick V. A 24-h
pneumoperitoneum leads to multiple organ impairment in a porcine model. J Surg Res 2002;
106: 37-45.

Schachtrupp A, Tons C, Fackeldey V, Hoer J, Reinges M, Schumpelick V. Evaluation of two
novel methods for the direct and continuous measurement of the intra-abdominal pressure in a
porcine model. Intensive Care Med 2003; 29: 1605-1608.

Scheidemann W. Beitrag zur Diagnostik und Therapie der Kolik des Pferdes: Die Hernia
Foraminis omentalis. DVM Thesis, University of Munich, 1989.

Schein M. Abdominal compartment syndrome: historical background. In: Ivatury R, Cheatham
M, Malbrain M, Sugrue M, editors. Abdominal compartment syndrome. Georgetown: Landes
Bioscience; 2006.p.1-7.

Schmid A, Freeman DE, Baker GJ. Anatomy of the epiploic foramen and the effect of age and
body weight on its size. Proc Colic Res Symp 1998; 54.

Shafik A, EI-Sharkawy A, Sharaf WM. Direct measurement of intraabdominal pressure in
various conditions. Eur J Surg 1997; 163: 883-887.

85



Simon R, Friedlander M, Ivatury R, DiRaimo R, Machiedo G. Hemorrhage lowers the threshold
for intraabdominal hypertension-induced pulmonary dysfunction. J Trauma 1997; 42: 398-403;
discussion 4-5.

Slocombe R, Brock K, Covelli G, Bayly W. Effect of treadmill exercise on intrapleural,
transdiaphragmatic and intra-abdominal pressures in Standardbred horses. In: Persson S,
Lindholm A, Jeffcott I, editors. Equine Exercise Physiology 3. Davis: ICEEP Publications; 1991.
p.83-91.

Smith L, Mellor D, Marr C, Reid S, Mair T. Incisional complications following exploratory
celiotomy: does an abdominal bandage reduce the risk? Equine Vet J 2007; 39: 277-283.

Souminen P, Pakarinen M, Rautiainen P, Mattila I, Sairanen H. Comparison of direct and
intravesical measurement of intraabdominal pressure in children. J Pediatr Surg 2006; 41: 1381-
1385.

Southwood L, Wilkins P. Measurement of intra-abdominal pressure in normal horses (abstr). J
Vet Intern Med 2005; 19: 488.

Sugerman H, Windsor A, Bessos M, Wolfe L. Intra- abdominal pressure, sagittal abdominal
diameter and obesity comorbidity. J Intern Med 1997; 241: 71-79.

Sugerman H. Effects of increased intra-abdominal pressure in severe obesity. Surg Clin North
Am 2001; 81: 1063-1075.

Sugrue M. Abdominal compartment syndrome. Curr Opin Crit Care 2005; 11: 333-338.

Sugrue M, Buist MD, Lee A, Sanchez DJ, Hillman KM. Intra-abdominal pressure measurement
using a modified nasogastric tube: description and validation of a new technique. Intensive Care
Med 1994; 20: 588-590.

Sugrue M, Buist MD, Hourihan F, Deane S, Bauman A, Hillman K. Prospective study of intra-
abdominal hypertension and renal function after laparotomy. Br J Surg 1995; 82: 235-238.

Sugrue M, Jones F, Deane SA, Bishop G, Bauman A, Hillman K. Intra-abdominal hypertension
is an independent cause of postoperative renal impairment. Arch Surg 1999; 134: 1082-1085.

Sugrue M, Bauman A, Jones F, Bishop G, Flabouris A, Parr M Stewart A, Hillman K, Deane
SA. Clinical examination is an inaccurate predictor of intraabdominal pressure. World J Surg
2002; 26: 1428-1431.

Sugrue M, Hallal A, D’Amours S. Intra-abdominal pressure hypertension and the kidney. In:
Ivatury R, Cheatham M, Malbrain M, Sugrue M, editors. Abdominal compartment syndrome.
Georgetown: Landes Bioscience; 2006.p. 119- 28

86



Takeyama N, Gokan T, Ohgiya Y. CT of internal hernias. Radiographics 2005; 25: 997-1015.

Tanaka H, Matsuda T, Miyagantani Y, Yukioka T, Matsuda H, Shimazaki S. Reduction of
resuscitation fluid volumes in severely burned patients using ascorbic acid administration: a
randomized, prospective study. Arch Surg 2000; 135: 326-331.

Turnbull D, Webber S, Hamnegard C, Mills G. Intra-abdominal pressure measurement:
validation of intragastric pressure as a measure of intra-abdominal pressure. Br J Anaesth 2007;
98: 628-634.

Vachharajani V, Scott L, Grier L, Conrad S. Medical management of severe intra-abdominal
hypertension with aggressive diuresis and continuous ultra-filtration. Internet J Emerg Intens
Care Med 2003; 6: 54.

Vachon A, Fischer AT. Small intestinal herniation through the epiploic foramen: 53 cases (1987-
1993). Equine vet J 1995; 27: 373-380.

Valenza F, Bottino N, Canavesi K, Lissoni A, Alongi S, Losappio S, Carlesso E, Gattinoni L.
Intra-abdominal pressure may be decreased non- invasively by continuous negative extra-
abdominal pressure (NEXAP). Intensive Care Med 2003; 29: 2063-2067.

Valenza F, Gattinoni L. Continuous negative abdominal pressure. In: lvatury R, Cheatham M,
Malbrain M, Sugrue M, editors. Abdominal compartment syndrome. Georgetown: Landes
Bioscience; 2006.p.238-251.

Valenza F, Irace M, Guglielmi M, Gatti S, Bottino N, Tedesco C, Maffioletti M, Maccagni P,
Fossali T, Aletti G, Gattinoni L. Effects of continuous negative extra-abdominal pressure on
cardiorespiratory function during abdominal hypertension: an experimental study. Intensive Care
Med 2005; 31: 105-111.

Valverde A, Giguere S, Sanchez L, Shih A, Ryan C. Effects of dobutamine, norepinephrine, and
vasopressin on cardiovascular function in anesthetized neonatal foals with induced hypotension.
Am J Vet Res 2006; 67: 1730-1737.

Van der Spoel J, Oudemans- van Straaten H, Stoutenbeek C, Bosman R, Zandstra D.
Neostigmine resolves critical illness- related colonic ileus in intensive care patients with multiple
organ failure—a prospective, double-blind, placebo- controlled trial. Intensive Care Med 2001;
27: 822-827.

Vasey JR. Subacute colic caused by epiploic foramen incarceration of the small intestine in a
horse. Equine vet Educ 1991; 3: 13-15.

Vecchiotti G, Galanti R. Evidence of heredity of cribbing, weaving and stall-walking in
Thoroughbred horses. Livest Prod Sci 1986; 14: 91-95.

87



Visser E, Ellis A, Van Reenen C. The effect of two different housing conditions on the welfare
of young horses stabled for the first time. Appl Anim Behav Sci 2008; 114: 521-533.

Voss M, Pinheiro J, Reynolds J, Greene R, Dewhirst M, Vaslef S, Clary E, Eubanks W.
Endoscopic components separation for abdominal compartment syndrome. Am J Surg 2003;
186: 158-163.

Waters A, Nicol C, French N. Factors influencing the development of stereotypic and redirected
behaviours in young horses: findings of a four year prospective epidemiological study. Equine
Vet J 2002; 34: 572-579.

Wendon J, Biancofiore G, Auzinger G. Intra- abdominal hypertension and the liver. In: lvatury
R, Cheatham M, Malbrain M, Sugrue M, editors. Abdominal compartment syndrome.
Georgetown: Landes Bioscience; 2006.p. 138-143.

Wheat JD. Diseases of the small intestine: diagnosis and treatment. Proc Am Assoc Equine Pract
1972; 18: 265-268.

Wickens C, Heleski C. Crib-biting behavior in horses: a review. Appl Anim Behav Sci 2010;
128: 1-9.

Wickens C, McCall C, Bursian S, Hanson R, Heleski C, Liesman J, McElhenney, Trottier N.
Assessment of gastric ulceration and gastrin response in horses with history of crib-biting. J
Equine Vet Sci 2013; 33: 739-745.

Wiepkema P, van Hellemond K, Roessingh P, Romberg H. Behaviour and abomasal damage in
individual veal calves. Appl Anim Behav Sci 1987; 18: 257-268.

Wilkins PA. Abdominal compartment syndrome in equine medicine. In: Proceedings of the 23rd
ACVIM Forum; 2005: Baltimore, USA.

Wilmer A, Dits H, Malbrain ML, Frans E, Tack J. Gastric emptying in the critically ill—the way
forward. Intensive Care Med 1997; 23: 928-929.

Yagci G, Zeybek N, Kaymakcioglu N, Gorgulu S, Tas H, Cetiner S. Increased intra-abdominal
pressure causes bacterial translocation in rabbits. J Chin Med Assoc 2005; 68: 172-177.

Yol S, Kartal A, Tavli S, Tatkan Y. Is urinary bladder pressure a sensitive indicator of intra-
abdominal pressure? Endoscopy 1998; 30: 778-780.

88



Appendix: Figures and Tables

Fig. 1. Cheatham and Safcsak’s revision of Kron’s original technique (Cheatham and Safcsak
1998). A standard intravenous infusion set is connected to 1,000 ml of normal saline, two
stopcocks, a 60-ml Luer-lock syringe and a disposable pressure transducer. An 18-gauge plastic
intravenous infusion catheter is inserted into the culture aspiration port of the Foley catheter and
the needle is removed. The infusion catheter is attached to the pressure tubing and the system

flushed with saline.
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Fig.2. System described by Desie et al. (2002). A ramp with three stopcocks is inserted in

the drainage tubing connected to a Foley catheter. A standard infusion set is connected to a bag
of 1,000 ml of normal saline and attached to the first stopcock. A 60-ml syringe is connected to
the second stopcock and the third stopcock is connected to a pressure transducer via rigid
pressure tubing. The system is flushed with normal saline and the pressure transducer is zeroed at
the symphysis pubis (or the midaxillary line when the patient is in complete supine position).
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Fig.3. BARD® Intra-abdominal Pressure Monitoring Device (Bard Medical Division,
Covington, Georgia)
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Fig.4. Intran® Plus transducer-tipped catheter for intrauterine pressure measurement in
humans (Utah Medical Products, Midvale, Utah).

Fig.5. Piezoelectric sensor catheter for ICP pressure in human, validated as an IAP
measuring tool by Barrett et al. (2013c) (Codman, Raynham, Massachusetts).
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Fig.6. Open-ended metal cecal cannula.
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Fig.7. Horse cribbing on the wooden board placed in front of it. Note the monitor recording
IAP in real time.
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Fig. 8. Mean intra-abdominal pressures (IAP) in cribbing horses (orange) compared to non-
cribbing horses (blue) during the 2 hour study. X axis: minutes, Y axis: IAP (mmHQ)
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Table 1. Risk factors for the development of IAH and ACS.

A- Related to diminished abdominal wall compliance

Mechanical ventilation, especially fighting with the ventilator and the use of
accessory muscles

Use of positive end-expiratory pressure (PEEP) or the presence of auto-PEEP
Basal pleuropneumonia

High body mass index

Pneumoperitoneum

Abdominal surgery, especially with tight abdominal closures

Abdominal bandages

Prone position

Abdominal wall hematomas

Correction of large hernias, gastroschisis or omphalocele

Burns with abdominal eschars

B- Related to increased intra-abdominal contents

Gastroparesis, gastric distention

lleus

Volvulus

Colonic pseudo-obstruction

Abdominal tumor
Retroperitoneal/abdominal wall hematoma
Enteral feeding

C- Related to abdominal collections of fluid, air or blood

Liver dysfunction with ascites

Abdominal infection (pancreatitis, peritonitis, abscess etc.)
Hemoperitoneum

Pneumoperitoneum

Laparoscopy with excessive inflation pressures

Major trauma

Peritoneal dialysis

D- Related to capillary leakage and fluid resuscitation

Acidosis (pH < 7.2)

Hypothermia (core temperature < 33C)

Coagulopathy

Polytransfusion (> 10 units of packed red cells in 24 hours)
Sepsis, septicemia, septic shock

Massive fluid resuscitation

Major burns

(modified from Malbrain et al. 2008)

96




Table 2. Means +SDs for cribbing and non-cribbing horses by period; pre-cribbing period, 30
minute period before cribbing initiated; early cribbing period, initial 30 minute period of
cribbing; late cribbing period, 2™ 30 minute period of cribbing; post-cribbing period, 30 minute
period after cribbing was discontinued. All values are in mmHg.

Period

Pre-cribbing | Early cribbing” | Late cribbing® | Post-cribbing’

Cribbing horses -1.52 £9.48 | 0.838 +8.96 5.53 £8.20 5.97 £7.15

Cohort Non-cribbing

-0.24 +6.14 | -10.1+5.41 -0.79 +4.86 -8.86 +5.83
horses

Periods marked with * indicate that cohorts were significantly different at P<0.05 for that
particular period.
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