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Preface

Our goal for the fourth edition of Equine Surgery was to main-
tain the high standard of the last edition and continue its posi-
tion as the leading worldwide clinical reference and teaching
textbook for clinicians, practitioners, surgery residents, and stu-
dents. We, the editors, continued the format of the last edition
by taking direct responsibility for inviting authors in the sec-
tions for which we were in charge; however, we exchanged the
assignment of some sections between us. Prior to embarking on
the detailed planning of the fourth edition, we asked a group
of senior surgeons, ACVS and ECVS diplomates who recently
passed their board examinations, and residents preparing for
the certifying examination to evaluate the third edition for
omissions that would improve the textbook as well as for chap-
ters that could be excluded to make room for new material. The
results of these evaluations were passed on to each contributor
to this edition, and it greatly improved the content of the book.
We thank Dr. Gary Baxter from Colorado State University,
Dr. Larry Galupo from the University of California, Davis,
Dr. John Peroni from the University of Georgia, Dr. Kimberly
Johnston from Michigan State University, Dr. Rich Redding
from North Carolina State University, Dr. Gabor Bodo from
Budapest, and Dr. Jan Kiimmerle from the University of Zurich
in Switzerland for their service in review of the third edition.

We have continued to focus on the clinically relevant aspects
of equine surgery, presenting information in a concise, under-
standable, and logical format. Extensive use of figures, tables,
cross-referencing within and among sections, and a comprehen-
sive index help make the fourth edition of Equine Surgery a quick
and easy-to-use reference textbook.

ORGANIZATION

The book contains twelve sections, starting with surgical biology,
surgical techniques, and recent advances in anesthesia, and

followed by sections pertaining to all organ systems with one
new section on diagnostic imaging. Each section is logically
structured and supported extensively by photographs and
tables. A comprehensive list of references completes each
chapter. Additionally, we prepared appendixes that list drugs
and products, their American and European manufacturers
(where applicable), and the chapters where they were men-
tioned throughout the text.

KEY FEATURES OF THE FOURTH EDITION

We have retained all of the features that were popular in the first
three editions and have significantly updated all chapters in the
fourth edition. We continued to select known and novel con-
tributors who are recognized as experts in their fields to author
the chapters in this edition.

New Features

The new features include:

e Thoroughly revised and updated content with expanded cov-
erage on current and new topics throughout the textbook

e Expanded use of the expertise of more ECVS authors to
acquire additional international representation

e The addition Chapter 8, Regenerative Medicine, responding
to the current trend in equine therapeutic medicine

e Expansion of the new science and expertise in diagnostic
imaging, which was compiled into a section of its own—
Section XI, Diagnostic Imaging Examination

e Reorganized and updated Section VIII, Eye and Adnexa

e Added Chapter 101, Temporomandibular Joint Disorders,
and Chapter 103, Postoperative Physiotherapy for the Ortho-
pedic Patient

xi
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CHAPTER

Shock: Pathophysiology, Diagnosis, 1
Treatment, and Physiologic
Response to Trauma

Elizabeth A. Carr

DEFINITION OF SHOCK

In 1872 the trauma surgeon Samuel D. Gross defined shock as
“the rude unhinging of the machinery of life.” Shock is the pro-
gression of a cascade of events that begins when cells or tissues
are deprived of an adequate energy source (oxygen). Shock
occurs as a result of inadequate tissue perfusion; the lack of an
adequate energy supply leads to the buildup of waste products
and failure of energy-dependent functions, release of cellular
enzymes, and accumulation of calcium and reactive oxygen
species (ROS) resulting in cellular injury and ultimately cellular
death. Activation of the inflammatory, coagulation, and comple-
ment cascades result in further cellular injury and microvascular
thrombosis. The amplification of these processes coupled with
increased absorption of endotoxin and bacteria (due to liver and
gastrointestinal dysfunction) lead to the systemic inflammatory
response syndrome (SIRS) (see Chapter 2), and multiorgan dys-
function and if uncontrolled, ultimately death.

Classifications of Shock

Tissue perfusion is dependent on blood flow. The three major
factors affecting blood flow are the circulating volume, cardiac
pump function, and the vasomotor tone or peripheral vascular
resistance. The interplay of these three factors can be seen in the
formula for cardiac output (CO):

Cardiac output (CO) = Stroke volume x Heart rate

CO ultimately determines the blood flow to tissues and is regu-
lated, in part, by the stroke volume. Stroke volume is affected by
the preload (amount of blood returning from the body and
entering the heart), the cardiac contractility (muscle function),
and the afterload or arterial blood pressure the heart must over-
come to push blood through the aortic and pulmonic valves.
Preload is directly affected by the circulating blood volume or
amount of blood returning to the heart. Causes of decreased
preload include loss of volume, hypovolemia, decreases in vaso-
motor tone, and vasodilation, which results in pooling of blood
in capacitance vessels and decreased return to the heart. In
this situation, although the total volume of blood remains
unchanged, the effective circulating volume decreases. Afterload,

the third component of CO, is directly affected by vasomotor
tone or peripheral vascular resistance. If vascular resistance or
tone increases, afterload also rises (hypertension) with a resul-
tant fall in CO and perfusion. The opposite extreme is a severe
fall in vascular resistance, which results in pooling of blood in
capacitance vessels and a fall in blood pressure and preload, and
it ultimately results in inadequate perfusion and shock. CO or
flow can, therefore, also be described by the equation:

CO =Blood pressure/Total peripheral vascular resistance

Shock most commonly occurs because of one of three
primary disturbances and can be classified accordingly. Hypovo-
lemic shock is the result of a volume deficit, either because of
blood loss (e.g., resulting from profound hemorrhage), third
space sequestration (e.g., occurring with a large colon volvulus),
or severe dehydration. Cardiogenic shock or pump failure occurs
when the cardiac muscle cannot pump out adequate stroke
volume to maintain perfusion. Distributive shock or microcircu-
latory failure occurs when vasomotor tone is lost. Loss of vas-
cular tone can result in dramatic fall in both blood pressure and
venous return. Although the drop in blood pressure will ini-
tially decrease afterload (which will improve CO), the pooling
of blood and loss of venous return results in a severe decrease
in preload and consequently, decreased CO and perfusion.

Common causes of distributive shock include neurogenic
shock, septic shock, and anaphylactic shock. Because distribu-
tive shock is a loss in effective circulating volume, fluid therapy
is indicated to help restore perfusion. In contrast, cardiogenic
shock is the result of pump failure, and fluid therapy may actu-
ally worsen clinical signs. Less commonly, shock can develop
when increased metabolic demand results in relative perfusion
deficits or when oxygen uptake is impaired because of mito-
chondrial failure, sometimes termed relative hypoxia or dysoxia.

It is important to recognize that although the inciting cause
may differ, as shock progresses, there is often failure of other
areas as well. For example, untreated hypovolemic shock can
result in microcirculatory failure (loss of vasomotor tone)
as oxygen debt causes muscle dysfunction and relaxation.
Alternatively, hypovolemic shock can result in myocardial
failure as perfusion deficits affect energy supply to the
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myocardium (coronary artery blood flow), resulting in decreased
cardiac contractility. Consequently, as shock progresses, treat-
ment may require addressing all three disturbances.

An additional category called obstructive shock is described
where the mechanism underlying shock is the obstruction of
ventilation, or CO. This process is most commonly caused by
tension pneumothorax (resulting in decreased venous return)
or pericardiac tamponade, resulting in inadequate ventricular
filling and stroke volume. Over time as aortic blood pressure
falls, coronary artery blood flow is reduced, and myocardial
ischemia and finally myocardial failure may develop. Because
obstructive shock is ultimately a combination of the other three
categories and rarely occurs in large animals, we will not discuss
it further.

PATHOPHYSIOLOGY OF SHOCK

A blood loss or hypovolemic model of shock will be used to
describe the pathophysiology of shock.

Shock is usually defined by the stage or its severity. Compen-
sated shock represents an early or mild shock, during which the
body’s response mechanisms are able to restore homeostasis.
As blood volume is depleted, pressure within the vessels falls.
Baroreceptors and stretch receptors located in the carotid sinus,
right atrium, and aortic arch sense this fall in pressure. These
receptor responses act to decrease inhibition of sympathetic
tone while increasing inhibition of vagal activity and decreasing
the release of atrial natriuretic peptide (ANP) by cardiac myo-
cytes. The increase in sympathetic tone and fall in ANP results
in vasoconstriction, which increases total peripheral resistance
and thereby increases blood pressure. Increased sympathetic
activity at the heart increases heart rate and contractility, hence
increasing stroke volume (SV) and CO. In addition, peripheral
chemoreceptors stimulated by local hypoxia respond by enhanc-
ing this vasoconstrictive response. In mild to moderate hypovo-
lemia these responses are sufficient to restore perfusion. Because
these compensatory responses result in tachycardia, increased
SV (increased pulse pressure), and shortened capillary refill time
(CRT), the term hyperdynamic is often used to describe this
stage of shock.

The vasoconstrictive response will vary between organ
systems, with the greatest response occurring in the viscera,
integument, and kidney. Cerebral and cardiac flow is preferen-
tially maintained in mild to moderate hypovolemia. Although
this response improves blood pressure and flow, it also decreases
perfusion to individual microvascular beds, worsening local
hypoxia. Consequently, as volume depletion worsens, certain
tissues and organs will become ischemic more rapidly than
others.

Other compensatory responses help to restore blood volume.
An increase in precapillary sphincter tone results in a drop in
capillary hydrostatic pressure, which favors movement of fluid
into the capillary bed from the interstitium. This transcapillary
fluid movement helps restore circulating volume by creating an
interstitial fluid deficit. Transcapillary fill is sufficient to restore
circulating volume with blood loss of 15% or less.

In addition to transcapillary fill, a decrease in renal perfu-
sion results in secretion of renin from juxtoglomerular cells
located in the wall of the afferent arteriole. Renin stimulates
production of angiotensin I, which, after conversion to angio-
tensin II, increases sympathetic tone on peripheral vasculature
and promotes aldosterone release from the adrenal cortex.

Aldosterone restores circulating volume by increasing renal
tubular sodium and water reabsorption. Vasopressin, released
from the posterior pituitary gland in response to decreased
plasma volume and increased plasma osmolality, is a potent
vasoconstrictor and stimulates increased water reabsorption in
the renal collecting ducts. Finally, an increase in thirst and a
craving for salt is mediated by both the renin-angiotensin
system and a fall in ANP (Figure 1-1).

With more severe blood loss (15% or more), compensatory
mechanisms become insufficient to maintain arterial blood
pressure and perfusion of vital organs. This stage is termed
uncompensated or hypodynamic shock. Ischemia to more vital
organs including the brain and myocardium begins to develop.
Blood pressure may be maintained, but clinical signs including
resting tachycardia, tachypnea, poor peripheral pulses, and cool
extremities are present. Mild anxiety may be apparent as well as
sweating from increased sympathetic activity. Urine output and
central venous filling pressure will drop. As blood loss pro-
gresses, compensatory mechanisms are no longer capable of
maintaining arterial blood pressure and perfusion to tissues.
Severe vasoconstriction further worsens the ischemia such
that energy supplies are inadequate and cellular functions
(including the vasoconstriction responses) begin to fail. In addi-
tion, accumulations of waste products of metabolism (lactate
and CO,) cause progressive acidosis and further cellular
dysfunction.

At the cellular level the combination of decreased oxygen
delivery and increased accumulation of waste products results
in loss of critical energy-dependent functions, including enzy-
matic activities, membrane pumps, and mitochondrial activity,
leading to cell swelling and release of intracellular calcium
stores. Cytotoxic lipids, enzymes, and ROS released from
damaged cells further damage cells, triggering inflammation.
Inflammatory cell influx, activation of the arachidonic acid
cascade, the complement cascade, and the release of enzymes
and ROS cause further cellular injury. Mitochondrial failure,
calcium release, and reperfusion, if present, further increase
production (and decrease scavenging) of ROS. Endothelial cell
damage and exposure of subendothelial tissue factor further
activate the coagulation and complement cascades. Formation
of microthrombi coupled with coagulopathy impedes blood
flow to the local tissues, worsening the already deteriorating
situation. The lack of energy supplies coupled with accumula-
tion of toxic metabolites, microthrombi formation, and the
inflammatory injury ultimately result in vascular smooth muscle
failure and vasodilation. The end results of decompensated
shock are a pooling of blood and additional decreases in blood
pressure, venous return, CO, and perfusion, ultimately resulting
in organ failure (Figure 1-2). Failure of the gastrointestinal tract
manifests itself as loss of mucosal barrier integrity resulting in
endotoxin absorption and bacterial translocation. Renal isch-
emia leads to renal tubular necrosis and the inability to reabsorb
solutes and water and excrete waste products. At the cardiac
level, the continued fall in blood pressure and venous return
decreases coronary blood flow. Cardiac muscle ischemia leads
to decreased contractility and CO and ultimately to further
deterioration of coronary artery blood flow. Acidosis and
ischemia accentuate the depression of cardiac muscle function.
These changes in combination with decreased venous return
worsen hypotension and tissue perfusion (Figure 1-3).

As the situation deteriorates, compensatory mechanisms
designed to continue to perfuse more vital organs like the heart



CHAPTER 1 SHOCK 3

¢ |‘ HYPOVOLEMIA " v

Decreased Loss of
cardiac Increased baroreceptor
output serum stretch
osmolality
+ Signal travels via 9th &10th
v cranial nerves
HYPOTHALAMUS
MEDULLA
OBLONGATA
removes sympathetic
ACTH release inhibition
v
ADRENAL Increased sympathetic
MEDULLA stimulation
I
v v v v v v v
Renin-angiotensin ADH Aldosterone Cortisol Epinephrine Norepinephrine
activation release release release release release
A\ 4 v Vv v
KIDNEYS LIVER HEART
increased Na & gluconeogenesis \lcsfesa?e-ds increased rate
H,0 retention proteln_ constriction and il
synthesis contractility
INCREASED
—> INTRAVASCULAR VOLUME +—

AND CARDIAC OUTPUT

Figure 1-1. Physiologic compensatory responses to hypovolemia. ACTH, Adrenocorticotropic hormone; ADH, antidiuretic hormone. (From Rudloff
E, Kirby R: Vet Clin North Am Small Anim Pract 24:1016, 1994.)
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Figure 1-2. Cellular cascade of events that occur as the result of hypovolemia, poor perfusion and decreased oxygen delivery. SIRS, Systemic inflam-
matory response system.
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and brain will continue to limit flow to other organs. This
response results in the sparing of one organ with irreversible
damage to another. Consequently, an individual may recover
with aggressive intervention only to succumb later because of
failure of these “less vital” organs. If blood flow is restored, these
activated cellular and immunochemical cascades are washed
into the venous circulation and lead to SIRS, multiple organ
failures, and death (see Chapter 2). Intervention can no longer
stop the cascade of events, and cellular, tissue, and organ
damage is too severe for survival.

CLINICAL SIGNS OF SHOCK

Clinical signs of shock depend on the severity and persistence
of blood loss. The American College of Surgeons advanced
trauma life support guidelines divide shock into four categories
with progressive blood loss.

Decreased cardiac output |<—|

Decreased Decreased
venous return myocardial
function
Decreased ¢
myocardial
contraction Decreased
coronary
Intracellular Y perfusion
fluid loss
Decreased blood pressure ):4
Metabolic
acidosis
Cell hypoxia
Y

Decreased tissue perfusion ‘E

Microcirculatory Microcirculatory
damage obstruction

\_, Cellular

aggregation
Figure 1-3. Viscious cycle of cellular and organ failure in shock.

With mild blood loss of less than 15% blood volume (Class
1), the body is capable of restoring volume deficits via compen-
satory responses and there may be little to no change in physical
parameters other than a fall in urine output. Blood pressure is
maintained. Clinical signs typically become apparent when
blood loss exceeds 15%. Early Class II blood loss (15% to 30%)
is defined as the onset of hyperdynamic shock. Clinical signs
include tachycardia, tachypnea, and bounding pulses (increased
CO and peripheral vascular resistance). Mental agitation or
anxiety is present, and increased sympathetic output results in
pupil dilation and sweating. Although these compensatory
mechanisms can normalize blood pressure, perfusion deficits
will persist and can be detected by blood gas analysis (increased
lactate and an anion gap metabolic acidosis). If blood loss
continues, or if hypovolemia persists, compensatory mecha-
nisms can become insufficient to restore circulating volume and
decompensatory shock begins (Class III or moderate hypovole-
mic shock). At this time profound tachycardia and tachypnea,
anxiety, and agitation are present. Urine output may desist,
jugular filling and CRT are prolonged, pulse pressure is weak,
and extremity temperatures are decreased. If blood gases are
collected, a high anion gap acidosis and significant hyperlacta-
temia will be present (Table 1-1). Blood pressure will fall despite
increases in heart rate, cardiac contractility, and total peripheral
resistance. Without intervention, continued cellular hypoxia
and acidosis result in failure of compensatory mechanisms,
causing peripheral vasodilation and decreased cardiac contrac-
tility. A vicious cycle ensues with decreased coronary artery
perfusion causing decreased cardiac function, resulting in
decreased CO and a further fall in perfusion (see Figure 1-3). If
uncontrolled, clinical signs will progress from tachycardia and
anxiety to bradycardia, obtundation, anuria, profound hypoten-
sion, and circulatory collapse.

TREATMENT
Fluid Administration

Regardless of the underlying etiology of shock (cardiac failure,
blood loss, or distributive problems), the greatest need is to
restore perfusion and oxygen delivery to the tissues. Delivery of
oxygen is determined by the concentration of oxygen in the
blood as well as the amount of blood perfusing the tissue. The

TABLE 1-1. Clinical Assessment of the Different Stages or Progression of Shock

Mild Compensated

Moderate Hypotension/

Parameter

Shock Class |

Shock Class II-ll

Severe Hypotension/Shock Class IlI-IV

Extremity temperature
Mentation

Urine output

CRT

Heart rate

Respiratory rate

Blood pressure

Oxygen extraction ratio
PvO,

Blood lactate

Arterial pH

Central venous pressure

May be normal or cool
Normal to anxious
Decreased

Normal to prolonged

Normal to tachycardia
Normal to tachypnea
Normal

May be normal

May be normal

Mild increase

Normal to acidotic
Normal to low

Cool

Agitation to lethargy
Decreased
Prolonged

Tachycardia
Tachypnea

Normal to decreased
Increased

Decreased

Increased

Normal to acidotic
Low

Cool to cold

Obtunded

Anuria possible

End stage shock may be shortened because
of blood pooling in peripheral tissues

Severe tachycardia; bradycardia at end stage

Tachypnea; bradypnea possible at end stage

Decreased

Increased

Decreased

Markedly increased

Acidotic

Low

CRT, Capillary refill time.



concentration of oxygen per volume of blood is determined by
the amount of hemoglobin or red cell mass and the saturation
of that hemoglobin. It is important to assess both the hemo-
globin concentration and the oxygen saturation because these
will affect oxygen delivery. Decreased oxygen delivery is most
commonly the result of decreased perfusion, not decreased
oxygen content, but it is critical to evaluate all contributing
factors when planning a treatment protocol for an individual
in shock. Because hypovolemia is the most common cause of
shock in the adult horse, fluid therapy is usually vital to restor-
ing oxygen delivery. Extensive research efforts have addressed
the determination of the ideal types and volumes of fluid for
treating hypovolemic shock.

In the past, recommendations have been to rapidly infuse
large volumes of isotonic crystalloids to replace circulating
volume (shock dose). Because of their accessibility and low
viscosity, crystalloids can be rapidly given and quickly restore
volume. However, approximately 80% of the volume of admin-
istered crystalloids will diffuse out of the vascular space into the
interstitial and intercellular space. Consequently, when using
crystalloids, replacement volumes must be 4 to 5 times greater
than the volume lost in order to restore the intravascular
volume. In acute blood loss or hypovolemic states, this approach
will result in excess total body water and extreme excesses of
sodium and other electrolytes. This movement of fluid out of
the vascular space is further exacerbated if the underlying
disease process causes vascular leak syndrome, because intravas-
cular colloid oncotic pressure will fall, favoring greater fluid
movement out of the vascular space. In addition, if the electro-
lyte constituents of isotonic crystalloids differ from those in the
intracellular space, cellular swelling will ensue. Cellular swelling
affects the activity of various protein kinases; increases intracel-
lular calcium concentrations; alters ion pump activity, mem-
brane potential, and cytoskeletal structure; and activates
phospholipase A,.! Consequently, crystalloids can trigger or
potentiate an inflammatory response and have a negative
impact in the face of ischemia and reperfusion. Furthermore,
large-volume infusions can result in significant complications
including abdominal compartment syndrome, acute respiratory
distress syndrome, congestive heart failure, gastrointestinal
motility disturbances, and dilutional coagulopathy.”

Clinical trials have questioned the need for complete and
rapid restoration of volume to maximize survival. In multiple
hemorrhagic shock models, aggressive fluid therapy before
hemorrhage control was associated with more severe blood loss,
poorer oxygen delivery, and a higher mortality rate compared
to more controlled, limited fluid therapy.>* In a porcine model
of uncontrolled hemorrhage, researchers studied the effects of
three resuscitation regimens designed to mimic triage in the
field before admission to a trauma center. One group received
aggressive fluid resuscitation using crystalloids to restore CO to
original levels, the second group received limited fluid therapy
to restore CO to 60% of baseline, and the third group received
no prehospital fluid therapy. Compared to aggressive fluid
therapy, the limited resuscitation group lost less blood overall
and had increased oxygen delivery (although survival was
similar in all groups). In a prospective randomized clinical trial,
subjects presented to a major trauma center with penetrating
torso injuries and hypotension were assigned to either an
immediate resuscitation or a delayed resuscitation group.
Patients in the immediate resuscitation group received standard
care including placement of bilateral IV catheters and rapid
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infusion of crystalloids during transport and triage at the emer-
gency room. The latter group did not receive resuscitative fluid
therapy until emergency surgery was begun. A total of 598
adults were included in the study; survival was 70% in the
delayed resuscitation group compared to 62% (p = 0.04) in the
immediate resuscitation group. In addition, patients in
the immediate resuscitation group had more in-hospital com-
plications (30%) including acute respiratory distress syndrome,
sepsis, acute renal failure, coagulopathy, wound infection, and
pneumonia compared to the delayed resuscitation group (23%).
Although later studies have contradicted these results, the study
does call into question the use of rapid, large-volume crystalloid
fluid therapy for all hypovolemic shock cases.”®

Clearly there are pros and cons to immediate, large-volume
fluid resuscitation in the treatment of hypovolemic shock. Per-
fusion deficits need to be addressed, but the goal of therapy may
need to be considered in light of the potential negative effects
of infusing a large volume of fluids. The original idea of supra-
normal resuscitation (i.e., a shock dose of fluids) was based on
the theory that tissue injury results in additional losses and
sequestration of fluid into a third space, as well as the recogni-
tion that the majority of isotonic fluid infused into the vascular
space will shift to the extravascular compartments. However,
this additional third space loss has not been proved, and there
may be negative consequences to supranormal resuscitation
protocols. Large-volume fluid therapy has also been associated
with cardiac and pulmonary complications”® in both healthy
human patients undergoing elective surgery and patients with
risk factors for cardiopulmonary disease. Large-volume fluid
therapy in patients with underlying SIRS or patients that have
a low colloid oncotic pressure can result in significant edema,
which can negatively affect gut motility and gut barrier func-
tion’ and affect the function of other organ systems.

Despite this discrepancy in the literature, the reality is that
shock is a manifestation of perfusion deficits, and the goal of
therapy should be to restore perfusion and improve oxygen
delivery. Prompt fluid therapy is indicated in the emergency
situation to increase vascular volume, restore CO and blood
pressure, and ultimately perfusion to the tissues. The amount
and type of fluids should be determined by the individual needs
of each patient. Careful, frequent monitoring to assess responses
and prevent overload is recommended.

Types of Fluids

ISOTONIC CRYSTALLOIDS

Commercially available isotonic crystalloids for large animal
medicine are designed to be replacement fluids, not mainte-
nance fluids, meaning that the electrolyte composition is
designed to closely approximate the electrolyte composition of
the extracellular fluid and not the daily replacement needs. The
isotonic crystalloids available to horses include lactated Ringer
solution, Plasma-Lyte, and Normosol-R and are principally
composed of sodium and chloride with varying amounts of
calcium, potassium, and magnesium. Physiologic saline solu-
tion (0.9%) differs in that it contains only sodium and chloride
and no other electrolytes.

These solutions are very useful in restoring fluid deficits
in simple dehydration. Because the electrolytes are freely dif-
fusible, approximately 80% of these fluids will diffuse into
the interstitial and intracellular space from the extravascular
space. This means that approximately 2 L of a 10 L fluid
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bolus will remain in the vascular space. Consequently, a larger
volume is needed to restore and maintain effective circulating
volume.

The recommended method of administering isotonic crystal-
loids for hypovolemic shock is to calculate the fluid deficit and
initially infuse fluids in doses of 10 to 20 mL/kg. Because the
assessment of deficits is inexact, it is important to monitor the
response during infusion and not to simply infuse the calculated
amount. In cases of blood loss, infusion of crystalloids alone
will cause dilutional anemia and hypoproteinemia. Depending
on the severity of blood loss and amount of crystalloids infused,
dilutional coagulopathy resulting from thrombocytopenia and
dilution of clotting factors can occur, leading to further bleeding
and deterioration. These patients may require subsequent
plasma or whole blood transfusions to improve coagulation,
oncotic pressure, and oxygen content of blood. Patients with
endotoxemia or SIRS often have underlying coagulopathies as
part of their disease process, leaving them at particular risk for
further problems with aggressive crystalloid therapy.'*'?

HYPERTONIC CRYSTALLOIDS

Hypertonic saline solution (HSS) is available in several concen-
trations, with 7.2% and 7.5% being the most commonly used
formulations. The osmolarity of this concentration range is
approximately 8 times the tonicity of plasma. An intravenous
infusion of hypertonic saline will expand the intravascular space
2 to 4 times the amount infused, pulling fluid from the intracel-
lular and interstitial spaces. This expansion is short-lived and,
similar to the effects of isotonic crystalloids, the majority of fluid
will ultimately diffuse into the interstitium. Hypertonic saline
was initially developed for use in the battlefield because it
allowed medics to carry small volumes of fluids and still provide
resuscitative triage. The rapid and significant expansion of the
intravascular volume using small-volume resuscitation allowed
field stabilization of the patients before transport to a hospital
unit. Because of the variation in reflection coefficients for
sodium, HSS principally pulls volume from the intracellular
space, not the interstitial space. This is particularly beneficial in
the shock state, where endothelial volume rises with loss of
membrane pump function. The decrease in endothelial cell
volume increases capillary diameter and improves perfusion. In
addition, HSS appears to blunt neutrophil activation and
may alter the balance between inflammatory and anti-inflamma-
tory cytokine responses to hemorrhage and ischemia." The rec-
ommended dose of HSS is 2 to 4 mL/kg or 1 to 2 L for a 500-kg
horse. Hypertonic saline is invaluable in equine surgical emer-
gencies when rapid increases in blood volume and perfusion are
needed to stabilize a patient before general anesthesia. The use
of these fluids enables the clinician to quickly improve CO and
perfusion to allow immediate surgical intervention. Additional
blood volume expansion will be needed and can be provided
during and after surgery to further restore homeostasis.

COLLOIDS

Colloids are solutions containing large molecules that, because
of their size and charge, are principally retained within the
vascular space. Because colloid concentrations are higher in the
intravascular space, they exert an oncotic pressure that opposes
the hydrostatic pressure and helps retain water in or draw it into
the intravascular space. Normal equine plasma has a colloid
oncotic pressure (COP) of about 20 mm Hg. Colloids with
a high COP can actually draw additional fluid into the

intravascular space. Consequently, infusion of certain synthetic
colloids such as hetastarch (HES) (COP ~30 mm Hg) will
increase intravascular volume by an amount that is greater than
the infused volume. Although this effect is similar to HSS, the
benefits of colloids are prolonged. Colloid therapy is recom-
mended in patients that are hypo-oncotic, patients with capil-
lary leak syndrome, patients with cardiac disease where fluid
overload may be detrimental, and patients with fluid excess
(edema) in which fluid therapy needs to be carefully titrated to
prevent further overload.

Both synthetic and natural colloids are available. Natural
colloids include plasma, whole blood, and bovine albumin.
The advantage of natural colloids is that they provide protein,
such as albumin; antibodies; critical clotting factors; and other
plasma constituents. Because fresh frozen plasma must be
thawed before infusion, it is often not useful in an emergency
situation where immediate fluid therapy may be indicated. In
addition, hypersensitivity reactions occur in up to 10% of horses
receiving plasma.'* The most common synthetic colloids are
HES and dextrans, with HES being the most commonly used
product in equine practice. HES contains amylopectin mole-
cules of sizes ranging from 30 to 2300 kDa (average 480 kDa)
and exerts a COP of 30 mm Hg. The elimination of HES occurs
via two major mechanisms: renal excretion and extravasation.
Larger molecules are degraded over time by o-amylase. The
presence of molecular substitutes on the amylopectin chains
slows this process of degradation to smaller colloid particles,
and consequently the effect of HES is prolonged. A dose of
10 mL/kg will significantly increase oncotic pressure for longer
than 120 hours."” Though evidence of spontaneous bleeding in
healthy horses has not been documented, an increase in the
cutaneous bleeding time was seen with larger doses (20 mL/kg)
and has been associated with a decrease in von Willebrand
factor antigen (vVWf:Ag). Consequently, the use of large volumes
of HES should be considered in light of bleeding tendencies of
patients."”” Measurement of COP must be used to assess the
response to HES, because its infusion is not reflected in the total
solids or total protein measurements, making these inaccurate
estimates of the COP after HES infusion. HES infusions will
actually decrease total protein because of the dilutional effect
of the volume expansion.

HYPERTONIC SALINE SOLUTION AND DEXTRAN

The combination of hypertonic crystalloids and synthetic col-
loids offers the advantage of both rapid and persistent volume
support and also provides some of the anti-inflammatory ben-
efits of hypertonic saline. HSS with dextran (HSS-D) has been
shown to expand the plasma volume,'*'” restore hemodynam-
ics,'*" and improve microcirculatory perfusion’”? in animal
models of hemorrhagic shock. In addition, HSS-D has been
shown to decrease neutrophil adhesion and blunt the hemor-
rhage-induced inflammatory response. The majority of human
clinical trials have yet to show that it has a benefit over other
fluid therapies.

WHOLE BLOOD

Whole blood is the ideal replacement fluid in shock due to
blood loss. The use of blood or plasma provides clotting factors
and prevents dilutional coagulopathy. By providing red blood
cells (RBCs) and protein it helps retain fluid within the intravas-
cular space and improves oxygen content of the blood. However,
there are several disadvantages to whole blood. It is unusual for



most equine referral hospitals to store whole blood; conse-
quently, it must be collected each time it is needed. In addition,
because of its viscosity, it is difficult to rapidly infuse large
volumes in an emergency situation. However, despite these
drawbacks, the use of blood or blood components can be a valu-
able adjunct in preventing some of the potential side effects of
large-volume resuscitation, namely dilutional coagulopathy,
dilutional hypoproteinemia, and anemia. Ironically, data in
human medicine suggests that blood products should be
replaced in a ratio of plasma, RBCs, and platelets that approxi-
mates whole blood.”” Because the most commonly available
blood product in equine clinics is whole blood, the determina-
tion of an ideal ratio is a moot point! The use of whole blood is
generally unnecessary in the patient with mild to moderate
hypovolemia because restoration of perfusion often results in
adequate oxygen delivery despite dilutional anemia. In more
severe cases of hypovolemia or in cases with ongoing bleeding,
whole blood may be indicated to provide oxygen-carrying capac-
ity, colloid oncotic support, platelets, and coagulation factors.

CURRENT RECOMMENDATIONS

The debate regarding the use of crystalloids versus colloids is
extensive. Despite this intense focus, clear benefits of colloids
or hypertonic solutions over isotonic crystalloids have not yet
been demonstrated. Rather than always using one or the other,
the choice should depend on the situation. In a case of severe
blood loss, hypovolemia, and impending circulatory collapse,
the rapid expansion of blood volume using hypertonic and
isotonic crystalloids may be imperative. The addition of col-
loids, whether synthetic or natural, and whole blood should
depend on the severity of shock and the underlying disease
process as well as the response to initial treatment.

When presented with an adult horse in hypovolemic shock
itis critical to use a large 10- or 12-gauge catheter and large bore
extension set to maximize flow rate in the initial resuscitation
phase. Because crystalloids have the lowest viscosity, they can
be infused more rapidly than colloids or blood. If necessary, a
fluid pump can be used to increase the rate of infusion. The
general recommendation is to calculate a shock dose of fluids
using the following formula: percent blood volume (L/kg body
weight x 100) x body weight. In an adult horse the percent
blood volume is estimated to be 7% to 9% of the total body
weight or 35 to 45 L for a 500-kg horse. Given the pros and
cons of large-volume resuscitation fluid, goals should be esti-
mates and not absolutes. Frequent reassessment of the patient’s
cardiovascular status and blood gases is important for adequate
resuscitation without causing secondary problems. Signs of
improved intravascular volume include a decreased heart rate
and improved capillary refill time, skin temperature, and menta-
tion. If possible, the measurement of urine output is extremely
useful in assessing perfusion, although urine specific gravity is
less accurate because it will be affected by the infusion of large
quantities of crystalloids and will no longer accurately reflect
hydration status. In humans, the assessment of blood pressure
can be useful in monitoring trends (i.e., an improvement of
pressure toward normal). In situations where bleeding is uncon-
trolled, normalization of blood pressure should not be the goal
because this may promote continued bleeding.

VASOPRESSORS
Vasopressors are rarely used in the standing adult horse in
hypovolemic shock. Restoration of volume is the primary
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treatment goal. However, if the administration of appropriate
fluid volumes and types is insufficient to stabilize the patient,
vasopressors may be indicated, particularly as shock pro-
gresses and vasomotor tone and cardiac ischemia cause a
further fall in perfusion. The most commonly used drug in
the awake, adult horse is dobutamine. Dobutamine is a strong
B,-adrenoreceptor agonist with relatively weaker f,- and
o-adrenoreceptor affinity. Its primary use is to improve oxygen
delivery to the tissues via its positive inotrophic action. Dobu-
tamine has been shown to have benefit in improving splanch-
nic perfusion in multiple species, although clinical data are
currently lacking in the horse. Recommended dosages are 1 to
5 ng/kg/min. Higher doses have been reported to cause hyper-
tension in the adult horse.”?

Norepinephrine has been reported to be useful in neonatal
foals to restore adequate organ perfusion in vasodilatory shock.
Norepinephrine has strong ;- and o-adrenergic affinity, result-
ing in vasoconstriction and increased cardiac contractility. Nor-
epinephrine has been successfully used in combination with
dobutamine in persistently hypotensive foals with improved
arterial pressure and urine output reported.”® The use of norepi-
nephrine in the awake adult horse has not yet been evaluated.

At this time, there is little published information on the use
of vasopressors to treat hypovolemic shock in the awake adult
horse. Consequently, it is difficult to make recommendations
for their use at this time. Close monitoring of urine output
and blood pressure is recommended when using vasopressor
therapy. Readers are directed to Chapter 2 for additional treat-
ment recommendations for septic shock.

Monitoring

The body’s compensatory responses are designed to restore
many of the parameters used to assess hypovolemia or perfu-
sion deficits. Consequently, in the early stages of shock, there is
no perfect measure to assess progression. Despite this, there
are several physical and laboratory parameters that can be useful
in monitoring the patient’s progression and response to
treatment.

Repetitive physical exams focusing on assessment of CO and
perfusion may be the most sensitive method to assess a patient,
especially during early compensated shock when subtle changes
may indicate impending decompensation. Heart rate, CRT,
jugular venous fill, extremity temperature, pulse pressure, and
mentation are all useful when repeatedly evaluated. Steady
improvement and stabilization of these parameters in response
to treatment would suggest a positive response. Continued
tachycardia and poor pulse pressure, CRT, jugular fill, and dete-
riorating mentation despite treatment suggest that additional
blood loss or decompensation is occurring.

Capillary Refill Time

Capillary refill time (CRT) is usually prolonged in hypovolemic
shock. However, CRT can also be affected by changes in vascular
permeability such as seen with endotoxemia or sepsis. In these
situations, CRT may actually decrease because of vascular con-
gestion and pooling of blood in the periphery. Though CRT at
any one time point can be misleading, if assessed over time, it
is useful in evaluating the progression of shock. Jugular fill is a
relatively crude assessment of venous return or central venous
pressure.
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Central Venous Pressure

Central venous pressure (CVP) assesses cardiac function, blood
volume, and vascular resistance or tone. Holding off the jugular
vein should result in visible filling within 5 seconds in a nor-
mally hydrated horse that is standing with an elevated head. If
filling is delayed, venous return or CVP is decreased. A more
accurate estimate of CVP can be obtained with a water manom-
eter, attached to a large-bore jugular catheter and placed at the
level of the heart base or point of the shoulder. Normal CVP in
standing horses ranges from 7 to 12 mm Hg, with pressure
measured by inserting a catheter into the right atrium.**?° Mea-
surement of pressure in the jugular vein using a standard IV
catheter will result in falsely elevated CVP; however, this mea-
surement can still be a useful estimation. During an experimen-
tal blood loss model, CVP fell to zero or below with a loss of
15% to 26% of circulating volume. Because CVP is a measure
of venous return it can be used to assess the adequacy of fluid
resuscitation and prevent fluid overload, especially in patients
at risk for edema. If clinical signs are deteriorating despite a
normal CVP, hypovolemia alone is not the cause. Low CVP can
occur with hypovolemia or a fall in effective circulating volume,
as occurs with distributive shock. Cardiogenic shock (or fluid
overload) can result in an elevated CVP, because forward failure
of the cardiac pump results in backup of blood within the
venous side of the system. In this case, jugular veins may appear
distended even with the head held high. Cardiogenic shock is
a relatively uncommon cause of shock in adult horses.

Urine Output

Urine output is a sensitive indicator of hypovolemia with
normal urine production being approximately 1 mlL/kg/hr or
more, depending on how much water an individual is drinking.
Urine production of less than 0.5 mL/kg/hr suggests significant
volume depletion, and fluid therapy is indicated to prevent
renal ischemia. Urine output is rarely measured in adult horses,
though it is relatively simple to perform and commonly done
in neonatal medicine. Urine production can be useful for moni-
toring resuscitative strategies and determining endpoints in
such therapies. Urine production coupled with improvement in
physical exam parameters suggests a positive response to treat-
ment. Though urine specific gravity can be used to assess renal
concentrating efforts and consequently the water balance of the
animal, it will be affected by intravenous fluid therapy and is
not an accurate reflection of dehydration or volume status once
bolus intravenous fluids have been begun.

Arterial Blood Pressure

Arterial blood pressure is a reflection of CO and total vascular
resistance. Consequently, the measurement of a normal blood
pressure does not directly correlate with adequate perfusion.
Because of the compensatory increase in peripheral resistance,
blood pressure does not consistently fall below normal until
blood volume is profoundly decreased (30% or more).
Though a normal blood pressure does not rule out hypovole-
mic shock, a low blood pressure is often an indicator of sig-
nificant blood loss. Treatment goals should be to maintain
mean arterial pressure above 65 mm Hg to ensure adequate
perfusion of the brain. Blood pressure can be measured
directly via arterial catheterization of the transverse facial
artery in the adult horse or the transverse facial, metatarsal,

radial, and auricular arteries in a neonate. Indirect measure-
ment of the blood pressure can be achieved using the coccy-
geal artery in adult horses and the metatarsal artery in foals.””
In healthy individuals there is good agreement between both
direct and indirect measurements.”””* Direct, invasive blood
pressure monitoring is more accurate during states of low
flow and significant vasoconstriction.”*** Normal systolic
blood pressure using indirect measurement at the coccygeal
artery is 80 to 144 mm Hg. Because blood pressure will
increase with increased vascular resistance, it is not an accu-
rate reflection of oxygen delivery.

Lactate

Lactate is the end product of the anaerobic metabolism of
glucose. Aerobic metabolism of glucose results in the produc-
tion of 36 moles of adenosine triphosphate (ATP) per molecule
of glucose. In the absence of adequate oxygen to meet energy
demands, anaerobic metabolism of glucose to lactate results in
production of only 2 moles of ATP. The shift to anaerobic
metabolism of glucose with inadequate oxygen delivery to
tissue increases blood lactate concentrations. Less commonly,
hyperlactatemia can result from hepatic dysfunction (impaired
clearance), pyruvate dehydrogenase inhibition, catecholamine
surges, and sepsis or SIRS, although the increase in lactate level
is generally less than what is seen with hypovolemia. Because
lactate level generally correlates with oxygen delivery and uptake
by the tissues, it is a useful marker for determining perfusion
deficits and response to treatment. Delayed lactate clearance has
been shown to be associated with a poorer prognosis in many
human and veterinary studies.’®** A decrease in lactate follow-
ing therapy indicates improved oxygen delivery and use, sug-
gesting improved perfusion. Conversely, an increased or
persistently elevated lactate level indicates continued tissue
oxygen deficits. The anion gap will mimic lactate changes and
has been used to assess oxygen debt; however, it can be affected
by changes in other anions, such as plasma proteins, and is
therefore not as accurate as blood lactate concentration.

Oxygen Extraction

The normal response to a decrease in perfusion or CO is to
increase the oxygen extraction ratio (O,ER) of the blood as it
moves through the capillaries. By increasing the oxygen extrac-
tion, the body is able to maintain oxygen delivery to the tissue
despite a fall in blood flow. Oxygen extraction is determined by
the difference between the oxygen saturation of arterial blood
(Sa0,) and oxygen saturation of venous blood (SvO,):

0O,ER =Sa0, —SvO,

and can be determined by measuring central venous saturation
and arterial oxygen saturation. Alternatively, it can be estimated
by measuring jugular venous saturation and by using a pulse
oximeter to assess arterial oxygen saturation. In the normovole-
mic, healthy individual, oxygen delivery (DO,) far exceeds
oxygen need or uptake (VO,), and the O,ER ranges from 20%
to 30%. The O,ER can increase with decreased perfusion to a
maximum of 50% to 60%, at which point oxygen delivery
becomes supply or flow dependent and a further drop in perfu-
sion will result in a decrease in oxygen delivery. Because of this
relationship, the O,ER can be used to estimate the severity of



global perfusion deficits and is also a useful measurement in
evaluating the response to resuscitative strategies.

Mixed Venous Partial Pressure of Oxygen

Mixed venous partial pressure of oxygen (PvO,) is a useful
measure to assess oxygen delivery for the same reasons that
O,ER is. In low-perfusion states, more oxygen is extracted per
volume of blood and, consequently, PvO, will fall. Mixed
venous blood is ideally measured by catheterizing the pulmo-
nary artery, because a sample from the jugular vein or cranial
vena cava only assesses venous blood returning from the head.
Jugular venous PvO, is usually greater than mixed venous blood
in the shock state, but it still has utility in estimating global
tissue hypoxia.**” Normal jugular vein PvO, ranges from 40 to
50 mm Hg and SvO, from 65% to 75%.>**¢ Increased PvO, in
the presence of significant perfusion or supply deficits (DO,)
can signify impaired oxygen consumption caused by mitochon-
drial or cellular dysfunction, termed dysoxia. This syndrome has
been recognized in septic shock or after cardiopulmonary
resuscitation.

Cardiac Output

Cardiac output monitoring evaluates both volume return to the
heart and cardiac function.*® With prolonged or specific types
of shock (septic), cardiac function may deteriorate and increas-
ing fluid resuscitation will not resolve clinical signs of end
organ perfusion deficits. The gold standard for CO monitoring
is the pulmonary thermodilution method, which requires cath-
eterization of the pulmonary artery. This technique is rarely
performed in the equine clinical setting. An alternative tech-
nique, lithium dilution, is relatively easy to use once experi-
enced and has been validated in the equine clinical setting.
Injection of lithium dye into the venous system results in gen-
eration of a lithium concentration-time curve, which is used to
calculate CO. Lithium dilution has been used successfully to
monitor CO in adult horses and critically ill foals,**** although
repetitive sampling can result in toxic accumulation of lithium.*
Alternatively, ultrasound measurement of CO has been vali-
dated using both transesophageal and transthoracic Doppler
measurements.*”** Because Doppler measurement requires the
beam to be parallel with flow there is large variability in the
accuracy of this technique. Transesophageal measurements
improve this accuracy but can be difficult to obtain in the
standing horse.”* A recent paper described an ultrasound
velocity dilution method in foals.*® This technique uses a bolus
injection of saline and an arteriovenous loop connected to
ultrasound velocity sensors.

CO measurement has its greatest benefit in cases with cardiac
disease and is of great help in monitoring the response to vaso-
pressor treatment. Because CO does not assess local tissue per-
fusion, its accuracy in evaluating tissue oxygenation is poor.
Many of the standard monitoring techniques are limited
because they principally assess global function (CO) and global
oxygen debt (mixed venous lactate), not regional tissue defi-
ciencies. These global measures, while helpful, do not assess
the perfusion to high-risk organs such as the gastrointestinal
tract, and they may provide a false sense of security when used
to monitor treatment response. With the exception of urine
output, none of the measurements just described evaluate per-
fusion to regional vascular beds. Because of the large variation
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in perfusion to specific tissues, such as the gastrointestinal tract
and the brain, these global measures have poor sensitivity in
determining oxygen delivery and uptake to “less important
tissues.”

Regional Perfusion

Several techniques have been developed in an effort to more
specifically assess these differences in regional perfusion. Non-
invasive measures of regional tissue perfusion include sublin-
gual capnometry, near-infrared spectroscopy to monitor muscle
tissue oxygen saturation, transcutaneous tissue oxygenation,
and capnometry.*”*’ Slightly more invasive techniques include
gastric tonometry, which evaluates CO, production in the
stomach wall; infrared spectroscopic assessment of splanchnic
perfusion; and measurement of bladder mucosal pH.”**' These
alternative techniques are based on the idea that the body pref-
erentially shunts blood away from the skin and gastrointestinal
tract to spare more vital organs. As such, these techniques will
detect abnormalities in perfusion before many of the more
established techniques. Although these techniques have yet to
be evaluated in the veterinary field, they have been shown to be
sensitive markers of regional perfusion deficits manifest in early
shock in humans.

Hypotensive Resuscitation
and Delayed Resuscitation

As previously discussed, aggressive large-volume fluid therapy
to restore blood pressure to normal values has potentially
negative consequences. In situations of uncontrolled bleeding,
this treatment will result in increased blood loss. Dilution of
blood components (platelets and clotting factors) may addi-
tionally worsen bleeding. Increasing systolic blood pressure to
normal values may dislodge or “blow out” a tenuous clot,
leading to further bleeding. Hypotensive resuscitation has been
advocated to prevent or minimize further blood loss until sur-
gical control or formation of a stable clot has occurred. In
these situations resuscitation to a lesser end point is recom-
mended. The ideal end point or goal in hypotensive resuscita-
tion is unclear. Strategies include achieving a mean blood
pressure (MBP) of 40 to 60 mm Hg, using a predetermined,
lower fluid infusion rate, or in some situations, completely
delaying resuscitation until bleeding is surgically controlled.*
In multiple animal models, controlled resuscitation (goal of
MBP 40 to 60 mm Hg, or systolic blood pressure of 80 to
90 mm Hg) resulted in decreased blood loss; better splanchnic
perfusion and tissue oxygenation; less acidemia, hemodilution,
thrombocytopenia, and coagulopathy; decreased apoptotic cell
death and tissue injury; and increased survival.>***° In cases
of severe or ongoing bleeding, resuscitation with blood com-
ponents is recommended to minimize the risk of coagulopa-
thy, although data with respect to outcome compared to
resuscitation with crystalloids is currently lacking. This strategy
of hypotensive resuscitation (with whole blood as part of the
fluid plan) is indicated in situations such as a bleeding of the
uterine artery in a pregnant mare, where ligation of the vessel
is unlikely and of great risk to the mare and fetus. There are
currently no specific recommendations for end points of treat-
ment in large animal species. If using blood pressure as the
end point, direct measurement is currently recommended to
ensure accuracy.
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PREDICTING OUTCOME

In a critical review, high-risk surgical patients were used as a
model for shock because time relationships were precisely
documented.®® In this study, nonsurvivors had reduced CO
and DO, in the intraoperative and immediate postoperative
period. Survivors had lower O,ER; higher hematocrits, VO,,
and blood volume; and normal blood gases. In human trials,
time is a strong predictor of survival, with survivors showing
improvement or normalization in indices of CO, perfusion,
oxygen uptake, and clinical parameters.® To this end, rapid
control of hemorrhage, restoration of perfusion, normaliza-
tion of blood gas values, and prevention of dilutional coagu-
lopathy are predictors of survival. In patients with ongoing
blood loss, controlled hypotension has been shown to decrease
in-hospital complications and possibly increase survival rates.
Lactate values, particularly lactate clearance, have been shown
to be strongly associated with survival in both clinical and
experimental studies of shock.”®* Though the data are not as
robust, single lactate measurements and delayed lactate clear-
ance have been shown to be associated with higher mortality
rates in both adult horses and foals.””** A poor or absent
response to resuscitative attempts with continued evidence of
perfusion deficits or the development of clinical evidence of
organ dysfunction, or both, are associated with a poorer
outcome.

ON THE HORIZON
Treatment

Although a perfect fluid protocol for treatment of hypovolemic
shock remains elusive, liposome encapsulated hemoglobin may
offer more benefits than other fluids because of its oxygen-
carrying capacity. The presence of hemoglobin reduces the need
for blood products, thereby lowering the associated risks to the
patient.*® In contrast to other synthetic oxygen carriers, lipo-
some encapsulated hemoglobin vesicles do not appear to cause
peripheral vasoconstriction and in a rat model of hemorrhage
appear to be as effective in restoring hemodynamic and blood
gas parameters.®’

Monitoring

The ideal method to assess shock and treatment response would
enable measurement of oxygen delivery at the tissue level as
well as oxygen uptake and use. The ability to measure end organ
perfusion, particularly in “less important” organs like the epi-
dermis and gastrointestinal tract, in our veterinary patients has
potential implications in assessing the severity of the shock
state, developing treatment goals, and predicting outcomes. The
implementation and evaluation of these techniques in equine
critical care medicine is warranted.

Prognostic Indicators

Recent epidemiologic and experimental data have shown a sex-
specific difference in the response to trauma and shock. Estro-
gen administration to castrated male mice improved immune
responses after trauma and hemorrhage compared to castrated
untreated mice.®® Treatment of intact male mice with estradiol
improved the survival rate and immune response to trauma,
hemorrhage, and sepsis.®”® In a prospective study that evalu-
ated more than 4000 trauma patients, hormonally active

women tolerated trauma and shock better than men.” Dehy-
droepiandrosterone (DHEA) has estrogenic effects and has been
shown to decrease morbidity in mice after trauma or hemor-
rhage. Because DHEA is used clinically to enhance the immune
response, it may have use in the trauma or hemorrhage patient.
Conversely, it may be the lower levels of male hormones in
women that confer protection. Male mice depleted of testoster-
one either through castration or by treatment with the drug
flutamide had improved cardiovascular and immune function
compared to intact mice after hemorrhage and resuscitation. In
the future, the use of hormone therapy may help improve
outcome in hemorrhagic shock.

In addition to gender, genetic markers have been found to
segregate with response to hemorrhage and trauma.”””® Cur-
rently, genomic markers are being evaluated as prognostic
factors; however, there may come a time when genetic markers
are used to direct therapy.”

Physiologic Response to Trauma

The metabolic response to trauma or injury has classically been
divided into two phases—the ebb phase, which occurs during
the first several hours after injury, and the flow phase, which
occurs in the ensuing days to weeks. The ebb phase is character-
ized by hypovolemia and low flow or perfusion to the injured
site. Once perfusion is restored, the flow phase begins. The flow
phase is divided into a catabolic period and an anabolic period.
The catabolic period is triggered by many of the same mediators
discussed in the earlier section on the pathophysiology of
shock, and many of the clinical signs will mimic those seen in
shock. The anabolic period is characterized by the return to
homeostasis. Cortisol levels fall during this final period and
normalization of physiology occurs. The physiologic response
to trauma is complex, and the duration and progression will
vary depending on the injury site, severity, and underlying con-
dition of the patient. For more specific information regarding
trauma of specific organs or body cavities, the reader is referred
to chapters dealing with those specific systems. This section is
designed to provide an overview of the complex pathophysiol-
ogy of trauma.

Mediators of the Stress Response: Ebb Phase

The stress response to trauma is initiated by pain, tissue injury,
hypovolemia, acidosis, shock, hypothermia, and psychological
responses. Direct tissue injury, ischemia, and inflammation acti-
vate afferent nerve endings, which exert local and systemic
effects via the central nervous system. Hypovolemia, acidosis,
and shock exert their effects via baroreceptors and chemorecep-
tors located in the heart and great vessels. Fear and pain have
conscious effects in the cortex, and they stimulate cortisol secre-
tion via the hypothalamic-pituitary-adrenal axis (HPA), which
increases sympathetic output. Because of this effect, modulation
of pain has been shown to be important in controlling the stress
response to trauma, and pain control should be strongly con-
sidered in the trauma patient.

The sympathoadrenal axis is stimulated through direct input
from injured nerves and by hypovolemia, acidosis, shock, and
psychological responses (fear, pain, anxiety). Catecholamines
have widespread effects on cardiovascular function (see “Patho-
physiology of Shock,” earlier in this chapter) and metabolism
(see “Metabolic Response to Injury” in Chapter 6), and they



stimulate release of other mediators, including cortisol and
opioids. The catecholamine response is beneficial; however,
prolonged sympathoadrenal stimulation can be detrimental
because of its effects on general body condition. Catechol-
amines increase peripheral vascular resistance, so ongoing stim-
ulation leads to long periods of tissue ischemia.

Other triggers of cortisol secretion in trauma and shock
include vasopressin, angiotensin II, norepinephrine, and endo-
toxin. The degree of hypercortisolemia correlates with the sever-
ity of injury and persists until the anabolic phase of healing
begins. Cortisol secretion results in sodium and water retention
(edema), insulin resistance, gluconeogenesis, lipolysis, and
protein catabolism. Cortisol also affects leukocytes and inflam-
matory mediator production and, although cortisol is critical
for recovery from acute injury, prolonged cortisol secretion can
result in pathologic suppression of the immune response.

Vasopressin and the renin-angiotensin system are important
mediators of the stress response. The reader is referred to the
section on pathophysiology of shock for a review of these
mediators.

Endogenous opioids released from the pituitary gland as well
as from the adrenal glands in response to sympathetic stimula-
tion are important mediators in the modulation of pain, cate-
cholamine release, and insulin secretion. Endogenous opioids
modulate lymphocyte and neutrophil function and may act to
counter cortisol’s effect on immune function.

Local mediators released in response to injury trigger a mul-
titude of cascades. Tissue factor exposure activates the coagula-
tion and complement cascades and ultimately stimulates the
inflammatory response. Cell membrane injury results in release
and activation of the arachidonic acid cascade and production
of various cytokines, including prostaglandins, prostacyclines,
thromboxanes, and leukotrienes. These mediators have a mul-
titude of functions, including further activating coagulation and
platelets, altering blood flow via vasoconstriction and vasodila-
tion, and increasing chemotactic activity mediating the influx
and activation of inflammatory cells, with subsequent release
of lysosomal enzymes and reactive oxygen species. Microvascu-
lar thrombosis at the site of endothelial damage causes further
pathologic changes in perfusion. If perfusion is restored, further
damage may ensue because elevated local concentrations of
reactive oxygen species coupled with influx of desperately
needed oxygen can induce further oxidative stress with produc-
tion of highly toxic reactive oxygen species and further tissue
injury. Amplification of this response coupled with reperfusion
can lead to the development of SIRS and multiorgan dysfunc-
tion (see Chapter 2).

Response to Trauma: Catabolic Period

Psychological response to trauma and shock is manifest in
changes in behavior, withdrawal, immobilization or reluctance
to move, fear, anxiety, aggression, and malaise. These psycho-
logical responses can persist for long periods depending on the
severity of the injury and pain. In people, the psychological
effect may persist long after the injury has resolved. Whether
the same happens in horses has yet to be determined.

Many of the changes in vital signs will mimic those seen with
hypovolemic shock. Cardiovascular changes including tachycar-
dia, tachypnea, and other clinical signs of the hyperdynamic
response may be seen. Fever during the early period after injury
is typically a response to injury and inflammation itself,
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particularly in patients with head trauma. Infectious causes of
fever should be suspected if fever persists or is recurrent days
after the injury. Other clinical signs will depend on the severity
of blood loss and the organ injured. Cardiovascular changes
including hypotension, decreased perfusion, decreased urine
output, and reduced cardiac contractility are likely to occur with
significant blood loss or thoracic contusion. Endotoxemia and
bacteremia are likely with gastrointestinal injury, such as stran-
gulating injury to the intestine.

Edema at the site of injury is caused by vascular injury from
both the trauma and the inflammatory response, which results
in loss of capillary integrity and extravasation of protein and
fluid. In severe injury, edema may become generalized. This
generalized edema results from systemic inflammatory, hor-
monal, and autonomic responses that increase capillary pres-
sure and salt and water retention. The presence of
hypoproteinemia can exacerbate clinical edema as colloid
oncotic pressure is decreased.

The metabolic response to trauma is complex and results in
changes in the metabolic rate as well as the mobilization and
utilization of energy stores. Decreased appetite and malaise are
also seen in response to pain, cytokines, and hormones. The
reader is referred to Chapter 6 for a more detailed description
of the metabolic changes occurring with injury.

Coagulation is activated by endothelial injury and the expres-
sion of tissue factor. Tissue factor also activates complement and
inflammation. These changes combined with release of arachi-
donic acid from damaged cell membranes stimulate production
of multiple inflammatory mediators, platelet activation and
adhesion, and fibrinolysis. Blood loss coupled with crystalloid
replacement can further dilute platelets and coagulation factors,
which, in combination with factor consumption to control
bleeding at the site of injury, can result in development of a
hypocoagulable state. Coagulation dysfunction is recognized in
many types of injury including large colon volvulus, severe
traumatic injury, SIRS, and septic shock.

Circulating leukocytes increase in the initial response to
injury with subsequent accumulation in injured microvascular
beds. This accumulation may be exacerbated by vasoconstriction
in response to hypovolemia and catecholamine surges and may
play a role in reperfusion injury, because activated neutrophils
are a major source of reactive oxygen metabolites. In addition
to changes in circulating leukocytes, the immune response can
be altered significantly with severe trauma. Decreases in anti-
body production, neutrophil chemotaxis, and serum opsonic
activity; increases in serum immunosuppressive factors; and
activation of T-cell suppressors mediated by neurohormonal
stress response are just some of the changes that may occur.

Response to Trauma: Anabolic Period

The final stage in recovery is the anabolic phase of flow. During
this period many of the responses return to normal. Appetite
returns, body protein is synthesized, and weight is restored,
resulting in improved organ function and energy stores. Meta-
bolic demands diminish, water balance is restored, and as hor-
monal levels decrease, a generalized feeling of well-being
develops. The length of this period will depend on the severity
of the injury, the number and type of complications, the
patient’s condition before injury, and the length of the catabolic
period of recovery. Healthy individuals that do not develop
complications will likely recover more rapidly than debilitated
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patients that suffer complications, such as infection, and have
a prolonged catabolic phase of recovery.
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CHAPTER

The Systemic Inflammatory Response 2

Michelle Henry Barton and John F. Peroni

The systemic inflammatory response and failure of multiple
organ systems are syndromes that result from an inappropriate
and generalized inflammatory response to stimuli, which may
or may not result from an infectious process. Although it
appears that the phagocytic activation of the monocyte/
macrophage cell lineage is directly responsible for the develop-
ment of clinical signs and symptoms, identifying the bacteria
and neutralizing their toxins has not drastically changed the
outcomes of patients affected by these syndromes. As a result,
current management strategies and research efforts have been
directed at addressing infectious and noninfectious causes and
identifying effective ways of modulating the associated immune-
mediated responses. The pathophysiology of these inflammatory-
based syndromes has not been clarified in people or lab animal
models, and very little original work has been produced in the
horse. A generally accepted summary of these conditions is that
bacteria or their endotoxins, or both, induce and sustain a
marked inflammatory response by the host, which eventually
overwhelms sensitive organs and often results in a fatal outcome.
This chapter reviews the pathophysiology of systemic inflamma-
tory response and multiple organ failure with the viewpoint
that inflammation, not bacterial overgrowth, may directly gen-
erate these syndromes in the horse.

SYSTEMIC INFLAMMATORY
RESPONSE SYNDROME

With microbial invasion or any process that results in tissue
damage, the ultimate goal of the immune system is to contain
infection, alarm the host to defend, and to promote tissue
repair. Whether these goals are achieved or defeated, the host
relies on a defense and repair response that is appropriate for
the insult. If the host overzealously responds, the same innate
components that are meant for protection and repair may ironi-
cally turn out to be just as detrimental or even more harmful
to the host than the initial insult. When the response to infec-
tion and injury results in an incongruous and exaggerated sys-
temic inflammatory reaction, the clinical state is referred to as
the systemic inflammatory response syndrome, or SIRS,' which can
be initiated by infection, endotoxemia, or noninfectious insults,
such as severe trauma, ischemia, immune-mediated disease,
surgery, hypothermia, hyperthermia, or intense hypoxemia (i.e.,
hemorrhagic shock). To counteract the proinflammatory
response and deter the state of SIRS, the host relies on anti-
inflammatory opposition that includes production of cytokines,
soluble cytokine receptors, receptor antagonists, prostaglandin
E,, and corticosteroids.? If there is over-recruitment of the
anti-inflammatory processes, a state of anergy, increased
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susceptibility to infection, and inability to repair damaged
tissues ensues. This scenario is referred to as compensatory anti-
inflammatory response syndrome, or CARS." In some circumstances,
a mixed anti-inflammatory response syndrome, or MARS, arises in
which surges of both SIRS and CARS coexist." In the circle of
equilibrium, if SIRS and CARS are ultimately appropriately bal-
anced, then homeostasis resumes. Predominance of SIRS may
culminate in adverse pathophysiologic events, such as dissemi-
nated intravascular coagulopathy (DIC), shock, organ failure,
and death. In this later scenario, dissonance has occurred and
the patient is defined as having multiple organ dysfunction syn-
drome (MODS) or the presence of organ dysfunction associated
with acute illness in which homeostasis cannot be restored
without intervention (see “Multiple Organ Dysfunction Syn-
drome,” later).’

Pathophysiology of SIRS

The key event in the initiation and propagation of SIRS is the
release of endogenous molecular substances by host cells, each
with a diverse array of biological activities. The enormity of the
molecular response to injury, redundancy in action and loca-
tion in various tissues, the dynamic discovery of new molecules,
and rediscovery of new roles for previously identified molecules
complicates their discussion and classification. There are liter-
ally thousands of molecules involved in the inflammatory
cascade of injury. This discussion will focus on the main molec-
ular categories of cytokines, lipid-derived autocoids, acute phase
proteins, reactive oxygen species, and vasoactive and neutrophil-
associated substances, as they relate to the horse.

Cytokines

Cytokines are protein substances that are the “early responders”
to infectious agents or tissue damage. The cytokines can be
further classified by whether their biological activities are pri-
marily proinflammatory or anti-inflammatory and by their cell
of origin. Examples of pro-inflammatory cytokines include
tumor necrosis factor (TNF); interleukin 1, 6, and 8 (IL-1, IL-6,
IL-8); and interferon-y (INF-y).>? Monocytes and macrophages
are universal sources for the pro-inflammatory cytokines,
though other cell types contribute as well, including neutrophils
(TNF), endothelial cells (IL-1, IL-8), fibroblasts, keratinocytes,
lymphocytes (IL-1, IL-6) and natural killer cells (TNFE, INF-y).
Some of the main functions of TNE IL-1, and IL-6 are to initiate
coagulation, fibrinolysis, complement activation, the acute
phase response, and neutrophil chemotaxis. TNF and IL-1 also
induce pyrogenic activities and augment further cytokine pro-
duction. The importance of TNF and IL-1 is clearly exemplified
by the fact that administration of these substances to otherwise
healthy laboratory animal species mimics many of the events
of septic shock. In horses, experimental infusion of endotoxin
results in increased circulating levels of TNF and IL-6 (see
“Endotoxemia” later). Less specific information is known about
the anti-inflammatory cytokines (IL-4, IL-10, IL-11, IL-13, trans-
forming growth factor- [TGF-B]) in the horse, though in septic
foals that did not survive, IL10 gene expression was significantly
greater than in surviving ones.* The anti-inflammatory cyto-
kines are released from monocytes, macrophages, and T-helper
cells and serve to restrain the inflammatory campaign by inhib-
iting macrophage activation, proinflammatory cytokine release,
antigen-presenting cells, and chemotaxis.

Lipid-Derived Mediators

Arachidonicacid is a 20-carbon fatty acid that is a major constitu-
ent of the phospholipids of all cell membranes.” It also serves as
the parent molecule for eicosanoid synthesis, but it must first be
released from the cell membrane. Endotoxin, TNE and IL-1 all
upregulate the activity of phospholipase A,, the enzyme respon-
sible for cleavage of arachidonic acid. Once released, arachidonic
acid is further metabolized by either lipoxygenase, to form the
family of leukotrienes, or cyclooxygenase, to form the pros-
tanoids: thromboxane A, (TxA,) and the prostaglandins (PGs).
The prostanoids are vasoactive substances: TxA, and PGF,, are
potent vasoconstrictors, whereas PGI, and PGE, are vasodilators.
The prostanoids also play important roles in primary hemostasis:
TxA, promotes platelet aggregation, but PGI, inhibits aggrega-
tion. Finally, PGE, is a pyrogen. The prostanoids have been
extensively studied in endotoxemic horses (see “Endotoxemia”
later). Less specific attention has been given to the investigation
of the leukotrienes in horses, although they serve as chemoat-
tractants and increase vascular permeability.

Platelet-Activating Factor

Like the eicosanoids, platelet-activating factor (PAF) is released
from cell membrane (mononuclear phagocytes, endothelial
cells, and platelets) phospholipids by phospholipase A,. The
released alkyl-lyso-glycerophosphocholine is then acetylated to
form PAE The biologic effects of PAF include vasodilation,
increased vascular permeability, platelet aggregation, and
recruitment and activation of phagocytes. It also is a negative
inotrope. Use of a PAF receptor antagonist in horses experimen-
tally challenged with endotoxin significantly delayed the onset
of fever, tachycardia, neutropenia, and lactic acidosis.’

Acute Phase Proteins

An acute phase protein is any protein whose blood concentra-
tion significantly increases (or decreases) during an inflamma-
tory response.® Collectively, the hundreds of acute phase
proteins are responsible for many of the well-recognized reac-
tions to microbial invasion, such as fever; anorexia; depression;
alterations in metabolism, hemodynamics, and coagulation;
and leukocyte activation. The liver is a key site of synthesis.
Cytokines, principally TNE IL-1, and IL-6; glucocorticoids; and
growth factors stimulate and modulate gene expression and the
transcription of the acute phase proteins. The serum concentra-
tions of the major acute phase proteins, serum amyloid A (SAA)
and C-reactive protein (CRP) can each increase as much as 100-
fold during the acute phase response. Interestingly, despite their
intense synthesis during the acute phase reaction, the roles of
each of these major proteins are still not entirely clear. SAA may
be involved in cholesterol regulation, chemotaxis, and media-
tion of anti-inflammatory events, such as downregulation of
fever, phagocytosis, and prostanoid synthesis. CRP can activate
complement, induce phagocytosis, and stimulate cytokine and
tissue factor expression. In horses, SAA and CRP concentrations
have been determined by several methodologies. Using the latex
agglutination immunoturbidimetric assay, the expected SAA
concentration in healthy neonatal foals and adult horses is less
than 27 mg/L.” SAA nonspecifically increases with either infec-
tious or noninfectious (but inflammatory) conditions, with
values greater than 100 mg/L, suggestive of an infectious process
in foals. In horses with acute gastrointestinal diseases, higher
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SAA levels are correlated with risk of death. Using radial immu-
nodiffusion, CRP concentrations have been established in
healthy foals and adult horses (5 to 14 mg/mL).® Although CRP
increased 3 to 6 times in experimentally induced inflammation
in adult horses, its utility in determining an inflammatory or
infectious response in naturally occurring diseases in the horse
has not been established.

The remaining acute phase proteins have widely diverse
pathophysiologic effects. The complement system is represented
by the acute phase synthesis of C3a, C4a, C5a, C4b, C3b,
C5b-C9, factor B, and C1 inhibitor.” Collectively, these com-
pounds induce bacteriolysis, increase vascular permeability, are
chemotactic for neutrophils, and enhance opsonization of both
microbes and damaged host cells. Balanced activation of the
coagulation and fibrinolytic systems by the acute phase response
of factor VIII, fibrinogen, plasminogen, tissue plasminogen acti-
vator, plasminogen activator inhibitor, fibronectin, von Wille-
brand factor, and tissue factor leads to formation of intravascular
and extravascular “clots” that capture and contain infectious
organisms and inflammatory debris and provide a scaffold for
tissue repair. Of these coagulation factors, hyperfibrinogenemia
is a well-recognized clinicopathologic finding in horses with
inflammation. The release of the acute phase transport and
scavenger proteins, such as ceruloplasmin, haptoglobin, lipo-
polyscharride-binding protein, soluble cluster of differentiation
antigen 14 (CD14), and lactoferrin, bind bacterial nutrient
components, such as copper and iron, and neutralize or trans-
port toxic bacterial components.

Reactive Oxygen Species

The reactive oxygen species encompass all oxygen-derived toxic
mediators that most commonly originate from mononuclear
phagocytes or neutrophils.”” Oxygen free radicals are oxygen-
containing molecules that contain an unpaired electron (super-
oxide anion O,7; hydroxyl radical, OH"). Free radicals can react
with essentially any molecular component in their quest to “re-
pair” the unpaired electron. In doing so, more radicals are
generated and molecular damage ensues with loss of protein
function, cross-linking of DNA, lipid peroxidation, vasocon-
striction, and pain. Oxygen free radicals also induce cytokine
production and endothelial adhesion molecules. Other reactive
oxygen species that do not contain unpaired electrons include
hydrogen peroxide (H,0,) and nitric oxide (NO). NO is gener-
ated enzymatically in phagocytes by inducible NO synthetase,
which is activated by endotoxin and cytokines.

Vasoactive Mediators

In addition to the prostaglandins and NO, bradykinin, a
by-product of activation of the contact coagulation system, and
histamine are vasodilators. Angiotensin, endothelin, TxA,, and
leukotrienes (LTC,, D,, and E,) have vasoconstrictive activities.
Numerous molecular substances promote vascular leakage,
including PAF, leukotrienes, complement components (C3a,
C5a), NO, and bradykinin.?

Diagnosis of SIRS

In 1992, Bone and colleagues' proposed the following specific
diagnostic criteria for SIRS in human patients. More than one
of the following clinical manifestations had to be present: (1)

a body temperature greater than 38° C (100.4° F) or less than
36° C (96.8° F); (2) a heart rate greater than 90 beats per
minute; (3) tachypnea, manifested by a respiratory rate greater
than 20 breaths per minute, or hyperventilation, as indicated
by a PaCO, of less than 32 mm Hg; or (4) an alteration in the
white blood cell count, such as a count greater than 12,000/
mL, a count less than 4000/mL, or the presence of more than
10% immature neutrophils (“bands”). There has not been a
similar consensus on diagnostic criteria for SIRS in horses;
however, with some adjustments that would be appropriate
relative to normal findings in the horse, these criteria could be
applied to the horse (Table 2-1). Since the average adult horse’s
body temperature is higher than the average human's, a rectal
temperature greater than 38.6° C (101.5° F) or less than 36.6°
C (98° F) would seem more appropriate for horses. The heart
rate criterion is based on an approximately 25% increase over
the high end of the normal average adult human heart rate.
Thus for adult horses, a heart rate greater than 60 beats per
minute would represent a similar rate increase. Because the
upper end of the normal total white blood cell count for
horses is 12,000/mL, a white cell count greater than 14,000/
mL might be a more appropriate upper cutoff for SIRS in the
horse.

Criteria for SIRS in foals would have to be adjusted by age-
relative criteria. Since the most common trigger of SIRS in foals
is sepsis, the sepsis score system developed in the 1980s for
foals" might be an equally effective SIRS score (Table 2-2). Note
that in the sepsis score, the human SIRS criteria for rectal tem-
perature and white blood cell count are included.

TABLE 2-1. Diagnostic Criteria for SIRS

in Adult Horses

Parameter Criteria

Rectal temperature >38.6° C (101.5° F) or <36.6° C
(98° F)

Heart rate >60 beats/min

Respiratory Respiratory rate >20 breaths/min

or PaCO, <32 mm Hg
>14,000/uL or <4000/uL or
>10% bands

White blood cell count

*The diagnosis of SIRS can be made when at least two parameters’ criteria are
present.

Treatment of SIRS and Prognosis

The treatment of SIRS is largely directed at controlling the
primary disease process that triggered the response. Considering
the underlying theme of overzealous inflammation in SIRS,
anti-inflammatory agents are indicated. In light of the complex-
ity of the pathophysiology of SIRS and the diverse array of
endogenous mediators, there is unlikely to be a single therapeu-
tic panacea. In people with SIRS, scoring systems have been
developed that offer prognostic information.' Because SIRS is
not defined by consensus in horses, similar comparisons are not
directly possible. However, there is evidence that foals meeting
proposed criteria for SIRS had a higher mortality rate than those
without SIRS."
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TABLE 2-2. Sepsis Score System for Neonatal Foals: Each of the Following Parameters is Evaluated

and a Score is Assigned

Score
Score for

Parameter 4 3 2 1 0 This Case
HISTORY
1. Placentitis, vulvar discharge, dystocia, Yes No

long transportation of mare, mare

sick, induced, prolonged gestation

(>365 days)
2. Premature (days of gestation) <300 300-310 311-330 >330
CLINICAL SIGNS
1. Petechiae, scleral injection Severe Moderate Mild None
2. Fever >102° F <100° F
3. Hypotonia, coma, depression, seizure Marked Mild Normal
4. Anterior uveitis, diarrhea, respiratory Yes None

distress, swollen joints, open wounds
LABORATORY DATA
1. Neutrophil count (per pl) <2000 2000-4000 or >12,000 8,000-12,000 Normal
2. Bands (per pl) >200 50-200 None
3. Any toxic change in neutrophils Marked Moderate Mild None
4. Fibrinogen (mg/dL) >600 400-600 <400
5. Blood glucose (mg/dL) <50 50-80 >80
6. IgG (mg/dL) <200  200-400  400-800 >800
7. Arterial oxygen (mm Hg)* <40 40-50 50-69 >70
8. Metabolic acidosis* Yes No

Total points for this case:

A score of 211 predicts sepsis.

*If these two parameters are included, the positive cutoff value is 12.
IgG, Immunoglobulin G.

MULTIPLE ORGAN DYSFUNCTION SYNDROME

Multiple organ dysfunction syndrome (MODS) refers to the
presence of altered organ function in an acutely ill patient such
that homeostasis cannot be maintained without intervention.'
Any disease process inducing a well-defined injury that affects
the function of organs at the initial site of insult (primary
MODS) or organs remotely positioned from the primary injury
(secondary MODS), not as a direct response to the insult, but as
a consequence of the host’s response to the injury, can culmi-
nate in MODS. Multiple organ dysfunction syndrome can be rel-
ative or absolute and is best characterized as a dynamic process
that is a continuum of pathophysiologic change over time."

The same key inflammatory catalysts that are responsible for
the development of SIRS (see earlier) can subsequently progress
to MODS." In essence, MODS is simply an extension and poten-
tial consequence of SIRS. In people, disease processes commonly
associated with induction of MODS include sepsis, endotox-
emia, DIC, ischemia, surgery, anesthesia, massive trauma,
thermal injury, drug reaction, and anaphylaxis. Immune-
mediated inflammatory injury, altered hemodynamics, and
reduced tissue perfusion are the pivotal pathophysiologic events
that drive MODS. Because appropriate function of one organ
often depends on adequate function of another, the systemic
effects of single organ failure can contribute to a self-perpetuating
cycle of multiple organ involvement and ultimately, multiple
organ dysfunction and failure.

Pathophysiology of MODS

The gastrointestinal, hemostatic, cardiovascular, hepatic, mus-
culoskeletal, renal, respiratory, adrenal, and nervous systems are
commonly affected by MODS in people.'® Each of these organ
systems will be briefly discussed here with particular reference
to what is currently recognized in the horse.

Because the gastrointestinal tract is a frequent site of injury in
adult horses and is a major portal of entry of bacterial patho-
gens in the neonatal foal, gastrointestinal dysfunction is a
common manifestation of primary MODS in horses. In people
with MODS, gastrointestinal dysfunction is defined as the pres-
ence of ileus, inability to tolerate enteral nutrition, and the
presence of mucosal ulceration.' Intestinal injury and ileus are
major complications of acute gastrointestinal disease of the
horse and are addressed elsewhere in detail (see Chapters 35
and 40). Additional signs and complications of primary
inflammatory insults (enteritis and colitis) and strangulation
obstruction of intestine (see “Ischemia,” later) are gastrointes-
tinal reflux, alteration in enteric resident flora, diarrhea, and
protein-losing enteropathy. Protein-losing enteropathy will
compromise oncotic pressure, and electrolyte derangements can
further affect distant organs, especially cardiac, muscular, and
neural tissue function. Mucosal damage enhances the transloca-
tion of luminal bacteria and endotoxin with subsequent septi-
cemia and endotoxemia, further fueling the drive of SIRS and
MODS.
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In its most simplified description, the major elements that
define dysfunction of the coagulation system associated with the
development of MODS are (1) excessive procoagulation, (2)
loss of controlled fibrinolysis, and (3) loss of natural antico-
agulant activities.””'® These events promote clot formation,
especially in the microvascular space, which contributes to
reduction of blood flow to vital tissues.'® With prolonged or
excessive thrombi formation, platelets, coagulation, anticoagu-
lation, and fibrinolytic factors are consumed, balance is lost,
and hemorrhage may ensue. This state of clinical coagulopathy
is referred to as DIC."® Endotoxemia and sepsis are commonly
reported primary ailments that initiate DIC,'® rendering the
coagulation system probably one of the most frequently
described and studied systems affected by SIRS and MODS in
horses.””'”?" Approximately 30% of horses with acute colitis,”
70% of horses with a colon torsion,”® and 25% of septic foals™
fit diagnostic criteria for DIC at admission. Evidence in both
humans and horses suggests that the primary mechanism
responsible for the initial hypercoagulative state of DIC is acti-
vation of the extrinsic coagulation cascade (see Chapter 4) via
enhanced expression of membrane tissue factors (i.e., throm-
boplastin).”>?® Constitutively expressed membrane tissue factor
on endothelial cells and mononuclear phagocytes in the circu-
lation and tissues is upregulated, either directly by pathogen-
associated molecular pattern antigens such as lipopolysaccharide
(endotoxin), or indirectly by cytokines that are generated in the
process of self defense or response to injury.

In addition to events that activate coagulation, failure of
appropriate fibrinolysis and consumption of anticoagulation
factors further promote thrombosis. In horses, endotoxin
appears to favor activation of plasminogen activator inhibitor
(PAI) over tissue plasminogen activator (tPA). In a large study
of 153 horses with acute colic, mean plasma PAI activity
increased approximately fivefold, whereas tPA activity dropped
twofold."® Both PAI and oy-antiplasmin were significantly
greater in septicemic foals, compared to healthy age-matched
foals.” These types of responses would be expected to enhance
clot formation and be negatively correlated with prognosis for
survival in equine colic patients.'® The natural anticoagulants
antithrombin (AT) and protein C are rapidly consumed in
sepsis or inactivated by neutrophil enzymes released during the
inflammatory response. AT and protein C also have several anti-
inflammatory effects, including induction of prostacyclin syn-
thesis, diminution of endotoxin-induced cytokine and tissue
factor synthesis, and reduction of chemotaxis and neutrophil
adhesion.” Clinical studies on horses with acute gastrointesti-
nal disease and septic foals consistently report that these popu-
lations at risk for endotoxemia have significantly reduced AT
and protein C activity. Correlation of these activities with the
development of complications such as jugular thrombi, perito-
neal adhesions, and laminitis is significant and is associated
with a reduced chance of survival.'”?*?” The ultimate conse-
quence of insufficient AT and protein C activity is both increased
clot formation and heightened inflammatory response, the
latter effect serving to “fuel the fire” of driving thrombus forma-
tion. Ultimately, platelets, coagulation, anticoagulant, and fibri-
nolytic factors are consumed and the normally regulated
balance between clot formation and dissolution is lost, culmi-
nating in unregulated hemorrhage, shock, multiple organ
hypoxia, and thus organ dysfunction and failure.

The exact mechanism for cardiac dysfunction and failure in
MODS is not entirely understood, though both systemic changes

in autonomic nervous system balance and direct effects of
pathogen-associated molecular patterns and SIRS-induced cyto-
kines on the myocardium play key roles. Specifically, upregula-
tion of sympathetic drive relative to vagal tone and direct
endotoxin impairment of the signal transduction pathways and
(or) ion channels mediating the autonomic nervous signals in
cardiac pacemaker cells contribute to reduced myocardial con-
tractility, increased heart rate, and reduced heart rate variability.”
Furthermore, electrolyte disturbances that may be present as a
result of the primary insult or subsequent to renal or gastrointes-
tinal dysfunction can also negatively affect myocardial function.
Reduced cardiac output, arrhythmias, and hypotension ensue,
further compromising hemodynamic homeostasis. There is little
information on myocardial function in horses with SIRS or
MODS; however, serum cardiac troponin concentration, a sensi-
tive biochemical marker of acute myocardial injury, is increased
in foals with septicemia® and horses with small intestinal stran-
gulating lesions that underwent surgical correction.®® In the
latter, there was a significant association between serum lactate
and troponin concentrations, indicating a correlation between
hypoperfusion and ischemic myocardial degeneration.

Overt hepatic failure is not commonly recognized in horses
with MODS; however, alterations in hepatic perfusion, via local
or systemic effects, and delivery of endotoxin to the liver from
both intestinal and systemic sources, can contribute to hepatic
injury. The presence of gastrointestinal reflux, ileus, and obstruc-
tion of bile flow may lead to ascending infection of the biliary
system or pressure necrosis around the bile cannaliculi, or both.
In a review of horses with acute small intestinal disease, horses
with proximal enteritis were 12 times more likely to have
increased y-glutamyltransferase activity, as serum biochemical
evidence of acute hepatic injury, compared to horses with stran-
gulating small intestinal disease.” The liver is a remarkable
organ with a diverse range of functions, including protein, car-
bohydrate, and lipid nutrient regulation, metabolism, and
storage; synthesis of albumin, coagulation factors, and compo-
nents of the acute phase response; digestion; detoxification;
vitamin storage; and extramedullary hematopoiesis. Loss of any
of these functions is detrimental and can lead to the develop-
ment of nutrient crisis, encephalopathy, and coagulopathy.

The laminae of the equine digit are highly susceptible to direct
concussive damage and altered weight distribution, as well as
injury evoked by the systemic response to endotoxemia, acute
gastrointestinal disease, sepsis, metabolic disease, dietary
changes, or acute renal failure. Thus laminitis represents a unique
manifestation of MODS in the horse. In a recent retrospective
case-controlled study in hospitalized horses, endotoxemia was
the only risk factor in multivariate analysis that significantly cor-
related with development of laminitis.*” The pathophysiology of
laminitis is complex and incompletely understood, though alter-
ations in systemic and local hemodynamics; local endothelial
dysfunction; and inflammatory, enzymatic, endocrine, and met-
abolic components all appear to contribute to the development
of laminitis.** Laminitis is discussed in detail in Chapter 90.

Acute renal failure is defined as the presence of azotemia or
oliguria, or both, in a normovolemic patient that does not have
signs of postrenal obstruction.' In people, the primary mecha-
nism leading to the development of acute renal failure is acute
tubular necrosis.’* The mechanism for renal tubular necrosis
follows the same general theme of systemic or local reduction
in blood flow, leading to cellular hypoxemia and cell death.
Swelling of epithelial cells and infiltration with inflammatory
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cells contributes to renal tubular obstruction. Ischemic glomer-
ular damage further contributes to reduction in glomerular fil-
tration. The combined effects are loss of autoregulation of renal
blood flow, vasoconstriction, fluid retention, protein-losing
nephropathy, and electrolyte derangement. These effects are
often confounded by the adverse renal side effects of drugs that
are used to combat the primary initiating cause of MODS, such
as aminoglycosides for treatment of sepsis, or drugs that are
used to control the systemic inflammatory response of MODS
(nonsteroidal anti-inflammatory drugs [NSAIDs]). Although
the exact incidence of acute renal failure in horses with MODS
is not known, in a recent retrospective study on horses with
acute gastrointestinal disease, azotemia was a frequent finding
at admission.”® Furthermore, those horses in which azotemia
resolved within 72 hours had a better survival rate than those
in which azotemia persisted.

Acute lung injury (ALI) and acute respiratory distress syn-
drome (ARDS) have been defined as the clinical conditions of
acute onset of respiratory failure characterized by hypoxemia and
diffuse bilateral pulmonary infiltrates on thoracic radiographs,
in the absence of left atrial hypertension.’® ALI and ARDS
develop when injury to the alveoli and pulmonary endothelium
causes thromboembolism and protein-rich pulmonary edema.
Subsequently, type Il pneumocytes and fibroblasts are recruited
to replace damaged areas in the alveoli. Collectively, these inju-
ries severely impair gas exchange. Likely triggers for ALI and
ARDS in horses include sepsis, aspiration of gastric contents,
smoke inhalation, severe trauma, and transfusion reaction.’”
ALI and ARDS have been described in foals in which the primary
insult was pulmonary in origin and apparently triggered by
bacterial or viral infection.’® Fulminant pulmonary edema
without left-sided heart failure has also been reported in adult
horses with transient airway obstruction and air embolism as
anesthetic complications.***°

The term critical illness—related cortisosteroid insufficiency
(CIRCI) is used to describe the clinical scenario in which the
cortisol response is insufficient for the degree of stress induced
by illness.” Mechanisms that have been proposed for CIRCI are
cytokine-induced inhibition of any component of the
hypothalamic-pituitary-adrenal axis, downregulation and sensi-
tivity of tissue cortisol receptors, and direct inflammatory, hem-
orrhagic, or hypoxic damage to the adrenal gland
(Waterhouse-Friderichsen syndrome). CIRCI has been recently
described in septicemic foals.*>** Furthermore, septic foals that
met diagnostic criteria for CIRCI were more likely to have clini-
cal signs of shock and MODS and were less likely to survive.*

Hypoxia, electrolyte derangements, alterations in glucose
homeostasis, hepatic encephalopathy, and microthrombosis all
affect neural function. Encephalopathy of MODS could be easily
overlooked when it simply manifests as depression or altered
behavior. In severe cases, stupor and coma may develop.

Diagnostic Criteria for MODS

Multiple organ dysfunction is a syndrome that is definition dependent,
and unfortunately a consensus definition has not yet been proposed
for horses. When the definition of MODS was first suggested for
human patients, criteria for organ dysfunction had not yet been
defined. Currently the syndrome is defined by identifying crite-
ria for individual organ dysfunction and dysfunction that are
correlated to prognosis. Unfortunately, with the exception of
ALI/ARDS, consensus definitions for individual organ systems

have not been established for the horse. Therefore, diagnostic
criteria supporting dysfunction or failure are proposed in the
following sections. They are based on current practical informa-
tion pertaining to the horse, as guided by criteria used in human
patients.

Respiratory Criteria

Clinical signs of ALI and ADRS in horses would include tachy-
pnea, labored breathing, nasal flare, cough, bilateral foamy
nasal discharge, and pulmonary crackles. Acute lung injury and
ARDS can be suspected in animal species in which the follow-
ing criteria are met: (1) the patient has acute onset (less than
72 hours) of respiratory distress at rest; (2) the patient has a
known risk factor for ALI or ARDS; (3) there is pulmonary
capillary leakage without increased pulmonary capillary pres-
sure as evidenced by the presence of any one of the following:
bilateral/diffuse infiltrates on thoracic radiographs, protein-
aceous fluid within the conducting airways, or increased extra-
vascular lung water; and (4) there is inefficient gas exchange
evidenced by hypoxemia (defined as one of the following:
partial pressure of oxygen in arterial blood/fraction of inspired
oxygen ratio (PaO,/FIO,) of less than 300 mm Hg for ALI and
less than 200 mm Hg for ARDS, increased alveolar-arterial
oxygen gradient, increased venous admixture, or increased dead
space ventilation.””

Hemostasis Criteria

Clinical signs of DIC include thrombi, petechiae, and ecchymo-
ses; any sign of excessive hemorrhage at sites of trauma or at
mucocutaneous orifices; or compartmental hemorrhage. Dis-
seminated intravascular coagulopathy can be suspected in the
presence of at least three of the following: thrombocytopenia;
prolonged prothrombin; activated partial thromboplastin time;
decreased fibrinogen concentration or prolonged thrombin
time; increased fibrin degradation products or D-dimer concen-
trations; or decreased antithrombin activity.

Gastrointestinal Criteria

Diagnosis of gastrointestinal dysfunction is mostly subjective
and dependent on the clinical signs of ileus. In the horse this
would include colic, decreased borborygmi, abdominal disten-
sion, diarrhea, and excessive gastrointestinal reflux or colic-like
signs that necessitate withholding of enteral nutrition. The
presence of gastric ulceration, protein-losing enteropathy, and
intra-abdominal hypertension would also fit criteria for gastro-
intestinal dysfunction in people.

Renal Criteria

Clinical signs of renal dysfunction include decreased urine pro-
duction and subcutaneous or pulmonary edema. In people,
acute renal failure is defined diagnostically by the presence of
(1) an increased serum creatinine concentration or (2) oliguria
with normovolemia (acceptable central venous pressure and
systolic pressure), without signs of postrenal obstruction with
either criterion."® Exact quantification of urine output is not easy
or practical in adult horses, though it is possible in catheterized
neonatal foals. In the latter, mean urine production is 6 mL/kg/
hr.*
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Hepatic Criteria

In people, liver dysfunction is defined by progressive increases
in plasma transaminase activities and bilirubin concentration.
Since icterus is a common feature of anorexia in the horse,
progressive hyperbilirubinemia would not be an appropriate
criterion. Liver-specific indices in the horse would include per-
sistently increased serum sorbitol dehydrogenase or
v-glutamyltransferase activities, and increased serum bile acid
concentration.

Cardiovascular Criteria

There is no consensus on criteria for cardiovascular failure in
people. However, several parameters have been suggested,
including lactatemia; the presence of hypotension (either
decreased systolic or mean arterial pressure); the presence of
pathologic arrhythmias, particularly ventricular in origin; evi-
dence of myocardial ischemia (such as increased cardiac tropo-
nin concentrations); loss of heart rate variability; decreased
cardiac output and contractility; and the need for vasopressor
therapy. In people, pressure-adjusted heart rate (PAR) is fre-
quently used to quantify cardiovascular dysfunction. It is the
product of the heart rate (HR) and the ratio of central venous
pressure (CVP) to mean arterial pressure (MAP) (HR x [CVP/
MAP]). Increasing values reflect worsening cardiovascular dys-
function. Reference values for lactate and cardiac troponin con-
centration are available for horses. They can be run “stall side”
and thus are practical biochemical markers of cardiovascular
health in horses.”” Accurate measurement of blood pressure in
adult horses would require arterial catheterization. Most clini-
cally significant pathologic arrhythmias would be detected via
auscultation and confirmed with electrocardiography. Frac-
tional shortening is frequently used as an echocardiographic
parameter of cardiac contractility in horses. Normal fractional
shortening for most light-breed adult horses is 28% to 45%.*°

Musculoskeletal Criteria

Clinical signs suggestive of musculoskeletal dysfunction include
weakness, recumbency, and reluctance to move. Laminitis is a
unique and common manifestation of MODS in the horse;
therefore, signs specific to digital pain would be present, such
as Obel grades of lameness (see Chapter 90), increased digital
pulse quality, hoof wall heat, and depression at the coronary
band. A positive response to hoof testers or mitigation of signs
following digital nerve block would be sufficient evidence for
diagnosis of early acute laminitis. Persistently increased serum
concentrations of creatinine phosphokinase activity would be
evidence of skeletal muscle damage.*’

Neurologic Criteria

Diagnosis of neurologic dysfunction is mostly dependent on
the presence of clinical signs of alteration in behavior, depres-
sion, weakness, ataxia, and stupor.

Treatment of MODS and Prognosis

Identification and treatment of the primary initiating cause
should be undertaken, with particular attempts to control the
proinflammatory response and to maintain adequate hydra-
tion, tissue perfusion, oxygenation, and nutrition. Specific

therapy for individual organ failure is indicated. As one might
logically assume, with an increasing number of organ systems
that fail, the likelihood of death increases. Mortality is typically
close to 100% in human patients with four or more failing
organ systems.*®

COMMON CAUSES OF SIRS

AND MODS IN HORSES

Sepsis

Colonization, or the presence of proliferating microbes without
a host response, is an expected, and in many tissues, beneficial
event that prevents invasion by unwanted microbes. However,
if microbial exposure or colonization leads to invasion of nor-
mally sterile tissue or evokes a response from the host, infection
has been initiated. Sepsis is the systemic inflammatory response
to infection. In association with infection, manifestations of
sepsis are the same as those previously defined for SIRS.'

Infection is initially prevented by innate immunity, the
branch of the host defense system that does not require previ-
ous exposure to a microbe to immediately counteract with a
protective response. The innate immune system is composed of
phagocytic cells (principally monocytes, macrophages, and neu-
trophils) and an extensive array of molecular substances that
are present in the circulation, on cell surfaces, and inside cells.
Whether microbial tissue invasion is contained locally or con-
tinues to spread depends heavily on an appropriate and com-
petent response from the innate immune system. Common
portals of entry for microbes include the respiratory, gastroin-
testinal, and urogenital tracts and the skin. Microbial invasion
into the bloodstream, with a concurrent systemic host response,
is termed septicemia. Septicemia is often cited as one of the most
common causes of illness and death in neonatal foals and pri-
marily involves gram-negative bacterial invasion.*” However,
septicemia appears to be far less common in mature horses.

A main feature of the innate immune system that enables
immediate discrimination is pattern-recognition receptors (PRRs)
that are capable of detecting a variety of microbial ligands,
referred to as pathogen-associated molecular patterns or PAMPs.’
These ligands are evolutionally conserved molecules that are
unique to microbes, are often shared by a broad range of organ-
isms, and are usually essential for microbial survival or viru-
lence. Examples of PAMPs include bacterial cell wall extracts,
such as endotoxin, peptidoglycan, and lipoteichoic acid, and
prokaryotic DNA. Ultimately, the interaction of a PRR with its
PAMP can directly neutralize the PAMP or microbe, or it may
activate other components of the host immune system to deploy
further defense mechanisms, initiate an inflammatory response,
or commence tissue repair. There is a complex and overlapping
arsenal of mammalian PRRs; however, they can generally be
divided into three main types: (1) secreted PRRs, such as defen-
sins; (2) cell membrane PRRs that are involved in phagocytosis;
and (3) cell membrane PRRs that are involved in signal trans-
duction. A well-characterized cell signaling PRR-ligand relation-
ship is CD14-Toll-like receptor (TLR) and its well-characterized
PAMP, endotoxin (see later section, “Endotoxemia”).

In summary, infection results from a combination of expo-
sure to microbes and colonization of host tissue coupled with
failure of the innate immune system to prevent microbial pro-
liferation and invasion into deeper sterile tissue. By the defini-
tion of Bone and coworkers,’ sepsis is the systemic response



20 SECTION | SURGICAL BIOLOGY

evoked from the host to serve as an alarm of invasion and thus
to activate defense and repair mechanisms. The outcome of
infection is determined by the appropriateness of the host’s
defense response. If the response is appropriate, the host is
altered, defense is activated, and infection is contained. When
the innate immune system is overwhelmed by infection, the
infection advances and cannot be overcome without interven-
tion. Severe sepsis is defined when organ dysfunction and shock
ensues (see shock in Chapter 1 and MODS in this chapter).’

Diagnosis of Sepsis

Sepsis can be documented cytologically by the presence of
microbes in normally sterile tissue with evidence of an inflam-
matory response, such as the presence of neutrophils, particu-
larly degenerative neutrophils or neutrophils with intracellular
organisms. Isolation of microbes by culture provides convincing
proof of infection, especially when consistent with morpho-
logic findings on cytology. Because microbial isolation and
identification can take several days, the sepsis score system was
developed to identify foals at risk for septicemia. The score
includes historical, physical, and laboratory findings that were
statistically associated with the diagnosis of sepsis, as based on
culture or necropsy." This score system was developed before
Bone and colleagues proposed their criteria for SIRS, and thus
it is particularly interesting to note that several criteria used for
SIRS in people, such as fever and leukogram changes, are
included in the sepsis score for fools (see Table 2-2).

Treatment of Sepsis

Successful treatment of sepsis-induced SIRS depends on identi-
fication of the invading organism coupled with appropriate
antimicrobial therapy.

Endotoxemia

German scientist Richard Pfeiffer first described endotoxin in
1892 as a toxin that was an integral part of gram-negative bac-
teria that was distinctly different from actively secreted heat-
labile exotoxins.” These observations led to adaptation of the
term endotoxin. Indeed, endotoxin is a heat-stable toxin consist-
ing of lipopolysaccharide comprising approximately 75% of
the outer cell membrane of gram-negative bacteria. It serves as
a structural permeability barrier that is an essential component
for survival of gram-negative bacteria. Pfeiffer’s original obser-
vations were correct: bacteria do not actively secrete endotoxin.
Rather, when gram-negative bacteria multiply or lyse upon bac-
terial cell death, endotoxin is released from the outer cell mem-
brane. Thus the enormous resident population of gram-negative
bacteria in the equine intestinal tract serves as a tremendous
reservoir of endotoxin. This source of endotoxin is normally
confined to the lumen of the healthy intestine by protective
mucosal barriers. However, if the intestinal wall is damaged, as
occurs in acute gastrointestinal diseases that cause mural
inflammation or ischemia, the otherwise contained endotoxin
gains access to the circulation. Although endotoxemia is often
associated with acute gastrointestinal disease in horses, the
release of endotoxin during log-phase bacterial growth puts any
horse with gram-negative bacterial infection at risk of becom-
ing endotoxemic. For example, as many as half of neonatal
foals with gram-negative septicemia are endotoxemic at the

time of admission to referral hospitals.”” Septic metritis, pleu-
ropneumonia, and septic peritonitis are other common primary
diseases associated with endotoxemia in mature horses.
Whether released from endogenous sources from the intestinal
lumen or from overwhelming gram-negative sepsis, the net
effects of endotoxin are similar once it accesses the
circulation.

Pathophysiology of Endotoxemia

Endotoxin consists of three structural domains: a highly vari-
able outer polysaccharide “O-antigenic” region, a core region
consisting mostly of monosaccharides, and the highly con-
served toxic moiety, lipid A. Variation in the number, length,
saturation, and position of fatty acids on the glucosamine disac-
charide backbone of lipid A confers its degree of toxicity. Endo-
toxin is not directly toxic to mucous membranes or skin; rather,
it must enter the circulation to fully manifest its pathologic
effects. Once in the blood, endotoxin’s amphipathic properties
cause it to form aggregates resembling micelles that otherwise
spontaneously disperse into monomers at a very slow rate.

Lipopolysaccharide binding protein (LBP) is a 65-kDa plasma
constituent that is primarily synthesized by the liver and belongs
to the family of lipid transfer proteins.” It efficiently extracts
molecules of endotoxin from aggregated micelles in the blood
and transports them to various locations. LBP is not consumed
by this transfer, which appears to be catalytic. As an acute phase
protein, the blood concentration of LBP can increase several
hundredfold within 24 hours following an inflammatory stimu-
lus. In a 2005 clinical study, serum concentrations of LBP at
admission were up to 30 times greater in horses with acute
gastrointestinal disease, as compared to healthy horses, though
LBP concentrations did not correlate with the cause of colic or
the outcome.” Through its interaction with lipid A, LBP effec-
tively imprisons endotoxin, with its potential for toxicity deter-
mined by the complex’s final destination. LBP can rapidly
deliver monomers of endotoxin to the cell surface of host
inflammatory cells to evoke an inflammatory response or it can
be transferred to other neutralizing lipoproteins, such as high-
density lipoprotein, for eventual removal from the blood. Thus
LBP may both enhance and hinder the biologic activities of
endotoxin. Although LBP greatly facilitates “disaggregation”
and transport of endotoxin to the surface of inflammatory cells,
its presence is not mandatory for the interaction of endotoxin
at the cell surface.

Once at the cell surface, endotoxin is transferred to CD14,
a well-conserved receptor attached by a glycosylphosphati-
dylinositol anchor.”? Mononuclear phagocytes (monocytes and
macrophages) express abundant CD14, though other inflam-
matory cells also express minute amounts. CD14 is a 53-kDa
glycoprotein that exists as both a cell membrane receptor
(mCD14) and a soluble form (sCD14) in the circulation, the
latter being essentially identical to membrane bound CD14
minus the glycosylphosphatidylinositol anchor. Similar to LBP’s
roles, sCD 14 is normally present in the circulation and has dual
functions. It may bind and neutralize circulating endotoxin,
thereby competing with membrane CD14. However, it may also
enhance endotoxin’s toxic effects by transferring it to membrane
CD14 or to cells that do not express it. CD14 does not structur-
ally cross the cell membrane. Thus it must associate with a
secondary protein, TLR that contains a transmembrane portion
that is capable of communication with the intracellular domain.
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Both CD14 and TLR are classified as bacterial recognition recep-
tors, indicating that they are evolutionarily conserved receptors
that are a part of the innate immune system. These receptors
accept a wide variety of bacterial, fungal, and viral ligands that
express a similar “pattern of recognition.” Previous exposure to
the pathogen is not required for recognition by these receptors,
which therein provide an immediate response to infection.
CD14 binds to isolated monomers of endotoxin, intact bacteria,
and several components of gram-positive bacteria, including
peptidoglycan and lipoteichoic acid. The name “Toll-like”
receptor was adapted because of homology with a receptor
found in Drosophila, called Toll, that is responsible for dorsal-
ventral polarity and innate immunity in fruit flies. Approxi-
mately a dozen TLRs have been identified, but TLR type 4
(TLR4) appears to be the most important isotype in the recogni-
tion of endotoxin, whereas TLR type 2 primarily confers recog-
nition of gram-positive bacteria.”® The presence of TLR4 is
mandatory for responsiveness to endotoxin, and transfection
experiments have clearly demonstrated that the type and degree
of response is conferred by the species of origin of the TLR4.**
Furthermore, polymorphism in TLR4 is associated with differ-
ences in the degree of response to endotoxin in people and
offers an explanation for the well-recognized clinical phenom-
enon that some individuals react violently to endotoxin,
whereas others have little to no response.” The development of
tolerance, or the tachyphylactic response to prolonged endo-
toxin exposure, has been linked to downregulation of TLR4 and
CD14 mRNA. CD14, TLR4, and TLR2 have been cloned and
sequenced in the horse.

Once the CD14-TLR4-endotoxin complex is compiled at the
cell surface, TLR4 requires the help of a 160-amino acid helper
molecule, MD2, to transmit a signal to the cytosol.”® Numerous
intracellular signaling pathways have been reported to link
endotoxin-occupied cell surface receptor to a response from the
cell, including protein tyrosine kinases, mitogen-activated tyro-
sine kinases (ERK, JNK, p38), protein kinases A and C, G pro-
teins, various phospholipases, and translocation of nuclear
factor kB (NFxB). The latter pathway is well characterized in
mammalian endotoxin-induced cell signaling, including
horses.”®>¢ In the NFkB pathway, the cytosolic domain of TLR4
associates with myeloid differentiation factor 88 (MyD88) that
recruits interleukin-1 receptor-associated kinase (IRAK), result-
ing in its phosphorylation. Phosphorylation of IRAK promotes
its association with tumor necrosis factor receptor-associated
factor (TRAF6), NFkB inducing kinase, and inhibitor (IkB)
kinase (IKK). IKK phosphorylates IxB, which cleaves IxB from
the IkB-NFxB complex. NF«B is a heterodimer of two proteins,
p50 and p65. Once freed from IkB, the NFkB dimers translocate
to the nucleus to activate the promoter sites for genes encoding
inflammatory mediators.

Although there is more to learn about the regulation of the
intracellular signaling systems involved in endotoxin-induced
cell activation, there is solid agreement that most of the deleteri-
ous effects of endotoxin are the result of overzealous endoge-
nous synthesis of proinflammatory mediators and initiation of
SIRS. The most widely studied of these mediators are the metab-
olites of arachidonic acid (the prostaglandins, thromboxane,
and the leukotrienes), PAE cytokines (TNF and interleukins 1,
6, and 8), vasoactive and chemotactic peptides (histamine, sero-
tonin, bradykinin, complement components), tissue factor,
proteolytic enzymes, and reactive oxygen species. Several of
these endogenous mediators have been quantified in horses

with both experimentally induced and naturally occurring
endotoxemia.*> " Correlation of peritoneal and serum con-
centrations of these mediators with adverse sequelae and mor-
tality in horses solidifies the importance of their roles in
endotoxemia.””* The culmination of events in endotoxemia is
uncontrolled inflammation, immunosuppression, hemody-
namic changes, and coagulopathy. Decreased peripheral vascu-
lar resistance, myocardial depression, hypovolemia, and
microvascular thrombosis all contribute to reduction of blood
flow to vital organs. If flow is sufficiently reduced, it may become
irreversible (see “Common Causes of SIRS and MODS in
Horses”).

Clinical Findings and Diagnostic Approach

The clinical signs of endotoxemia are often overshadowed by
signs of the primary disease process that initiated the response.
However, through experimental infusion studies with purified
lipopolysaccharide, the response to endotoxin is well character-
ized in horses.”*”% Within the first 30 to 60 minutes of
sublethal intravenous challenge with endotoxin, horses yawn
frequently; develop mucous membrane pallor; become
depressed, anorectic, tachypneic, tachycardic, and restless;
develop fasciculations and mild to moderate signs of colic; and
pass loose feces. This period is the early hyperdynamic phase of
endotoxemia that is characterized by pulmonary hypertension
(increased pulmonary arterial and wedge pressures and
increased pulmonary vascular resistance) and ileus associated
with increased levels of thromboxane A,, though other vasocon-
strictors likely contribute. By 1 to 2 hours after challenge,
depression and anorexia continue and are affiliated with the
onset of fever and hypotension. This hypodynamic phase of endo-
toxemia is caused by decreased systemic vascular resistance from
the release of prostaglandins. Mucous membranes are often
hyperemic, and capillary refill time is prolonged. With reduced
tissue perfusion, the classic “toxic line” develops as a red to
blue-purple line (a few millimeters in width) at the periphery
of the gums. This is particularly notable at the upper incisors.
If hypotension advances, mucous membranes become diffusely
congested, progressing to cyanosis and then a grayish-purple
pallor.

As per its definition, endotoxemia technically means the
presence of endotoxin within the blood. The gold standard for
measurement of endotoxin, the limulus amebocyte lysate (LAL)
assay, has been used to detect endotoxin in the plasma, portal
circulation, or peritoneal fluid of horses and foals with naturally
occurring endotoxemia.”*****® The lower limit of detection of
the assay is picograms per milliliter, though nanograms of
endotoxin per milliliter of plasma or peritoneal fluid have been
identified in horses with acute gastrointestinal diseases and
foals with septicemia.®®*® As might be expected in horses with
colic, peritoneal fluid and plasma endotoxin concentrations are
greatest in horses with inflammatory or ischemic gastrointesti-
nal injuries. Although the LAL assay is a highly specific test for
the detection of endotoxin, its tedious nature makes it impracti-
cal as a routine diagnostic test. Likewise, quantification of spe-
cific endotoxin-induced inflammatory mediators can provide a
presumptive diagnosis as well as prognostic information,
though again, these types of assays are rarely available in clinical
settings. Therefore the diagnosis of endotoxemia relies heavily
on identification of clinical signs and diagnostic markers in
diseases known to be associated with the release of endotoxin.
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One cardinal diagnostic marker of endotoxemia and acute over-
whelming bacterial infection is profound neutropenia with
toxic neutrophil morphology (basophilic cytoplasm, vacuoliza-
tion, Dohle bodies) with a left shift. Neutropenia will occur
within an hour of onset of endotoxemia and is proportionate
to the degree of endotoxemia. Other diagnostic markers of
endotoxemia typically reflect nonspecific secondary changes
from stress (hyperglycemia), hypovolemia, (relative polycythe-
mia, hyperproteinemia, azotemia, metabolic acidosis, increased
anion gap, and lactic acidosis), and specific organ damage from
decreased perfusion (azotemia; increased creatine phosphoki-
nase, liver enzyme, or cardiac troponin activities).

Clinical Management

The rapid response to endotoxin coupled with the diverse bio-
logic actions of the endogenous mediators present a difficult
therapeutic challenge. Although neutralization of endotoxin or
blockade of a single class of mediators may provide some
benefit, no single treatment is a panacea. Rather, treatment of
endotoxemia should include a combination of therapeutic
targets. Many different treatments for endotoxemia have been
evaluated in the horse and other species, both experimentally
and clinically. The following discussion will be limited to thera-
pies that have been specifically evaluated in the horse or are
available for clinical use.

When treating endotoxemia, the first goal should be dimin-
ishing the source. When endotoxemia is the result of acute
intestinal inflammation or ischemia, translocation of luminal
endotoxin might be abated by administering smectite orally (4
ounces orally, twice daily), which absorbs bacteria and bacterial
toxins, and by specifically treating the underlying disease, such
as surgically removing the ischemic intestine. If endotoxemia is
the result of gram-negative sepsis, tissue débridement and
lavage should be undertaken when possible. Caution should be
exercised when antimicrobials are used, because the bactericidal
actions of certain drug classes, particularly the B-lactam family,
may increase the release of endotoxin, and in such scenarios,
concurrent treatment with endotoxin-neutralizing drugs (see
later) is indicated.®”®®

Once endotoxin enters the circulation, the most effective
therapeutic strategy is to bind and neutralize endotoxin before
it interacts with inflammatory cell receptors. Although this may
seem to present a narrow therapeutic opportunity, until the
source of endotoxin is controlled, use of endotoxin-neutralizing
drugs is beneficial. Furthermore, there are several clinical situa-
tions in which development of endotoxemia can be anticipated;
specific examples include the release of endotoxin following use
of bactericidal antimicrobials in the face of gram-negative infec-
tion, following grain engorgement, and immediately after cor-
rection of a strangulating lesion.

Currently, there are two commercially available products for
horses that directly bind to endotoxin: anti-endotoxin antibod-
ies and polymyxin B. It must be noted that both of these prod-
ucts directly bind endotoxin, and thus their effectiveness is a
factor of both the dose administered and the amount of free,
unbound circulating endotoxin. Anti-core antibodies have been
used in several clinical and experimental trials, often with con-
flicting results.®””" Endoserum (Immvac Inc., Columbus, MO),
hyperimmune serum from horses vaccinated with the Salmo-
nella typhimurium, Re mutant, has the disadvantage of requiring
refrigeration. Dilution of this product with sterile isotonic

saline or lactated Ringer solution (1:10 to 1:20) and administra-
tion of the diluted product intravenously over 1 to 2 hours may
reduce the risk of another complication: hypersensitivity reac-
tions. Hyperimmune anti-core plasma to Escherichia coli ]J5
(Equiplas J, Plasvacc USA Inc., Templeton, CA) can be used in
foals for the concurrent treatment of endotoxemia, septicemia,
and failure of transfer or passive immunity, given at the dose
recommended for treatment of failure of transfer of passive
immunity (20 to 40 mL per kg body weight) or in adult horses.
The disadvantages in using plasma products are that they are
expensive, require freezer storage, and must be thawed before
administering, which delays treatment.

Polymyxin B is a cationic antibiotic that, in addition to its
bactericidal properties, also binds to and neutralizes endotoxin
through direct molecular interactions with the lipid A region.
Because lipid A is structurally conserved among gram-negative
bacteria, polymyxin B hypothetically should have broader
endotoxin-binding capabilities than anti-core-endotoxin anti-
bodies. In one study in foals, polymyxin B provided more pro-
tection against endotoxemia than did anti-core antiserum.”
Polymyxin B has the additional advantage of being a lyophi-
lized product that may be stored at room temperature. Clinical
use of polymyxin B has been hindered by its inherent nephro-
toxic and neurotoxic side effects when used intravenously at
bactericidal doses. Recent studies in human patients, foals, and
horses have shown that doses considered suboptimal for bacte-
ricidal treatment are remarkably effective in neutralizing endo-
toxin without causing toxic side effects. Currently, in horses and
foals, the recommended dose of polymyxin B is 1000 to 6000 U
per kg body weight, administered intravenously every 8 to 12
hours.””” As with anti-core antibodies, the effectiveness is dose
related. If large circulating concentrations of endotoxin are
anticipated, the higher dose range for polymyxin B is warranted.
Although nephrotoxicity has not been reported in experimental
trials with polymyxin B at doses less than 6000 IU per kg body
weight, polymyxin B should be used judiciously in azotemic
patients.

In many clinical scenarios, endotoxemia has not been antici-
pated and thus its recognition is delayed until clinical signs of
endotoxemia are well established. Unfortunately, at this point,
halting the multitude of biologic actions of the numerous
endogenous mediators presents a difficult therapeutic chal-
lenge. To this end, seemingly countless antidotes for specific
mediators or regimens for general shock therapy have been
studied as treatments for endotoxemia; however, none have
been shown to dramatically improve survival in the clinical
setting. Thus, the mainstays of treatment that are most com-
monly employed are general supportive fluid therapy and the
use of anti-inflammatory drugs. Therapy directed specifically for
shock (see Chapter 1) or organ failure should be addressed if
these complications develop in advanced endotoxemia. The
following discussion will be limited to drugs that have been
specifically tested in endotoxemic horses and are available for
use in the clinical setting.

NSAIDs were one of the first classes of drugs described for
the treatment of endotoxemia in horses. In this regard, flunixin
meglumine, a nonspecific cyclooxygenase inhibitor, is highly
effective in preventing endotoxin-induced prostanoid synthesis
and associated clinical signs of endotoxemia. Administration of
0.25 mg/kg body weight intravenously every 8 hours is com-
monplace. Advantages of this low-dose flunixin meglumine
regimen are reduced risk of potential toxic side effects and
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effective inhibition of prostanoid synthesis without completely
masking physical manifestations of endotoxemia that are neces-
sary for accurate clinical assessment of the patient’s progress.””
However, if the underlying cause of endotoxemia has clearly
been identified, and a more effective level of cyclooxygenase
inhibition is desirable for more potent analgesic and anti-
inflammatory effects, higher doses (1.1 mg/kg) may be used.
Other NSAIDs, such as ketoprofen, phenylbutazone, and firo-
coxib, have either not been fully evaluated in endotoxemic
horses or do not appear to offer any advantage over flunixin
meglumine when used for endotoxemia.

Inhibition of other mediators associated with endotoxemia
is more difficult. Although monoclonal antibodies to TNF and
PAF receptor antagonists have been shown to be advantageous
in experimentally induced endotoxemia in horses, these drugs
are prohibitively expensive to use in horses or they are not com-
mercially available. There is a general lack of conclusive evi-
dence that blockade of lipid peroxidation is beneficial in
experimentally induced endotoxemia in horses. Nonetheless,
dimethyl sulfoxide (DMSO) frequently is used intravenously at
doses ranging from 0.1 to 1 g/kg body weight, diluted to at least
10% in isotonic fluid. In an experimental model of endotox-
emia in horses, DMSO had minimal effects on clinical signs
with the only effect being reduction of endotoxin-induced
fever.”® Other anti-inflammatory agents that have been used in
endotoxemic horses are pentoxifylline and lidocaine”’%;
however, the clinical efficacy of these drugs has not been criti-
cally evaluated.
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CHAPTER

3 Fluids, Electrolytes, and
Acid-Base Therapy

Joanne Hardy

Fluid administration for maintenance or replacement purposes
is one of the mainstays of equine critical care, and the technol-
ogy should be readily accessible in any equine hospital. The
availability of commercial materials and fluids for use in large
animals makes fluid administration easy and cost effective in
most situations. This chapter reviews fluid and electrolyte
balance, materials needed, and principles to follow when plan-
ning fluid administration.

NORMAL FLUID AND ELECTROLYTE BALANCE
Distribution of Fluids

Fluids in the body are distributed in two compartments: the
intracellular fluid (ICF) volume and the extracellular fluid (ECF)
volume. The ECF is composed of interstitial fluid, plasma,

lymph, and transcellular fluids such as synovial, pleural, abdom-
inal, and cerebrospinal fluids. The transcellular fluids do not
normally contribute to signficant fluid losses, but in disease
states such as pleuropneumonia or peritonitis, they can contrib-
ute significantly to volume deficits. For example, it is not unusual
to drain 10 to 20 L of fluid from the pleural cavity of horses with
severe pleuropneumonia. Additionally, the volume of gastroin-
testinal secretions in horses plays an important role in fluid
distribution. The normal volume of gastrointestinal secretion in
horses is approximately equivalent to the extracellular fluid
volume, representing about 100 L every 24 hours in a 500-kg
horse.! Therefore significant fluid sequestration and loss can
occur with intestinal obstruction or colitis. The volume of total
body water (TBW) represents 60% of body weight in adults and
up to 80% in neonates. The ECF volume represents 5 of TBW or
20% of body weight (in adults) to % of TBW or 40% of body
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weight (in neonates) of water, and the ICF volume represents 312 mOsm/kg, and it varies slightly between breeds. Lower
approximately % of TBW or 40% of body weight. Recent esti- values are reported for normal foals.”® The effective osmolality,
mates of fluid distribution in horses report values of 0.67 L/kg or tonicity, is the osmotic pressure generated by the difference
(67%) for TBW, 0.21 L/kg (21%) for ECE and 0.46 L/kg (46%) in osmolality between two compartments. Colloid oncotic pres-
for ICE*? In neonates, the ECF is approximately 40% of the TBW, sure is the osmotic pressure generated by proteins, mainly
and it decreases to approximately 30% by 24 weeks of age.” For albumin, and is measured using a colloid osmometer (Wescor,
calculation purposes on substances distributed across the ECFE, a Logan, UT). Normal values of 15.0 to 22.6 mm Hg for foals and
factor of 0.3 is used for adults and 0.4 for young animals. Blood 19.2 to 31.3 mm Hg for adult horses have been reported.”™

volume in sedentary horses represents approximately 8% of  Water and ionic solute exchange between the vascular and
body weight.” In fit horses, this value can reach 14% of body

weight.® In neonates, blood volume represents 15% of body TABLE 3-1. Normal Hematologic Values in
weight and decreases to adult values by 12 weeks of age.* : Adult Horses 9
Body solutes are not distributed equally through TBW. In

plasma, sodium is the main cation, and bicarbonate and chlo- Normal Concentration
ride are the main anions. Proteins contribute to the negative Plasma Parameter (Units) Range

charges, and they also provide oncotic pressure. Albumin or CATIONS

molecules of similar size are the main contributors to oncotic Sodium (mmol/L or mEq/L) 132-146

pressure. The interstitial fluid accounts for about 75% of the ECE Potassium (mmol/L or mEq/L) 24-47

and it is composed mainly of sodium, bicarbonate, and chlo- Calcium (mmol/L) 2834

ride, but the concentration of protein there is lower than in Tonized calcium (mmol/L) 1.0-1.3

plasma. The slightly increased concentration of anions and Magnesium (mmol/L) 0.9-1.15

decreased concentration of cations in interstitial fluids occurs Ionized magnesium (mmol/L) 0.4-0.55

because of the greater concentration of protein in plasma
(according to the Gibbs-Donnan equilibrium). In clinical prac-
tice, this difference is small, so that the measured concentration
of solutes in plasma is thought to reflect the concentration of

ANIONS
Chloride (mmol/L or mEq/L) 99-109
Total CO, (mmol/L or mEq/L) 24-32

solutes throughout the ECFE Table 3-1 lists normal plasma con- VENOUS BLOOD GAS
centrations of electrolytes in adult horses. The composition of pH 7.32-7.44
the intracellular fluid compartment is different: the important PCO, (mm Hg) 38-46
cations are potassium and magnesium, and the important PO, (mm Hg) 37-56 (arterial, 80-100)
anions are phosphates and proteins (Figure 3-1). HCO;™ (mmol/L or mEq/L) 20-28
Transfer of fluid between compartments is an important con- Base excess (mmol/L or mEq/L) -2 to +2
sideration when planning fluid administration. Some impor-
. L OTHER
tant concepts govern these mechanisms. Osmolality is defined as ..
; . . . . . Creatinine (mg/dL) 0.9-1.9
the concentration of osmotically active particles in solution per .
. L Plasma protein (g/dL) 5.8-8.7
kilogram of solvent (mOsm/kg), whereas osmolarity is the .
- : Albumin (mg/dL) 2.9-3.8
number of particles of solute per liter of solvent (mOsm/L). In
. . ] . ) Plasma lactate (mmol/L) 1.11-1.78
biologic fluids, the difference between the two concentrations
is negligible, and the two terms are often used interchangeably. Data from Kaneko JJ, Bruss ML: Clinical Biochemistry of Domestic Animals. 5th
Normal plasma osmolality in adult horses ranges from 275 to Ed. Academic Press, San Diego, 1997.
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interstitial compartments occurs at the capillary level and is
rapid; equilibrium is reached within 30 to 60 minutes. The rate
of exchange or net filtration that occurs between these compart-
ments is controlled by a balance between the forces that favor
filtration (capillary hydrostatic pressure and tissue oncotic pres-
sure) and the forces that tend to retain fluid within the vascular
space (plasma oncotic pressure and tissue hydrostatic pressure).
These relationships are described by Starling’s law:

Net filtration = K [(Pep — Pt ) — (7, — i )]

where K is the filtration coefficient, which varies depending on
the surface available for filtration and the permeability of the
capillary wall; P,, and P;,, represent the hydrostatic pressures in
the capillary or in the interstitium; =, and m;, are the oncotic
pressures in the plasma or interstitial fluid; and o is the reflec-
tion coefficient of proteins across the capillary wall.

Exchanges between the interstitial and the intracellular com-
partment are governed by the number of osmotically active
particles within each space. Sodium is the most abundant cation
in the ECE. Consequently, sodium accounts for most of the
osmotically active particles in the ECE. Other osmotically active
compounds that make a significant contribution to ECF osmo-
larity are glucose and urea. The most commonly used formula
for estimation of serum osmolarity is as follows':

glucose | urea
2.8

ECF osmolality = 2[Na* ]+

Cell membranes are permeable to urea and K*. Therefore the
effective osmolarity is calculated as follows:

ECF osmolality = 2[Na* ]+ glucose

The osmolar gap is the difference between measured osmo-
larity and calculated osmolarity; an increased osmolar gap can
exist when unmeasured solutes, such as mannitol, are present."?

Exchanges between the extracellular and intracellular com-
partments are comparatively slow, taking up to 24 hours to
reach equilibrium.

Acid-Base Balance

The concentration of hydrogen ions, and therefore the pH, is
closely regulated in the body to vary between 7.35 and 7.45.
This narrow range is maintained by the presence of buffers
within different body compartments; a buffer is a compound
that can accept or donate protons to maintain the pH within a
narrow range. In the body, bicarbonate is the primary buffer
system of the extracellular fluid, whereas protein and inorganic
and organic phosphates represent the principal intracellular
buffers.

The importance of bicarbonate as a buffer in the ECF stems
from the fact that it is an open system. The dissociation of car-
bonic acid is expressed by the law of mass action:

H*+HCO = H,CO; = CO, +H,0
In the body, this system is open, and carbonic acid, in the pres-

ence of carbonic anhydrase, forms CO,, which is eliminated
entirely from the system by alveolar ventilation.

The relationship between pH, bicarbonate, and carbonic acid
is expressed in the Henderson-Hasselbalch equation:

pH=6.1+ log{ HCO, }

0.03PCO,

where PCO, is the partial pressure of carbon dioxide. This is the
clinically relevant form of the equation, which shows that in
body fluids, pH is a function of the ratio of HCO;™ to PCO,;
this ratio is normally approximately 20:1.

The responses to acid or base alterations in the body all
combine to normalize pH. For example, an acute increase in
hydrogen ions from a fixed acid load is immediately buffered by
bicarbonate and intracellular buffers. This is the acute physio-
chemical response. Alveolar ventilation is subsequently modi-
fied, and this is complete within hours to further minimize
changes in pH by normalizing the ratio of HCO;™ to PCO..
Finally, renal responses result in regeneration of HCO;", resulting
in a long-term response. The renal response begins within hours
and is complete within 2 to 5 days. An acute increase in volatile
CO,, in contrast, cannot be buffered by HCOs; therefore, the
hydrogen ions generated from the dissociation of carbonic acid
must be buffered by intracellular buffers. Renal adaptation, char-
acterized by increased HCO;™ reabsorption and net acid secre-
tion, takes 2 to 5 days to achieve maximal effectiveness.

ACID-BASE DISORDERS
Terminology

Acidosis and alkalosis refer to the processes that cause net accu-
mulation of acid or alkali in the body, respectively. Acidemia
and alkalemia refer to the pH of the ECF: in acidemia, the pH
of the ECF is lower than normal, and in alkalemia the pH of
the ECF is higher than normal. The distinction between these
terms is important; for example, a horse with chronic reactive
airways disease may have a normal blood pH because of effec-
tive renal compensation, but in this setting the patient will have
increased bicarbonate. This patient has alkalosis but does not
have alkalemia.

Primary Acid-Base Disorders

There are four primary acid-base disorders: metabolic acidosis,
metabolic alkalosis, respiratory acidosis, and respiratory alkalo-
sis. The metabolic disorders refer to the net excess or deficit of
nonvolatile or fixed acid, whereas the respiratory disturbances
refer to a net deficit or excess of volatile acid (dissolved CO,).

Metabolic acidosis is present when there is a decrease in HCO5~
caused by either loss or buffering of nonvolatile acids. Common
causes of metabolic acidosis in horses include accumulation of
lactic acid as a result of poor perfusion, and HCO5™ losses in
the gastrointestinal tract resulting from diarrhea. Metabolic alka-
losis is present when there is an increased concentration of
HCOj;™. Metabolic alkalosis is commonly associated with a dis-
proportionate loss of chloride ions. Respiratory acidosis is present
when the PCO, is increased in response to alveolar hypoventila-
tion. Respiratory alkalosis is present when the PCO, is decreased.
Table 3-2 lists examples of primary acid-base disorders in
horses.

For each primary acid-base disturbance, there is a secondary
or adaptive response that involves the component opposite the
primary disturbance in an attempt to return the pH toward
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normal. The secondary response never restores the pH com-
pletely to normal. For metabolic disorders, the secondary or
adaptive respiratory response begins immediately and is com-
plete within hours. In respiratory disorders, the adaptive
response begins with an acute, immediate titration by nonbi-
carbonate buffers that results in an initial change in plasma
HCO;™ concentration. This is followed by a chronic response
mediated by the kidney that involves net acid secretion and
bicarbonate resorption. This response begins within hours and
takes 2 to 5 days to be complete. Table 3-3 lists expected adap-
tive responses to acid-base disorders. These expected responses
vary slightly across species."

Mixed Acid-Base Disorders

When a primary disorder occurs with the expected secondary
response, it is considered a simple acid-base disorder. A mixed
disorder means that two separate primary disorders are present
in the same patient. A mixed disorder is suspected when the
adaptive response is lower or higher than the expected response
from the primary disorder.

MEASUREMENT AND INTERPRETATION
OF BLOOD GASES

Measurement

For accurate blood gas analysis, appropriate sampling methods
should be followed. Blood (arterial or venous) is collected
anaerobically from the puncture site using a syringe that

contains the appropriate anticoagulant for the analyzer, usually
lithium heparin, taking care to not dilute the sample with excess
heparin. Introduction of room air into the sample will falsely
increase the PO, and decrease the PCO,. If a delay in analysis
is anticipated, the blood should be placed on ice to decrease
cell metabolism. Most blood gas analyzers perform their analy-
sis at 37° C. At extremes of body temperature, a patient’s actual
value may differ from expected values according to the gas law:
with increases in temperature, gas is less soluble and therefore
its partial pressure in the solution increases; this will increase
the PO, and PCO, of a solution. Similarly, with extreme hypo-
thermia, gas is more soluble, resulting in decreases in PO, and
PCO,. Although available in many blood gas analyzers, tem-
perature correction is usually not performed for several reasons:
(1) the small changes in body temperature usually do not affect
blood gas analyses significantly; (2) the patient’s temperature,
if extreme, will usually be corrected shortly; and (3) there
are no established normal values for extremes in body
temperature.

Routine blood gas analyzers provide three measured values,
pH, PCO,, and PO,, and three calculated values, total CO,
(TCO,), HCO;, and base excess (BE). Measured values that are
outside of physiologic ranges should be considered a malfunc-
tion of the analyzer.

e pH is the negative base 10 logarithm of hydrogen concentra-
tion and is a measured value.

e PCO, (mm Hg) is the measured partial pressure of dissolved
carbon dioxide in the sample. A venous sample will have a

TABLE 3-2. Traditional Approach to Simple Acid-Base Disorders in Adult Horses

Respiratory Alkalosis

Parameter Metabolic Acidosis Metabolic Alkalosis Respiratory Acidosis (Arterial Sample)
pH 7.390 7.49 7.30 7.50
PCO, (mm Hg) 28.4 49 60 32
PO, (mm Hg) 42 43 38 55
HCO;™ (mEq/L) 16.5 34 28 22
Base excess (BE) -5.8 49 =1 -2
(mEq/L)
Comments There is a secondary There is a secondary  This is an acute disorder with  Increased ventilation in

increase in PCO,
in an attempt at
compensation.

decrease in PCO, to
compensate for the
primary disorder.

increased bicarbonate of
1-2 mEq/L per 10 mm Hg
increase in PCO,. Note that
the BE is normal, indicating
no metabolic disturbance.

response to hypoxemia
is the cause of this
disorder.

*This traditional approach to the diagnosis of simple acid-base disorders depends on interpretation of the clinical parameters in the left-hand column, without examin-

ing the contribution of electrolytes, unmeasured anions, or protein concentrations.

TABLE 3-3. Secondary (Adaptive) Responses to Primary Acid-Base Abnormalities

Secondary Response

Disorder Primary Change
Metabolic acidosis 1 HCO;
Metabolic alkalosis T HCO;

Acute respiratory acidosis T PCo,

Chronic respiratory acidosis T PCO,

Acute respiratory alkalosis 1l PCco,

Chronic respiratory alkalosis | PCO,

PCO, decreases by 1.2 mm Hg for every 1 mEq/L decrease in bicarbonate
PCO, increases by 0.6-1 mm Hg for every 1 mEq/L increase in bicarbonate
[HCO5] increases by 1 mEq/L for every 10 mm Hg increase in PCO,
[HCO;7] increases by 3-4 mEq/L for every 10 mm Hg increase in PCO,
[HCO;7| decreases by 1-3 mEq/L for every 10 mm Hg decrease in PCO,
[HCO57] decreases by 5 mEq/L for every 10 mm Hg decrease in PCO,

From Brobst D: ] Am Vet Med Assoc 183:773, 1983.
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slightly higher (5 mm Hg) value than an arterial sample. An
increase in PCO, is termed hypercapnia or hypercarbia, and it
usually reflects alveolar hypoventilation.

e PO, (mm Hg) is the measured partial pressure of dissolved
oxygen in blood. This is different from oxygen content, which
is the total concentration of oxygen carried by blood and
includes the portion carried by hemoglobin.

e TCO, (mEq/L) is the concentration of total CO, in the
sample, obtained by adding a strong acid to the sample and
measuring the amount of CO, produced; it includes both
dissolved CO, and HCOj5". Because HCOj™ represents 95% of
total CO,, this measurement is indirectly a measurement of
HCOj;~, and it is 1 to 2 mEq/L higher than the concentration
of HCO;™.

e HCO; (mEq/L) is reported as actual bicarbonate, which is
the calculated concentration of bicarbonate in the sample,
and standard bicarbonate, which is the calculated concentra-
tion of HCO;™ after the sample has been equilibrated to a
PCO, of 40 mm Hg.

e BE (mEq/L) is the amount of strong acid or base required to
titrate 1 L of blood to a pH of 7.40 at 37° C with the PCO,
held constant at 40 mm Hg. Because the base excess is
changed only by nonvolatile fixed acids, it is considered to
reflect metabolic acid-base disturbances.

Normal values for the horse are presented in Table 3-1.

Interpretation

To interpret blood gases, a practiced method should be followed.
First the pH is examined, and if it is outside the normal range, an
acid-base disorder is present. The clinician examines next the
HCOj;™ level and PCO, and determines if an abnormality is
present that could explain the abnormal pH. An acidemia is
caused by an increase in PCO, or a decrease in HCO;~, whereas
an alkalemia is caused by a decrease in PCO, or an increase in
HCOj;™. Once the primary disorder has been characterized, the
clinician determines whether a secondary response is present.
The absence of a secondary response, or a change in the direction
opposite the expected response, is an indication of a mixed dis-
order. The clinician then determines whether the acid-base dis-
turbance is consistent with the patient’s history and clinical
findings. Table 3-2 lists examples of simple acid-base disorders
in horses.

Another important component of blood gas interpretation is
the PO,. The normal PO, of arterial blood (PaO,) is approxi-
mately 5 times the fraction of inspired oxygen (FiO,), or 80 to
100 mm Hg in room air at sea level (FiO,, 21%). Hypoxemia
refers to a decreased PaO,; common causes include a decreased
FiO, (an example is a decreased barometric pressure associated
with high altitude), hypoventilation, ventilation/perfusion mis-
match, shunt, or diffusion impairment. The normal PO, of
venous blood (PvO,) is 40 mm Hg. A low mixed PvO, (mixed
refers to a sample collected centrally, ideally from the pulmo-
nary artery) in the presence of normal PaO, should alert the
clinician that tissue perfusion is poor.

Anion Gap

The anion gap (AG) is the difference between the sum of the
commonly measured cations and the sum of the commonly
measured anions in serum, calculated as follows:

AG = ([Na*]+[K*]) = ([CI"] + [HCO;]).

The sum of cations always exceeds the sum of anions, and the
difference is an attempt to estimate the concentration of unmea-
sured anions—for example, lactate. A normal AG of 10.4 *
1.2 mEq/L has been reported in adult horses.'* Neonates have
a slightly higher AG because of their increased levels of phos-
phates and globulins.' In exercising horses, the AG is useful to
estimate plasma lactate concentrations in the presence of rela-
tively normal plasma protein concentrations."” In horses with
abdominal pain, the correlation between lactate concentration
and the AG is excellent, but the presence of other strong ions
results in a higher AG than would be expected from lactate
measurement.'® The AG is considered a good prognostic indica-
tor of survival in horses with abdominal disorders: a value
greater than 25 mEq/L is associated with a significantly lower
survival rate.'”'®

Lactate

Measurement of lactate concentration is now a routine part of
the assessment of perfusion in equine patients, and it is avail-
able in most chemistry and point-of-care analyzers."” Samples
should be analyzed immediately to prevent in vitro lactate pro-
duction by erythrocytes; alternatively, collection in fluoride-
containing tubes, storage on ice, and separation of plasma can
help minimize this problem. Lactate is the end product of
anaerobic glycolysis, and its concentration is another indicator
of tissue perfusion and oxygen delivery; an increased blood
lactate concentration is most often a result of tissue hypoxia.
Although inadequate oxygen delivery to tissues as a result of
hypovolemia, decreased oxygen content, or impaired myocar-
dial function (absolute hypoxia) is the most common cause of
hyperlactatemia, hypermetabolic states or impaired oxygen use
as a result of mitochondrial dysfunction (relative hypoxia) can
also increase blood lactate concentration. Less commonly,
increased lactate may result from impaired clearance because of
hepatic dysfunction, thiamine deficiency, or increased catechol-
amine production.” Normal blood lactate concentrations in
resting adult horses are less than 2 mmol/L; concentrations
higher than this in the adult are an indication of inadequate
oxygen delivery. Neonates have higher blood lactate concentra-
tions that decrease to adult values by 24 hours of age.”" Serial
measurement of lactate is a useful tool to monitor the adequacy
of fluid therapy (see Chapter 1).

Nontraditional Approach to Acid-Base Evaluation

In the traditional approach, the relationship between PCO,,
HCO;", and pH is explained by the Henderson-Hasselbalch
equation and appears to stand alone as an explanation for acid-
base derangements. This is still the approach most commonly
used by clinicians, and it serves to initiate and target therapeutic
intervention. However, what this approach fails to do is provide
explanations for the influence of other electrolytes, weak acids,
and plasma protein on acid-base balance.

The nontraditional approach (or Stewart’s approach) to acid-
base balance is based on three physical laws: maintenance of
electroneutrality, satisfaction of dissociation equilibrium for
solutes that are incompletely dissociated, and conservation of
mass. In this approach, independent variables are those that can
be altered externally; dependent variables change only when
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independent variables change. Independent variables include
the strong ion difference (SID), PCO,, and the total concentra-
tion of weak acids, or A,. The SID is the difference between the
concentration of strong cations and the concentration of strong
anions. The most important cation is sodium; chloride and
other unmeasured anions make up the strong anions. Because
many strong anions are not routinely measured, the normal SID
accounts for the presence of these anions. An increase in SID
indirectly indicates an accumulation of unmeasured anions.
The concentration of weak acids in plasma mostly derives from
protein and phosphates. Bicarbonate is a dependent variable
that changes in response to a change in independent variables.
Hypoproteinemia (a decrease in weak acid) results in alkalosis
(an increase in HCO5™); conversely, an increase in phosphates,
such as that occurring with acute renal failure, causes an
acidosis.

In Stewart’s approach, the primary disturbance is therefore
defined as a change in one or more of the independent vari-
ables: SID, PCO,, or A,. To calculate the contribution of these
variables to an acid-base disturbance, determination of the total
concentration of nonvolatile weak acids and the effective dis-
sociation constant for weak acids is required, which is impracti-
cal in most clinical situations. A simplified version of Stewart’s
approach, proposed and validated for equine plasma, allows the
determination of A, and the effective dissociation constant for
plasma weak acids (K,) and accurately predicts pH."

Another approach to Stewart’s concepts involves the charac-
terization of four components of base excess: changes in free
water reflected by changes in sodium, changes in chloride,
changes in serum albumin concentration, and changes in
unmeasured anions. This method has also been used success-
fully in horses to better characterize acid-base disorders.”” The
example in Table 3-4 illustrates the contributions of protein,
chloride, and unmeasured anions to acid-base balance, and it
shows how the traditional approach to acid-base balance can
sometimes fail to recognize abnormalities when complex dis-
orders are present.

The preceding discussion emphasizes the complexity of
interactions between solutes in body fluids and the importance
of recognizing the limits of the traditional approach to acid-
base interpretation. Although the traditional approach provides
a working method for identification of problems, it falls short
in complex mixed acid-base disorders and does not provide a
satisfactory explanation when electrolyte, colloidal, and unmea-
sured anion disorders coexist.

DESIGNING A FLUID THERAPY REGIMEN
Volumes of Fluid to Administer

Fluids can be administered for the purpose of maintenance or
replacement. Maintenance regimens are often provided via the
oral route in equine patients, and oral electrolyte formulations
are available for this purpose (see later in this chapter). Intra-
venous maintenance fluids are lower in sodium and higher in
calcium, potassium, and magnesium than replacement fluids.
An appropriate maintenance fluid is 0.45% saline to which
potassium, magnesium, and calcium were added.

More commonly, a replacement fluid therapy regimen is
given to equine patients to replace fluids lost through dehydra-
tion and ongoing losses. When designing a replacement fluid
therapy regimen, three questions must be answered:

TABLE 3-4. Example of Acid-Base Measurements

in a Horse with Intestinal
Strangulating Obstruction

Parameter Value
pH 7.49
PCO, (mm Hg) 37
Base excess (BE) (mEq/L) 4.6
Na* (mEq/L) 137
Cl" (mEq/L) 93
HCO;™ (mEq/L) 32.7
K* (mEq/L) 2.7
Total protein (g/dL) 4.4
Packed cell volume (%) 58
Anion gap (mEq/L) 25
BE;, (mEq/L) 0.9
BEq (mEq/L) 9
BE,, (mEq/L) 7.5
BE,, (mEq/L) -12.8

From Whitehair KJ, Haskins SC, Whitehair JG, et al: J Vet Intern Med 9:1, 1995.

Using the traditional approach to diagnosing acid-base disorders, the interpreta-
tion of blood gas analyses on this horse would indicate a metabolic alkalosis with
no secondary or adaptive response (PCO, is normal). Further examination reveals
hypochloremia and hypoproteinemia, which are responsible for the alkalosis (as
indicated by the calculation of their respective base excesses [BEq and BE,]).
However, examination of the anion gap and calculation of the BE contributed by
unmeasured anions (BE,,) reveal an underlying acidosis that was masked by the
hypoproteinemia and hypochloremia. Measurement of lactate would be indicated
in this case to further characterize the disorder. Most likely, lactic acidosis is
present as a result of poor perfusion (indicated by the marked increase in packed
cell volume). BE,, BE contributed by chloride; BE,, BE contributed by free water;
BE,,, BE contributed by total protein; BE,,, BE contributed by unmeasured anions.

1. What volume of fluid must be given?
2. What type of fluid will be given?
3. What will be the rate of administration?

Furthermore, the volume of fluids given must equal the main-
tenance requirements plus the volume needed to correct hypo-
volemia plus that needed to compensate for ongoing losses.

Maintenance

In adult horses, maintenance fluid requirements have been esti-
mated at 60 mL/kg/day. This figure probably overestimates the
actual needs of a resting, fasted animal in a normothermic
environment, but it appears to be safe in most situations. In
horses with renal failure, when elimination of excess fluids is
difficult, monitoring of body weight and central venous pres-
sures is indicated to help prevent fluid overload. If weight gain,
edema, or increased central venous pressures are noted, the
fluid rate should be decreased.

Dehydration

Dehydration is the general term used to indicate loss of total
body water; hypovolemia is a form of dehydration resulting
from loss of effective circulating volume. This distinction is
important; for example, when the lack of water intake is pro-
longed, heart rate and parameters of perfusion remain within
normal limits, as fluid shifts from the intracellular space to
maintain normal circulating volume. In this case, intracellular
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fluid volume should be replenished relatively slowly, to allow
time for slow fluid shifts to occur. In contrast, acute intestinal
obstruction results in loss of circulating blood volume mani-
fested by altered cardiovascular parameters, such as increased
heart rate, poor perfusion, and decreased pulse quality. Rapid
reinstitution of effective circulating blood volume is important
in this situation. Parameters that may be used for estimation of
dehydration include serial body weights, heart rate, mucous
membrane color, capillary refill time, skin elasticity (skin
tenting), palpation of extremities, and urine output. Useful
laboratory parameters include packed cell volume (PCV), total
protein, creatinine and lactate concentrations, and urine specific
gravity. Table 3-5 lists parameters useful for estimating hypovo-
lemia (loss of effective circulating volume) in the horse.

Once an estimate of hypovolemia has been obtained, the
amount of fluids to administer is calculated as follows:

Correction of hypovolemia = Estimate of loss (%) x
body weight (kg)

Ongoing Losses

Ongoing losses can sometimes be measured and recorded—for
example, when nasogastric reflux is present—but usually they
must be estimated. Therefore patient monitoring is used to
determine if the calculated fluid volume is meeting the ongoing
losses. Monitoring, which may include serial measurements of
cardiovascular parameters, PCV and total protein, lactate con-
centration, and blood gas analyses, is done at least twice a day
when patients are on intravenous fluids, but it should be done
more frequently (every 2, 4, or 6 hours) depending on the sever-
ity of cardiovascular compromise. Creatinine concentration
should also be monitored at least once daily when initially
elevated, to ensure adequate return to normal. Additional

means of monitoring adequate fluid delivery include measure-
ment of central venous pressure, arterial blood pressure, and
urine output (see Chapter 1).

Type of Fluid

The type of fluid chosen depends on the evaluation of the
chemistry profile and on the disease state. The first step is to
choose a baseline fluid (saline or balanced electrolyte solution),
and the second is to decide which additives to include in the
baseline fluid. The choice of additives depends on the specific
deficits or excesses, such as hypoglycemia or acid-base disorders,
or when concentrations of sodium, potassium, calcium, or mag-
nesium ions are too high or too low.

The two categories of crystalloids commonly used for fluid
replacement are 0.9% saline and balanced electrolyte solutions
(BESs). Table 3-6 lists the compositions of various commercially
available fluids. In general, BESs are chosen when serum electro-
lytes are close to normal. The BES provides a bicarbonate precur-
sor, which is either lactate, or acetate plus gluconate. Lactate
requires hepatic metabolism for conversion to bicarbonate,
whereas acetate and gluconate are metabolized by other tissues.
All BESs contain some potassium. As noted in Table 3-6, calcium
or magnesium is present in different types of BES. Saline (0.9%)
is higher in sodium and much higher in chloride than serum
concentrations and is used when [Na*] is lower than 125 mEq/L.
Saline is also used in disease processes associated with high [K'],
such as hyperkalemic periodic paralysis or renal failure, where a
potassium-free solution is preferred. In cases of long-term main-
tenance fluid therapy (greater than 4 to 5 days), if the oral route
is not available, half-strength basic fluids, to which potassium,
calcium, and magnesium are added, should be considered.
Long-term fluid therapy solely with a BES will result in hyperna-
tremia, hypokalemia, hypomagnesemia, and hypocalcemia.

TABLE 3-5. Parameters to Estimate Degree of Hypovolemia in Adult Horses

% Loss of Effective Heart Rate

Capillary Refill Time

Circulating Volume (beats/min) (sec) PCV/TP (%, g/L) Creatinine (mg/dL)
6% 40-60 2 40/7 1.5-2
8% 61-80 3 45/7.5 2-3

10% 81-100 4 50/8 3-4

12% >100 >4 >50/>8 >4

*These parameters are useful to estimate the degree of hypovolemia in adult horses, assuming a normal packed cell volume (PCV) of 35% and total protein (TP) of

6.5 g/dL.

TABLE 3-6. Composition of Commonly Used Intravenous Solutions

Osmolality
Fluid Na* (mEq/L) K*(mEqg/L) Ca* (mEq/L) Mg* (mEq/L) ClI- (mEq/L) Buffer Source (mEq/L) (mOsm/L)
Plasma 132-146 2.8-5.1 9.0-13 1.8-3 99-110 (TCO,) 20-36 285+ 10
Lactated Ringer 130 4 3 0 109 (lactate) 28 274
Normosol-R 140 5 0 3 98 (acetate, gluconate) 50 295
0.9% NaCl 154 0 0 0 154 308
5% Dextrose 0 0 0 0 0 253
2.5% Dextrose in 77 0 0 0 77 280

0.45% NaCl

1.25% NaHCO; 149 0 0 0 0 149 298

Adapted from Morris DD: Vet Med 34:164, 1987.
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In horses, routine fluid replacement also includes calcium,
potassium, and magnesium supplementation, particularly
when there is no oral intake because of gastrointestinal disease.
Low concentrations of serum ionized calcium (iCa) and mag-
nesium (iMg) are more prevalent in horses with surgical gastro-
intestinal disease, particularly in those with small intestinal or
large and small colon nonstrangulating infarction or strangula-
tion and in horses with postoperative ileus.”*?* Horses with
enterocolitis also have low iCa and iMg and a decreased frac-
tional clearance of calcium.” Total magnesium and calcium
concentrations are less reliable for identification of calcium and
magnesium status—it is preferable to determine ionized
concentrations.”* Measurement of total calcium can be mis-
leading if total protein is low (ionized calcium may still be
normal) or if the horse is alkalotic (total calcium may be
normal, with a low ionized fraction). Fractional excretion of
magnesium has been suggested as a diagnostic tool for assess-
ment of magnesium status in horses.”” Based on this informa-
tion, supplemental calcium and magnesium appears beneficial
for fluid therapy in horses.

Administration of 50 to 100 mL of 23% calcium gluconate in
every 5 L of fluid is usually sufficient to maintain normocalce-
mia. In the presence of severe hypocalcemia (iCa less than
4.0 mg/dL), administration of 500 mL of calcium gluconate in
5L of BES is indicated. Hypocalcemia that is refractory to
calcium therapy may indicate hypomagnesemia, and concur-
rent magnesium replacement is required. The maintenance
requirement of magnesium in horses is estimated at 13 mg/kg/
day of elemental Mg, which is provided by 31 mg/kg/day of
MgO, 64 mg/kg/day of MgCO;, or 93 mg/kg/day of MgSO,.*
In critically ill patients, the requirement may be increased, as
indicated by the high prevalence of hypomagnesemia in hospi-
talized patients.”” When considering magnesium supplementa-
tion, the concentration of elemental magnesium in the
compound should be considered. Some crystalloid fluids such
as Plasma-Lyte A and Normosol-R contain 3 mEq/L of elemen-
tal Mg. This amount may be insufficient to account for the
increased losses in sick horses. Administration of 150 mg/kg/
day of MgSO, (0.3 mL/kg of a 50% solution), equivalent to
14.5 mg/kg/day or 1.22 mEq/kg/day of elemental magnesium,
administered in saline, dextrose, or polyionic fluids, would
provide the daily requirement for the horse.?®

Hypokalemia may develop because of lack of intake, diuresis,
and gastrointestinal loss through diarrhea. Horses with a meta-
bolic acidosis can become hyperkalemic, and potassium
excretion can occur after correction of the acidemia. Measure-
ment of serum potassium as an estimate of total body potas-
sium can be misleading, because most of the potassium ions
are intracellular. Routine potassium supplementation is indi-
cated if lack of intake and fluid therapy are continued for
more than 24 hours. To prevent complications, it is recom-
mended that animals not receive more potassium than
0.5 mEq/kg/hr. Most horses will benefit from the addition of
20 mEq of potassium in the form of potassium chloride per liter
of fluids.

Bicarbonate supplementation may also be required in horses
with metabolic acidosis. Because the most common cause of
nonrespiratory acidosis is lactic acidemia resulting from poor
perfusion, providing fluid replacement should be the first and
principal means of correcting this problem. The following are
rules of thumb for bicarbonate supplementation in acute meta-
bolic acidosis:

e The horse should have normal respiratory function. If it is
unable to exhale the generated CO, because of a respiratory
problem, worsening of the acidosis will result.

e The blood pH should be less than 7.2. In acute acidosis
associated with dehydration, fluid replacement will result in
restoration of urine output, and renal compensation
will follow and usually be complete if the pH is greater than
7.2.

e Half of the calculated amount should be administered
rapidly, followed by the rest over 12 to 24 hours.

e [V bicarbonate should not be given with calcium-containing
solutions.

The amount of bicarbonate required can be calculated using
the following formula:

mEq of bicarbonate = Base excess (mEq/L) x BW (kg) x 0.3

Alternatively, total CO, (TCO,) can be used, remembering tCO,
represents bicarbonate content:

(Normal tCO, —actual tCO,)xBW (kg)x 0.3

In chronic metabolic acidosis, particularly when there are
ongoing losses of bicarbonate (e.g., with diarrhea), the full
calculated amount is usually required, partially because the
bicarbonate loss is distributed over all fluid compartments, not
just the extracellular fluid. Oral supplementation is a good
means of dealing with ongoing losses in horses with diarrhea.
Bicarbonate is available as an injectable solution in two concen-
trations: a 5% solution, which contains 0.59 mEq/L of bicar-
bonate, and an 8.4% solution, which contains 1 mEq/L. To
make an isotonic solution for intravenous administration, 1
part of 5% bicarbonate can be diluted in 3 parts of sterile
water. Alternatively, 150 mL of 8.4% bicarbonate can be added
to 850 mL of sterile water. Bicarbonate can be given orally
as a powder (baking soda), where 1 g NaHCO; = 12 mEq
HCOy").

Administration of dextrose is indicated for the treatment of
hypertonic dehydration, for animals that are susceptible to or
that have hyperlipemia (miniature horses and donkeys, adult
horses with azotemia), and for pregnant mares as a source of
energy for the fetoplacental unit.””*° Because glucose is metabo-
lized rapidly, administration of dextrose in water results in the
administration of free water, which is useful for the correction
of intracellular dehydration. As a source of energy, 5% dextrose
can be administered at a rate of 1 to 2 mg/kg/min.

Administration of colloids is indicated when the total protein
concentration is less than 4 g/dL, the albumin concentration is
less than 2.0 g/dL, or the colloid oncotic pressure is less than
12 mm Hg. Plasma and hetastarch are commonly used colloids
in horses (see Chapter 1). Plasma administration is indicated
when administration of other plasma products such as coagula-
tion factors or antithrombin is desired in addition to adminis-
tration of colloids. The amount of plasma to be administered
can be calculated as follows:

(TPye, — TP, ) X 0.05BW (kg)

Plasma to be administered (L) =
TPdon

where TPy, is the desired protein concentration, TP, is the total
protein concentration of the patient, TP,,, is the total protein
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concentration of the donor plasma and 0.05BW (kg) is an esti-
mate of the plasma volume. If the goal of colloid therapy is to
restore oncotic pressure, then synthetic colloids can be used.
Before the advent of hetastarch, dextran was commonly used,
but its administration was associated with more anaphylactic
reactions, and because of its lower molecular weight average, it
was effective for a shorter duration.’ Hetastarch is preferred and
is used at a dosage of 10 mL/kg. Higher dosages (20 mL/kg)
were associated with increased coagulation times caused by a
decrease in von Willebrand factor antigen (VWf:Ag) activity and
factor VIII coagulant (FVIIL:C), and should probably not be
used in sick animals with increased susceptibility to coagulopa-
thies.” Hetastarch registers at a lower value than protein on a
refractometer and can therefore decrease the value of the total
protein concentration that is measured. To accurately monitor
hetastarch therapy, use of a colloid osmometer is indicated.
Administration of blood or blood substitutes (see Chapter
4) is indicated when loss of oxygen-carrying capacity has
occurred through red blood cell loss. Ideally, fresh whole blood
collected in a plastic container (to preserve platelet function)
from a donor that is negative for the red blood cell antigens
A and Q should be given. The blood should also contain
an appropriate anticoagulant. Commercially available Kkits
(Dynavet, Plasvacc USA Inc., Templeton, CA) consist of 2-L col-
lection bags, collection and administration sets, and sodium
citrate as an anticoagulant. This anticoagulant is not suitable for
blood storage for longer than 24 hours. For longer storage, acid
citrate dextrose (ACD) can be used. However, blood stored in
ACD for greater than 10 days has a decreased concentration of
2,3-diphosphoglycerate, resulting in decreased oxygen release
into tissues, increased red blood cell fragility, and increased
potassium concentration. For prolonged storage of equine
blood, the use of citrate phosphate dextrose with supplemental
adenine is recommended.” In cases of chronic blood loss, the
amount of blood required can be calculated as follows:

(PCVyes — PCV,,) X 0.08BW (kg)
PCVion

Amount required (L) =

where PCVy, is the target packed cell volume, PCV,, is the
patient’s packed cell volume, PCVy,, is the PCV of the donor,
and BW is body weight. When the blood loss is acute, the
packed cell volume does not reflect the amount of blood lost
for up to 24 hours. If blood loss is considered severe, 10 to
20 mL/kg of whole blood can be administered. When a large
volume of anticoagulated whole blood is administered, the
patient should be monitored for anaphylactic reaction and
hypocalcemia.

Hemoglobin glutamer-200 of bovine origin (Oxyglobin,
Biopure Corp, Cambridge, MA) is a glutaraldehyde-polymerized
bovine hemoglobin solution that has been administered safely
to horses for restoration of oxygen-carrying capacity.’*>* After
administration, volume expansion also occurs because of the
colloidal nature of the solution. In one study performed in
ponies with experimentally induced normovolemic anemia,
administration of 15 mL/kg given at the rate of 10 mL/kg/hr
improved hemodynamics and oxygen transport parameters
without adverse renal or coagulation effects; however, one pony
suffered an anaphylactoid reaction during infusion.”” The half-
life of Oxyglobin is relatively short; therefore, the patient should
be monitored if the need for another transfusion may arise.”
Expense may limit its use in adult horses.

Rate of Administration

In severe shock, a shock dose of fluids (60 to 90 mL/kg or
30-45 L per 500 kg horse) should be administered in the first
hour. This can be done only with pressurized bags or a pump.
In other situations, the rate of administration is calculated on
the basis of 24-hour requirements and estimated as a volume
per hour. It is important to keep a tally of the fluids given to
ensure that the correct amount is reached.

Oral Fluids

Although the oral route of fluid administration has been
neglected with the advent of commercially available intrave-
nous fluids for horses, interest is being revived, particularly in
the treatment of impaction colic. Oral fluids should be consid-
ered when the gastrointestinal tract is functional and mainte-
nance requirements are needed, for example, in a dysphagic
horse. Oral fluids also may be the principal treatment of impac-
tion colic. Enteral fluid therapy may complement and even
supplement intravenous fluids. Advantages of enteral fluid
therapy include administration of fluid directly into the gastro-
intestinal tract, stimulation of colonic motility through the gas-
trocolic reflex, decreased expense, and decreased need for precise
adjustment of fluid composition.* Enteral fluids may be admin-
istered by intermittent nasogastric intubation or by placement
of an indwelling feeding tube (18-French equine enteral feeding
tube), allowing continuous fluid administration.

An isotonic electrolyte solution can be made by mixing
5.27 g of NaCl, 0.37 g of KCl, and 3.78 g of NaHCO; per liter
of tap water.’® This solution results in the following electrolyte
concentrations: 135 mEq/L of Na*, 95 mEq/L of CI, 5 mEq/L
of K, and 45 mEq/L of HCO;~, with a measured osmolarity of
approximately 255 mOsm/L, representing a balanced, slightly
hypotonic electrolyte solution compared with plasma. Plasma
electrolyte concentrations remain within normal range with
this solution compared with the marked hypernatremia and
hyperchloremia observed when 0.9% saline is administered
enterally.®

Although normal horses can tolerate up to 10 L hourly, it is
usually not possible to administer more than 5 L every 2 hours
to horses with impactions, because they start to reflux when
more fluid is given.”” As a consequence, intermittent intubation
allows administration of approximately 60 L of fluids per day.
When continuous enteral fluids are given, a greater rate of
administration is tolerated, and horses can be given between 4
and 10 L/hr. At the higher rate of 10 L/hr, mild signs of abdomi-
nal pain were observed in normal horses, and in horses with
large colon impaction, a rate of 5 L/hr is better tolerated.*® In
one study, right dorsal colon ingesta hydration was significantly
increased after enteral fluid therapy compared with intravenous
fluid therapy combined with enteral administration of magne-
sium sulfate.”®

FLUIDS USED FOR RESUSCITATION
Isotonic Crystalloids

Isotonic crystalloid fluids are administered intravenously and
immediately reconstitute the circulating volume. However,
because they are crystalloids, they are distributed to the entire
extracellular compartment within a matter of minutes. Because
the ECF compartment is approximately 3 times the volume of
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blood, three times as much isotonic crystalloid must be admin-
istered to gain the desired amount of circulating volume expan-
sion. As an example, if blood loss is estimated at 30% of blood
volume, representing 12 L for a 500-kg horse, then 36 L of a
crystalloid fluid is required. An estimated shock dose for crystal-
loids is therefore 60 to 90 mL/kg/hr.

Hypertonic Crystalloids (7.2% NacCl)

Hypertonic crystalloid fluids (7.2% NaCl) have approximately
8 times the tonicity of plasma and ECF (composition: Na®,
1200 mOsm/L; CI7, 1200 mOsm/L). Their immediate effect is
to expand the vascular volume by redistribution of fluid from
the interstitial and intracellular spaces. Each liter of hypertonic
saline will expand blood volume by approximately 4.5 L.
However, this effect is short-lived. As the electrolytes redistribute
across the ECE fluids shift back and the patient once again
becomes hypovolemic. Because the principal effect of hyper-
tonic saline is fluid redistribution, there still exists a total body
deficit, which must be replaced. The duration of effect of hyper-
tonic solutions is directly proportional to the distribution con-
stant, which is the indexed cardiac output. In horses, the
duration of effect is estimated at approximately 45 minutes. The
recommended dosage is 4 mL/kg or 2 L per 500 kg horse,
administered as rapidly as possible. Because of its short dura-
tion of effect, hypertonic saline administration must be fol-
lowed with isotonic volume replacement at shock doses (see
earlier).

Colloids

Colloids are fluids that contain a molecule that can exert oncotic
pressure. These molecules do redistribute to the ECE but at a
much slower rate than crystalloids, so the effect is prolonged
compared with crystalloids. Hetastarch, because of its long
duration of effect, is the most commonly used fluid for volume
expansion in horses. Each liter of administered colloid will
further expand the circulating blood volume by approximately
1 L, resulting in a total fluid expansion of 2 L. If hetastarch is
used at a dosage of 10 mL/kg or 5 L per 500 kg horse, the result-
ing increased colloid pressure will be significant for up to 120
hours in horses.” For shock therapy, the combination of

hypertonic saline at 4 mL/kg and hetastarch at 4 mL/kg will
prolong the resuscitation efforts and be more beneficial than
either fluid alone.**

MATERIALS FOR FLUID ADMINISTRATION
Intravenous Catheters

Intravenous catheters are available in varying materials, con-
structs, lengths, and diameters (Tables 3-7 and 3-8). In choosing
a catheter, the desired fluid rate, the fluid viscosity, the length
of time the catheter will remain in the vein, the severity of the
systemic illness, and the size of the animal should be consid-
ered. The rate of fluid flow is proportional to the diameter of
the catheter and inversely proportional to the length of the
catheter and the viscosity of the fluid. Standard adult horse
catheter sizes are usually 14 gauge in diameter and 13 c¢m (5.25
inches) in length. For more rapid administration rates (shock),
a 12- or 10-gauge catheter should be used. Plasma and blood
products flow more slowly because of their increased viscosity,
so if volume replacement is also needed, administration of
these fluids can be combined with a BES. Teflon catheters
should be changed every 3 days, whereas polyurethane catheters
may remain in the vein for up to 2 weeks. Horses that are very
ill (bacteremic, septicemic, endotoxic) are more likely to
encounter catheter problems and benefit from polyurethane or
silicone catheters.

The catheter construction needs also to be considered (see
Table 3-8). Through-the-needle catheters are most common for
standard size adult horses. An over-the-wire catheter is best for
foals and miniature horses or when the lateral thoracic vein is

TABLE 3-7. Commercially Available Catheter
Materials

Material Comment

Polypropylene, polyethylene Highly thrombogenic
tubing

Teflon Less thrombogenic

Polyurethane Much less thrombogenic

Silastic Least thrombogenic

TABLE 3-8. Catheter Constructs Commercially Available

Type Description

Advantage

Disadvantage

Butterfly Needle is attached to tubing

Over-the-needle Stylet is inside catheter for

venipuncture

Through-the-needle Short needle is inserted,
catheter is threaded through
needle

Needle serves as guide to insert
wire, which is the guide for
catheter

Over-the-wire

Ease of use

Available in large diameter

All lengths available

Trocar is removed after catheter
insertion
Long catheters available

Laceration of vessel

Vessel puncture

Extravascular administration

Limited length of catheter

Insertion more difficult

Break at junction of catheter and
hub

Trocar must be removed or
protected

More technical expertise required
Expensive

Ensures proper catheter placement




34 SECTION | SURGICAL BIOLOGY

catheterized. Short and long extension sets are available, as well
as small- and large-bore diameters. It is best to use an extension
that screws into the hub of the catheter, to prevent dislodge-
ment. In horses with low central venous pressures, disconnec-
tion of the line may result in significant aspiration of air and
cardiovascular collapse. Double extensions are also available
when other medications need to be administered with the
fluids.

Sites for Intravenous Catheterization in Horses

Common sites for insertion of intravenous catheters in horses
include the jugular, lateral thoracic, cephalic, and saphenous
veins. The lateral thoracic vein makes an acute angle as it enters
the chest at the fifth intercostal space. Therefore a short
(7.5-cm [3-inch]) or an over-the-wire catheter is best used when
catheterizing this vein. When catheters are placed in any loca-
tion other than the jugular vein, more frequent flushings (every
4 hours) are required, because these catheters tend to clot more
easily. Limb catheters are usually bandaged, because they are
more prone to dislodgment than jugular catheters.

Catheter Maintenance

In adult horses, catheters usually are not covered with a bandage
but rather are sutured in place, so that any problem is quickly
identified. Bandages may need to be applied in foals if they are
tampering with the catheter. A triple antibiotic ointment or
antiseptic skin sealant, an iodine/alcohol disinfectant solution
(DuraPrep, 3M US, St. Paul, MN) (see Chapter 10), may be
applied at the insertion site on the skin to decrease the risk of
infection. Catheters should be flushed with heparinized saline
(10 IU/mL) four times a day if they are not used for fluid admin-
istration. When administering a medication, the injection cap
should be wiped with alcohol before insertion of the needle.
The injection cap should be changed daily. All infected catheters
should be cultured for identification of the causative organism
and for possible nosocomial infection. In addition, culturing
noninfected catheters at removal is a good practice in prevent-
ing hospital-wide nosocomial events.

Coil Sets and Administration Sets

Coil sets are used for in-stall fluid administration. They are
essential as they allow the horse to move around, lie down, and
eat without restraint. An overhead pulley system with a rotating
hook prevents fluid lines from getting tangled.

Administration sets are used for short-term fluid or drug
administration and are available at 10 drops/mL and 60 drops/
mL. When using a calibrated fluid pump, care should be taken
to use the appropriate set calibrated for the brand of pump.
Long coiled extension sets may then be used to introduce fluids
into the horse. Foal coil sets (18-French equine enteral feeding
tube) are also available that deliver 15 drops/mL.

Pump Delivery

Calibrated pumps are available that allow delivery at various
rates. These pumps have alarms that signal when air is in the line,
fluid bags are empty, or there are problems with the catheter. The
maximum fluid rate these pumps can deliver is 999 mL/hour,
which is usually not rapid enough to provide fluid replacement

in adult horses, but they are useful for foals or for constant-rate
infusions. For large-volume fluid delivery, peristaltic pumps are
available that can deliver up to 40 L/hr. These must be constantly
supervised, because the pumps will continue to run even if fluids
run out. Large-bore catheters should be used to prevent trauma
from the jet effect on the endothelium of the vein.

Oral Feeding Tubes

Oral fluid administration offers a good alternative to intrave-
nous fluid therapy in animals that require maintenance fluids
because of an inability to swallow, or in horses with impaction
colic. Enteral nutrition (see Chapter 6) can also be administered
for complete or partial nutrition in foals and adults. Commer-
cially available feeding tubes for foals, weanlings, and adults
enable fluid or liquid diet supplementation while the horse
continues to nurse or eat.
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PHYSIOLOGY OF HEMOSTASIS

Physiologic hemostasis is required for the control of bleeding
related to surgery and trauma. A delicate balance of procoagu-
lant, anticoagulant, fibrinolytic, and antifibrinolytic activities is
required for effective control of bleeding without pathologic
thrombosis. Over the last two decades, our understanding of
physiologic hemostasis has evolved to include the pivotal role
of the cells, rather than just the coagulation factors. It is still
useful to understand the more simplistic cascade model of
coagulation, because this is the basis for many coagulation tests.
The surgeon should be familiar with predisposing factors for
bleeding and coagulopathy as well as management of the bleed-
ing patient, including blood transfusion and topical hemostatic
agents.

Blood Vessels and the Role of the
Vascular Endothelium

The vascular endothelium is critical in preventing inapproriate
clot formation. Healthy, intact endothelium has antiplatelet,
anticoagulant, and fibrinolytic properties. Anticoagulation and
fibrinolysis are discussed in further detail later in this chapter,
but an initial understanding of the role of the endothelium is
needed to understand how coagulation events are set in motion
after vessel trauma.

The synthesis of prostacyclin (PGI,) and nitric oxide (NO) is
largely responsible for the antiplatelet properties of the endo-
thelium. Both of these substances inhibit platelet aggregation,
and NO also inhibits platelet adhesion." The vasodilation
induced by NO also helps to prevent clot formation by promot-
ing low-turbulence blood flow. Platelet aggregation and adhe-
sion are also prevented by enzymes on the endothelial surface
that degrade adenosine diphosphate (ADP).

The electronegative charges on endothelium and platelets
physically prevent adhesion. Additionally, endogenous heparin-
like substances are present on the endothelial surface, contribut-
ing substantially to anticoagulation. Glycosaminoglycans act as
cofactors for antithrombin, which inactivates thrombin and
coagulation factors Vlla, IXa, Xa, and XIa. Endothelial cells also
express thrombomodulin, tissue plasminogen activator, and
tissue factor pathway inhibitor, contributing further to antico-
agulation and fibrinolysis.

The immediate response of the blood vessel to injury is
vasoconstriction. This is mediated through local signaling from
damaged endothelial cells, perhaps through interruption of the
release of endothelial-derived relaxation factors. Prompt vaso-
constriction prevents unnecessary blood loss and promotes
rapid fibrin formation. Alternatively, inappropriate or excessive
activation of these procoagulant properties may play a role in
the hemodynamic dysfunction and end-organ failure often
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observed in severe endotoxemia or sepsis.” The endothelium is
metabolically active and able to respond to changes in environ-
ment, including hypoxia, shear stress, pH, and trauma. When
vessel injury occurs, endothelial cells can express tissue factor
(TF) and downregulate expression of thrombomodulin, becom-
ing procoagulant. Activated endothelial cells release von Will-
ebrand factor (vWF) from the Weibel-Palade bodies, promoting
platelet adhesion. Local vasoconstriction is a crucial component
of primary hemostasis, along with platelet activation, adhesion,
and aggregation, all leading to formation of a temporary plate-
let plug.

Platelets and Primary Hemostasis

The interaction of activated platelets with the exposed suben-
dothelium of blood vessels is the basis of primary hemostasis.
Platelets also play a key role in secondary hemostasis: once
activated, they undergo conformational changes, exposing
binding sites for specific coagulation factors.

Platelets are derived from the cytoplasm of bone marrow
megakaryocytes. They contain dense granules, o-granules and
lysosomes, which store the majority of platelet proteins needed
for the initiation of coagulation. The o-granules are the largest
and most prevalent storage granules, comprising the majority
of the storage capacity of platelets. They contain a number of
proteins involved in platelet aggregation and cohesion, includ-
ing fibrinogen, factor V (FV), factor VIII (FVIII), fibronectin,
vWE platelet-derived growth factor (PDGF), and platelet factor
4. Dense granules store calcium, a common cofactor in platelet-
phospholipid interactions, as well as ADP, adenosine triphos-
phate (ATP), and serotonin. Thrombin is the strongest stimulant
for the release of the contents of the dense granules, but other
agonists for release have also been reported. Platelet lysosomes
contain predominantly acid hydrolases, responsible for degra-
dation of unwanted cellular debris after complete activation of
fibrin formation.?

The platelet is the initial responder to vascular damage and
subsequent endothelial exposure. Platelet adhesion is mediated
by expression of P-selectin on the activated endothelium and
by the platelet receptor GPIba, which attaches to VWE Once
attached to the endothelium, platelets rapidly change shape and
provide an effective monolayer in what is known as the
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adhesion phase. This results in a primary platelet plug (primary
hemostasis) that is responsible for preventing leakage of blood
from the minute vessel defects that occur daily. If blood flow in
this area remains nonturbulent, further platelet aggregation
does not occur, and the monolayer generally suffices to plug the
small defects or the area of vascular attenuation.’

With large vessel disruption, blood flow becomes quite tur-
bulent, resulting in large platelet aggregates coating the exposed
endothelium. Activation of platelets results in degranualation
of platelet contents, releasing agonists. Thrombin, collagen,
ADP, and thromboxane A, promote platelet activation. After the
platelet plug bridges the gap between endothelial cells, prosta-
cyclin, produced by neighboring healthy endothelial cells, pre-
vents unwanted expansion of platelet aggregates by decreasing
further ADP release. The activated platelet serves as a congrega-
tion site for the coagulation factors via the integrin oy,; recep-
tor (see “Secondary Hemostasis and Models of Coagulation”).

Secondary Hemostasis and Models
of Coagulation

Secondary hemostasis involves the activation of soluble coagu-
lation factors, ultimately resulting in formation of a stable fibrin
clot. The traditional cascade model divides coagulation into
intrinsic, extrinsic, and common pathways. These pathways are
useful when interpreting in vitro plasma-based coagulation tests.
The more recently described cell-based model of coagulation
demonstrates that these traditional pathways are quite intercon-
nected and are dependent on cell signals and receptors.

Coagulation Cascade

The coagulation cascade is the traditional model that describes
the process of coagulation. This model is centered around the
coagulation factors and is an excellent model for in vitro,
plasma-based coagulation. The intrinsic pathway, or “contact
activation” pathway, is initiated by the activation of factor XII
(FXII) and subsequently factor XI through the exposure of
blood to a negatively charged surface (Figure 4-1). Contact
proteins such as high-molecular-weight kininogen (HMWK)
and prekallikrein interact with FXII to acclerate its activation.
Factor Xla (activated factor XI) in turn activates factor IX in the
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Figure 4-1. The traditional coagulation cascade: intrinsic, extrinsic, and common pathways. Roman numerals indicate factors. HMWK, High-

molecular-weight kininogen; PK, prekallikrein.
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presence of calcium. Factor [Xa then binds to procoagulant VIIla
in the presence of calcium. It is this complex that activates the
common coagulation pathway, marked by the activation of
factor X.

The extrinsic pathway is initiated by the activation of factor
VII by TF present in fibroblasts or other tissue factor-bearing
cells. The TF-FVIIa complex activates factor X, leading into the
common pathway. The common pathway is initiated by the
activation of factor X, which, in the presence of activated factor
V (Va), calcium, and a platelet phospholipid, converts pro-
thrombin (factor II) to thrombin (IIa). In the final step of clot
formation, factor Ila converts fibrinogen to fibrin. Factor XIIla
stabilizes the fibrin clot by cross-linking strands of fibrin
monomer in the presence of calcium.

Cell-Based Model

Physiologic hemostasis occurs in three overlapping phases: ini-
tiation, amplification, and propagation.*” The intrinsic and
extrinsic coagulation pathways are still incorporated in this
model, but the pathways are shown to be highly interconnected
(Figure 4-2).

INITIATION

When there is disruption of the endothelium, tissue factor-
bearing cells such as fibroblasts are exposed to blood, and
coagulation is initiated. TF is the primary initiator of coagula-
tion, and the first steps of coagulation are limited to the cell
membrane. Under pathologic (inflammatory) conditions, TF
can be upregulated on endothelium, monocytes, and other cells
and cell particles. Factor VII circulates in plasma and is available
to bind to TE leading to activated FVII. The TF-FVIIa complex
then activates factor X and factor IX. Although FXa in plasma is
readily inactivated, the membrane-bound FXa can combine
with FVa to produce small amounts of thrombin.

AMPLIFICATION

Once a small amount of thrombin is formed during initiation,
the coagulation process can move to the platelet surface. The
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adherence, activation, and aggregation of platelets, along with
the accumulation of activated cofactors, constitute the amplifi-
cation of coagulation. Some platelets have already adhered to
the site of injury, but thrombin fully activates platelets via
protease-activated receptors. Factor V is present in the o.-granules
of the platelet, and during platelet activation, FV moves to the
surface of the platelet. FV is then fully activated by thrombin
and FXa. Thrombin cleaves vWF/FVIII, allowing vWF to stimu-
late platelet adhesion. FVIII is bound to the platelet surface and
is available to continue the propagation phase of coagulation.
FXI is also activated by thrombin on the platelet surface.

PROPAGATION

Coagulation complexes assemble on the activated platelet
surface and the resulting generation of large amounts of throm-
bin leads to the propagation of the coagulation process. FIXa is
able to reach the platelet surface via diffusion, since it is not
inactivated by antithrombin (AT) and other plasma protease
inhibitors. FIX is also activated on the platelet surface by FXIa.
FIXa and FVIIla combine as the tenase complex on the platelet
surface, and subsequently activate FX on the platelet surface. FXa
and FV combine to form the prothrombinase complex, which
produces a thrombin burst.

Fibrinolysis

Simultaneous activation of the fibrinolytic system occurs with
activation of coagulation. This is the primary mechanism of clot
dissolution and is responsible for prevention of excessive fibrin
deposition and restoration of nutrient blood flow to affected
tissues. Fibrinolysis, in conjunction with prostacyclin released
by surrounding healthy endothelial cells, inhibits unwanted
expansion of the fibrin clot.

Plasminogen, an inactive zymogen produced primarily in the
kidney and liver, is the principal component of the fibrinolytic
system. Plasminogen activators such as tissue plasminogen acti-
vator (tPA) and urokinase plasminogen activator (uPA) convert
plasminogen to plasmin. Plasmin degrades fibrinogen and
fibrin into soluble fibrin(ogen) degradation products (FDPs).

Propagation

6N ® O

Activated platelet

Platelet
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Figure 4-2. The cell-based model of coagulation: initiation, amplification, and propagation. Roman numerals indicate factors. vWE von Willibrand

factor.
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The activation of the intrinsic pathway also activates plasmino-
gen conversion to plasmin, through the action of kallikrein.
Plasmin also inactivates other members of the coagulation
cascade, such as factors Va and VIlIa, and actively degrades
prekallikrein and HMWK. Through these mechanisms, plasmin
not only degrades fibrin(ogen) but also downregulates
coagulation.

The products of fibrinogen or fibrin degradation are the FDPs
designated fragment X, fragment Y, and fragments D and E.°
Plasmin degradation of cross-linked fibrin results in the D-dimer
fibrin degradation product. These fragments are removed by the
mononuclear phagocytic system of the liver, and accumulation
of these fragments indicates increased fibrin production (and
degradation) or liver dysfunction. During the maintenance of
physiologic hemostasis, a critical balance between fibrin forma-
tion and degradation exists. Proper functioning of the fibrino-
lytic system controls unwanted clot expansion, prevents
premature fibrin lysis, and provides appropriately timed restora-
tion of nutrient blood flow to tissues. Increased levels of FDPs,
D-dimers, or soluble fibrin monomer in the circulation lead to
increased fibrinolysis. This can be interpreted either as being the
result of a thrombogenic disease process, or as the patient being
in a hypercoagulable state.

Inhibitors of Coagulation and Fibrinolysis
Inibitors of Coagulation

Inhibitors of coagulation are composed of a family of proteins
that enzymatically bind with coagulation factors to form inac-
tive complexes. In some instances, coagulation cofactors or
surface receptors are destroyed to downregulate clot formation.
The principal inhibitors of coagulation are antithrombin,
heparin, protein C, protein S, and tissue factor pathway inhibi-
tor (TFPI) (Table 4-1).

AT is responsible for 70% to 80% of thrombin inhibition
in the coagulation system. It is the key player in a family of
serine protease inhibitors responsible for modulation of clot

TABLE 4-1. Anticoagulation Factors and Their
Inflammatory Effects

Changes
Associated with

Factor Name Action Inflammation
Antithrombin Anticoagulant Decreases
Inhibits factors Vlla,
IXa, Xa, Xla, XlIla
Protein C Anticoagulant Decreases
Inhibits factors Va, VIla
Decreases fibrinolysis
TEPI Anticoagulant Variable
Inhibit factors Xa and
TF-VIIa complex
PAI-1 Antifibrinolytic Increases
Inhibits plasminogen
TAFI Antifibrinolytic Increases

Reduces conversion of
plasminogen to
plasmin

PAI-1, Plasminogen activator inhibitor-1; TAFI, thrombin-activatable fibrinolysis
inhibitor; TFPI, tissue factor pathway inhibitor.

formation. Antithrombin is a glycoprotein produced in the liver
and in endothelial cells that binds aggressively to thrombin. A
stable thrombin-antithrombin (TAT) complex is the result of
this reaction, and this complex is removed by the reticuloendo-
thelial system. The cofactor heparin alters the arginine site of
AT and dramatically increases its ability to interact with throm-
bin. AT is also capable of neutralizing factors Xlla, XIa, Xa, and
[Xa. The AT-heparin complex also slowly inactivates factor
VIla.” The horse appears to have higher concentrations of AT
than some other species, such as dogs and humans.®

Heparin is a highly sulfated glycosaminoglycan, ranging in
molecular weight from 3 to 30 kDa. It is produced primarily in
mast cells located in the lung, liver, kidney, heart, and gastroin-
testinal tract. Heparin causes a conformational change in AT,
which increases the activity of AT 1000-fold.” Its presence in an
area of coagulation activation decreases thrombin-generated
fibrin formation significantly. Heparin also releases TFPI from
endothelial cells, thereby liberating one of the most effective
inhibitors of the factor VIIa-TF complex.

The thrombomodulin-protein C-protein S pathway has
received a lot of attention in recent years. Protein C is a vitamin
K-dependent zymogen with primary inhibitory action on
factors Va and VllIa. Protein C is activated by thrombomodulin-
thrombin complexes. This reaction is potentiated by the endo-
thelial protein C receptor, which is located mainly in large
vessels. When activated protein C is released into circulation, it
associates with protein S and is able to inactivate factors Va and
VlIla. Activated protein C is also profibrinolytic, since it inhibits
plasminogen activator inhibitor-1 (PAI-1) and indirectly inhib-
its thrombin-activatable fibrinolysis inhibitor (TAFI) as a result
of thrombin inhibition.

TFPI is a group of lipoprotein-bound proteins produced pri-
marily by platelets and endothelial cells. Heparin enhances the
release of TFPI into the circulation. In the presence of calcium,
TFPI inhibits factor VIIa-TF activation of factor X, thereby
dramatically decreasing the primary cellular initiator of
coagulation.

Inhibitors of Fibrinolysis

PAI is the principal regulator of plasminogen through inhibi-
tory effects on tPA (see Table 4-1). PAI is present in endothelial
cells and is stored in o-granules of platelets.” The main physi-
ologic inhibitor of plasmin is o-2-antiplasmin. An alternative
inhibitor of plasmin, a-2-macroglobulin, may inhibit plasmin
in a limited fashion, particularly if o-2-antiplasmin is over-
whelmed. Prevention of premature fibrinolysis and clot dissolu-
tion is mediated principally through these inhibitors of
plasminogen and plasmin. Another inhibitor of fibrinolysis,
TAF], is activated by thrombin, the thrombin-thrombomodulin
complex, and plasmin. As a negative-feedback mechanism,
plasmin can also activate TAFIL.

Coagulation Testing

Screening tests consist of assays of primary and secondary
hemostasis. Coagulation inhibitors and fibinolytic pathway
inhibitors can also be assayed, including AT, FDPs, and D-dimer.
Many point-of-care tests are available, and automated blood
coagulation analyzers can perform a variety of coagulation tests,
including activated partial thromboplastin time (APTT), pro-
thrombin time (PT), fibrinogen, and AT testing (see later).
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Tests of Primary Hemostasis

Defects in primary hemostasis are suspected with clinical signs
of mucosal bleeding, petechiation, ecchymoses, and epistaxis.
The platelet count is the first step in the evaluation of primary
hemostasis. Horses tend to have lower platelet counts than
other species, typically in the 150,000 to 250,000/uL range. A
platelet count of less than 100,000/uL is considered abnormal,
although clinical bleeding may not be seen until the platelet
count is below 30,000/uL.

Platelet function tests should be performed when there are
clinical signs of thrombocytopenia with a normal to increased
platelet count. Template bleeding time (TBT) can be performed
on the buccal mucosa or on the caudolateral aspect of the
forelimb. TBT will be prolonged with thrombocytopenia,
thrombocytopathia, and lack of vWE and it may also be pro-
longed in cases of vasculitis. Unfortunately, TBT has been shown
to have poor reproducibility and a very wide reference range in
horses.”” Additional platelet function tests include platelet
aggregation studies and platelet function analysis (PFA-100,
Siemens, Deerfield, IL). The PFA-100 has been validated in the
horse."

Prothrombin Time

PT measures the function of the extrinsic and common coagula-
tion pathways. Platelet-poor plasma is mixed with thrombo-
plastin and calcium, and time to clot formation is measured.
Deficiencies in FV, FVII, FX, prothrombin, and fibrinogen can
result in prolonged PT. Typically, an increase in time by 20%
indicates an abnormal test result. In human patients, PT
becomes prolonged when fibrinogen is less than 100 mg/dL,
prothrombin is less than 30% of its normal plasma concentra-
tion, or factors VII, V, and X are decreased to 50% of their
normal concentrations."?

Activated Partial Thromboplastin Time

APTT measures the function of the intrinsic and common coag-
ulation pathways. The test is performed by adding an activating
agent to platelet-poor plasma in a glass tube containing phos-
pholipid emulsion and calcium. Deficiencies of FXII, FXI, FX,
FIX, FVIII, FV, prothrombin, and fibrinogen can result in pro-
longed APTT. FXII, HMWK, or prekallikrein deficiencies can
prolong APTT but are not associated with bleeding tendencies
in humans.” As with PT, an increase in time by 20% is usually
considered abnormal.

Both PT and APTT serve as variables to evaluate the coagula-
tion cascade portion of the hemostatic system. Although PT and
APTT are certainly useful indications of significant problems
with the coagulation cascade, they may not be sensitive enough
to adequately identify early stages of hypercoagulability or DIC.
Prolonged PT or APTT may be associated with body cavity
bleeding, significant hematuria, or hematochezia. Normal refer-
ence ranges for PT and APTT should be established for indi-
vidual laboratories, and separate reference ranges for neonatal
foals should be determined.

Activated Clotting Time

Activated clotting time (ACT) measures the time required for
whole blood to clot after contact with diatomaceous earth,

simulating the intrinsic and common coagulation pathways.
Blood is collected directly into a tube containing the diatoma-
ceous earth and is incubated at 37° C. The ACT will be pro-
longed with deficiencies of FVIII, FIX, prothrombin, and
fibrinogen. ACT has the advantage of being a rapid, patient-side
test; however, it is less sensitive than APTT for coagulation factor
deficiencies.

Anticoagulant Testing

AT is the most commonly measured anticoagulant. It is mea-
sured by chromogenic assay in an automated analyzer, and
results are reported as a percentage of activity. A decrease in AT
levels may occur through consumption via increased thrombin
formation; through protein loss, such as nephropathies or
enteropathies; or via failure of adequate production. Protein C
can also be measured with a chromogenic assay. Decreased AT
and protein C levels are associated with hypercoagulability. AT
is an acute phase reactant, so AT levels may be increased with
some acute inflammatory conditions.

Thrombin-antithrombin (TAT) is an irreversible inactive
complex between thrombin and antithrombin. TAT levels can
be measured using a sandwich enzyme-linked immunosorbent
assay (Enzygnost), which has been evaluated and validated for
use in the horse."* Activation of coagulation and the procoagu-
lant state result in elevated plasma levels of TAT. In human
patients, TAT is elevated in states of disseminated intravascular
coagulation (DIC) and sepsis."”

Fibrin(ogen) Degradation Products

FDPs are produced by the proteolytic degradation of fibrin(ogen)
by plasmin. They are routinely cleared by the mononuclear
phagocytic system (MPS), and an accumulation of FDPs indi-
cates a failure of the MPS to adequately remove them from the
circulation. This can be the result of local or systemic hyperfi-
brinolysis, and it may be indicative of a dramatic increase in
clot formation. FDP evaluation is usually performed as a semi-
quantitative test, resulting in the following possible ranges for
FDPs: 0 to 10 pg/mL, 10 to 20 ug/mlL, 20 to 40 ug/mL, or
greater than 40 pug/mlL, with FDPs greater than 10 pg/mL con-
sidered abnormal. An evaluation of FDP assays in horses with
severe colic demonstrated that FDP assays had a very low sen-
sitivity and were not useful for the diagnosis of DIC in this
patient population.'®

Fibrinogen

The measurement of fibrinogen as part of a standard coagula-
tion profile is an attempt to document hypofibrinogenemia,
which is a somewhat consistent feature of overt DIC in humans.
Fibrinogen can be measured by the heat precipitation method,
von Clauss technique, or automated photometric detection. It
is not unusual for human patients with significant hemostatic
dysfunction to develop a fibrinogen level of less than 100 mg/
dL. This does not seem to be a consistent feature of DIC in the
horse, however, since fibrinogen increases with inflammatory
conditions.'”"* Horses with DIC do not consistently demon-
strate true hypofibrinogenemia, but they do have lower fibrino-
gen concentration than would be expected for horses with
inflammatory conditions."’
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D-Dimer

D-dimer is an epitope resulting from the plasmin degradation
of fibrin. It is a cross-linked dimer of the two smallest fibrin
degradation products, fragment D-D. The D-dimer assay is spe-
cific for plasmin degradation of fibrin, as opposed to FDPs,
which indicate degradation of either fibrin or fibrinogen.
D-dimer can be measured semiquantitatively by latex agglutina-
tion or by latex-enhanced turbidimetric immunoassay per-
formed on a standard coagulation analyzer.'® Increased D-dimer
levels indicate increased fibrinolysis or inability to clear the
products from the circulation. In critically ill human patients,
D-dimer has been used to better characterize acute pulmonary
thromboembolism and to diagnose deep vein thrombosis.
D-dimer can be increased in horses as a physiologic response
to the primary disease or surgical procedure or as a pathologic
coagulopathy.

Viscoelastic Monitoring

Viscoelastic analyzers may hold some promise for evaluation of
coagulation in the veterinary surgical patient. Thromboelastog-
raphy (TEG), rotational thromboelastometry (ROTEM), and the
Sonoclot analyzer are three currently available analyzers that
use viscosity, elasticity, or both to evaluate clot formation in
whole or citrated blood samples. These analyzers evaluate all
phases of clot formation and retraction from a single small
volume (i.e, 330 uL) of blood. A tracing or signature is pro-
vided from which values can be derived to assess platelet or
coagulation function. Software is provided with each analyzer,
resulting in a user-friendly interface and easy storage of data.

In human surgical patients, viscoelastic analyzers are most
commonly used as point-of-care testing to monitor coagulation
inhibition during cardiopulmonary bypass procedures and liver
transplantations and to evaluate perioperative hemorrhage. TEG
has been used to identify hypercoagulable states in dogs with
parvoviral enteritis, neoplasia, and immune-mediated hemo-
lytic anemia.”®** Normal values have been reported for adult
horse TEG and neonatal foal Sonoclot, and viscoelastic testing
has been used in populations of septic foals and adult horses
with gastrointestinal disorders.”*?® There appears to be signifi-
cant individual variation in TEG values in horses, and this vari-
ability may limit the use of TEG as a first-line point-of-care
coagulation test.

HEMOSTATIC DYSFUNCTION

Hypocoagulability with subsequent surgical bleeding may be
related to an inherited condition in the patient or to an acquired
coagulopathy or thrombocytopathy. Hemostatic dysfunction
may also consist of hypercoagulability, thrombotic tendencies,
and DIC, especially associated with acute inflammatory
diseases.

Inherited Conditions

Inherited conditions that result in coagulopathy or thrombocy-
topathy are relatively uncommon in the horse and much more
common in the dog, cat, and human. These conditions include
von Willebrand disease, thrombasthenia, hemophilias, and spe-
cific coagulation factor deficits. In horses, deficits of prekalli-
krein and of factors VIII, IX, and XI have been reported.”*
These may be difficult to detect preoperatively; a thorough

history obtained from the client or observation of clinical signs
may indicate a need for specific coagulation testing. If a deficit
is identified, adequate preparation for surgery is critical, possi-
bly consisting of pretreatment with plasma or component
therapy.

Acquired Conditions

Acquired conditions resulting in hemostatic dysfunction may
manifest clinically as DIC or as a specific coagulopathy or
thrombocytopathy. Hemostatic dysfunction can be the result of
inappropriate use of heparin (particularly unfractionated),
aspirin, or other anticoagulants. The administration of certain
drugs such as sulfonamides, penicillin, phenylbutazone, ibu-
profen, estrogens, antihistamines, and cardiovascular drugs has
been associated with thrombocytopenia in humans and
animals. Other diseases associated with hemostatic dysfunction
in the horse are severe liver disease, equine infectious anemia,
Anaplasma phagocytophilum, and equine viral arteritis. In general,
if any acquired condition that could result in a coagulopathy is
noted in the history or detected in the clinical progression of a
surgical candidate, appropriate and complete evaluation of the
hemostatic system must be performed. If the surgeon is pre-
sented with an emergency situation, arrangements should be
made for the availability of a blood donor or possible compo-
nent therapy to attenuate the situation.

Inflammation and Coagulation

Hemostatic dysfuction has long been recognized in horses with
severe inflammatory diseases such as gastrointestinal disease
and sepsis, and there is a growing body of evidence that dem-
onstrates the intricate interplay between inflammation and
coagulation. Severe inflammation can cause increases in coagu-
lation, decreases in anticoagulation, and inhibition of fibrino-
lysis, resulting in a procoagulant state. Cytokines and endotoxin
can induce increased expression of tissue factor on monocytes,
macrophages, and microparticles.”*' Endotoxin and proinflam-
matory cytokines can also activate platelets and induce the
release of vVWF from endothelium. Levels of AT are decreased as
a result of impaired synthesis, increased consumption (because
of increased thrombin generation), and negative acute-phase
response. Protein C also decreases as a result of increased con-
sumption, decreased production by the liver, and decreased
activation by thrombomodulin. Fibrinolysis is impaired because
tumor necrosis factor-o. (TNF-0) and interleukin-1f (IL-1B)
stimulate an increase in PAI-1. Coagulation derangements can
acually contribute to further inflammation, since AT and protein
C have anti-inflammatory effects. Activation of protease-
activated receptors during coagulation also enhances inflamma-
tion through increased production of TNF-¢, IL-6, and IL-8.'
This procoagulant state induced by inflammatory conditions
can lead to DIC. The initial hypercoagulable state does not
commonly lead to clinically evident thrombotic events in
horses, except for catheter-related jugular thrombophlebitis.*
There are only single reports of a few cases of thrombosis (distal
limb and pulmonary) related to gram-negative bacteremia or
endotoxemia.”>** In the early stages of DIC (subclinical), there
will be clinicopathologic evidence of platelet consumption,
coagulation factor consumption, and hyperfibrinolysis. With
severe activation of coagulation, DIC can lead to massive fibrin
deposition in tissues in the lungs, liver, and kidneys, potentially



CHAPTER 4 HEMOSTASIS, SURGICAL BLEEDING, AND TRANSFUSION 41

leading to multiorgan failure.*® The syndrome of DIC places
patients at risk of bleeding if intravascular coagulation is severe
enough to result in coagulation factor depletion and thrombo-
cytopenia, although the bleeding form of DIC is rare in the
horse. Primary diseases that could result in DIC and that may
be encountered by a surgeon include neoplasia, sepsis, trauma,
severe acute hemorrhage, clostridial myositis, and severe endo-
toxemia associated with acute gastrointestinal disease.

The diagnosis of DIC requires the horse to have a primary
disease that places it at risk, as well as clinicopathologic evi-
dence of coagulopathy. The testing recommended for diagnosis
of DIC includes platelet count (thrombocytopenia), clotting
times (prolonged PT and APTT), fibrinogen concentration
(decreased), and D-dimer concentration or FDPs (increased).*
Scoring systems have been developed to aid in the diagnosis of
DIC in human and canine patients, but there is not a compa-
rable consensus scoring system for the equine patient.>”*®

Reports of DIC in the equine veterinary literature most com-
monly describe the process as occurring secondary to a gastro-
intestinal disorder. Earlier reports describe clinical DIC, in
which horses had overt clinical signs such as epistaxis, surgical
bleeding, and venipuncture bleeding, whereas more recent
reports have documented larger numbers of horses with sub-
clinical DIC (an abnormal coagulation profile but lacking signs
of a thrombohemorrhagic crisis).'”'****! Ischemic and inflam-
matory conditions of the large colon are most commonly
associated with clinicopathologic coagulopathy, but simple
obstructions such as large colon impaction are rarely associated
with coagulopathy. Approximately one third of horses present-
ing to a referral facility with acute colitis had evidence of sub-
clinical DIC, defined as abnormal findings in at least three of
six coagulation tests.”” The coagulation testing included platelet
count, fibrinogen, PT, APTT, AT, and FDPs. Horses with subclini-
cal DIC were 8 times more likely to die than those without
evidence of DIC. Although fibrinogen was not below the refer-
ence range in coagulopathic horses, it was lower in horses with
DIC compared to horses with no evidence of DIC, and fibrino-
gen decreased over the first 48 hours of hospitalization in non-
survivors. Despite the frequent diagnosis of subclinical DIC,
none of these horses with acute colitis demonstrated a clinical
bleeding condition.

Horses with large colon volvulus commonly demonstrate
subclinical DIC, with 70% reported to have at least three of six
coagulation tests abnormal.*" In this group of horses, develop-
ment of prolonged PT, increased TAT, and thrombocytopenia
were associated with a poor prognosis. Horses with four of six
abnormal coagulation tests were also more likely to be eutha-
nized. Other investigators have demonstrated that increased
TAT, PT, APTT, PAI-1 and FDPs and decreased AT, protein C, and
platelet count are associated with nonsurvival in horses with
colicl14,]8,42—46

Neonatal foals with sepsis have been shown to have a high
incidence of clinicopathologic coagulopathy. Compared to
healthy foals, septic neonates have prolonged PT and APTT;
increased levels of fibrinogen, FDPs, a-2-antiplasmin, and
PAI-1; and decreased levels of AT and protein C.*” Foals with
septic shock were reported to have coagulopathy (at least three
abnormal coagulation tests) in 25% of cases, with 67% dem-
onstrating clinical bleeding disorders, including petechiation
and epistaxis.*® Septic foals (not in shock) had clinical signs of
bleeding in 39% of cases. Because horses with inflammatory
conditions such as gastrointestinal disease and sepsis are at risk

of coagulation abnormalities, hemostasis testing should be
strongly considered in these patient populations, and treatment
should be initiated if indicated.

Treatment of DIC

Since DIC is not a primary disease, there is no specific treatment
that will effectively reverse the process of coagulopathy. Identi-
fication of horses at risk and aggressive treatment of the primary
underlying disease are the best strategies for preventing DIC.
Prevention and treatment of endotoxemia, including treatment
with hyperimmune plasma, polymyxin B, and nonsteroidal
anti-inflammatory drugs, are reasonable strategies for preven-
tion of DIC (see Chapter 2). In both human and veterinary
patients, plasma and platelet transfusions are recommended in
cases with active bleeding or with a high risk of bleeding (e.g.,
surgical procedure).**° Transfusions with specific coagulation
factors such as prothrombin complex concentrates are not rec-
ommended as prophylactic treatment in nonbleeding human
patients, because the addition of activated factors may worsen
intravascular coagulation.® Antithrombin concentrate is not
available for horses, but treatment with fresh frozen plasma will
provide AT, an anticoagulant factor, which is frequently
decreased in critically ill and septic horses.

Anticoagulant treatment early in the course of DIC may limit
the activation of coagulation. Heparin is the anticoagulant most
commonly used for this purpose in human and veterinary med-
icine. Heparin increases the activity of AT, thereby inhibiting
thrombin and factor Xa. Low-molecular-weight heparin
(LMWH) has greater inhibition of FXa, dose-dependent clear-
ance, and a longer half-life than unfractionated heparin (UFH).”
In horses, administration of UFH has been associated with
prolonged APIT and decreased packed cell volume (PCV),
whereas these side effects are not seen with administration of
LMWH.”” The following regimen is recommended: heparin
calcium, 150 IU/kg SQ initially, then 125 IU/kg SQ q12h for 3
days, followed by 100 IU/kg SQ q12h. When using sodium
heparin, a dose of 40-80 units/kg q12h is recommended. The
following regimen for LMWH is recommended: Dalteparin 50
to 100 anti-Xa units/kg SQ q24h; enoxaparin 40 to 80 anti-Xa
units/kg (0.35 mg/kg) SQ q24h. Although the use of heparin
has been reported for treatment of DIC in horses, there are no
controlled studies to evaluate treatment of DIC in horses."”
There is some evidence to support heparin anticoagulant treat-
ment for DIC in human patients; however, studies indicate that
the use of exogenous heparin may negate some of the beneficial
anti-inflammatory effects of AT, which are mediated via endog-
enous heparans on the endothelium.**** Treatment with recom-
binant human activated protein C was shown to be beneficial
in human patients with severe sepsis and DIC.>> A recombinant
equine protein C is not available, and therefore this drug has
not been evaluated in horses.

Risk of Surgical Bleeding

Certain surgical procedures in equine surgery are associated with
a significant risk for intraoperative and postoperative hemor-
rhage. Surgery involving the sinuses or ethmoid area, the cranial
reproductive tract, the spleen, or certain neoplasias may result in
significant intraoperative hemorrhagic challenges. Because some
of these surgeries can be performed electively, careful preopera-
tive planning may alleviate many of the complications of
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perioperative hemorrhage. Options include planned autologous
transfusion and normovolemic or isovolemic hemodilution,
preoperative crossmatch and subsequent whole blood transfu-
sion (see later), or availability of stored blood products and
components. Autologous transfusion and normovolemic hemo-
dilution involve collection of the patient’s blood in the weeks
before surgery (banking) or in the immediate preoperative
period, followed by administration of crystalloids before induc-
tion. Throughout any surgical procedure, it is critical to employ
proper hemostatic techniques (see Chapter 12).

BLOOD TRANSFUSION
Indications
Whole Blood

Whole blood (WB) transfusions are most often indicated for
horses that have suffered acute blood loss from trauma, surgery,
or other conditions such as splenic rupture or uterine artery
hemorrhage. In cases of blood loss, the transfusion serves to
restore blood volume as well as oxygen-carrying capacity.
Although there are no set variables that serve as “transfusion
triggers,” a combination of physical examination and clinico-
pathologic parameters can be used to guide the decision to
transfuse. It is important to remember that the PCV may remain
normal for up to 12 hours following acute hemorrhage because
of the time required for fluid redistribution and the effects of
splenic contraction. Serial monitoring of PCV and total solids
(TS) as the horse is rehydrated with intravenous fluids will give
an indication of the extent of blood loss. Suspicion of large-
volume blood loss, combined with tachycardia, tachypnea, pale
mucous membranes, lethargy, and decreasing TS may lead to
the decision to transfuse.’® A blood transfusion is likely needed
during an acute bleeding episode when the PCV drops below
20%, although in acute severe cases, transfusion may be needed
before there is a significant drop in PCV.

Estimation of blood loss at surgery can be used to guide the
decision to transfuse, with loss of greater than 30% of blood
volume generally requiring transfusion.”” Anesthetized horses
may have very stable heart rate and PCV despite massive blood
loss; pale mucous membranes with prolonged capillary refill
time (CRT), decreasing TS, hypotension, and hypoxemia are
better indicators of blood loss.”®

Oxygenation status can help to determine the need for blood
transfusion in cases of both acute hemorrhage and chronic
anemia. A rise in blood lactate concentration despite volume
replacement with crystalloid or colloid fluids may indicate con-
tinued tissue hypoxia and a need for blood transfusion.*”*
Oxygen extraction ratios are also useful measures; a ratio greater
than 40% to 50% in the context of blood loss may indicate a
need for blood transfusion (Box 4-1).%

Transfused red blood cells (RBCs) have been reported to have
a very short half-life; however, a recent study indicates that
autologous transfused red blood cells have longer survival than
originally reported, and allogeneic (donor) transfused RBCs
may also have a longer half life than was reported in the original
chromium label studies.®*** Red blood cells from allogeneic
transfusions do have a much shorter half-life than autologous
red cells, so transfusion should still be considered a temporary
measure to restore oxygen-carrying capacity, relying on the
horse’s erythropoeitic response or resolution of underlying
disease to provide long-term resolution.

Box 4-1. Formulas

OXYGEN EXTRACTION RATIO

0O, ER = ~(Sa0, - Sv0,)/Sa0,

O, ER = Oxygen extraction ratio

Sa0, = Arterial oxygen saturation

SvO, = Mixed venous oxygen saturation

BLOOD TRANSFUSION VOLUME (L)
Body weight (kg) x 0.08 x [(Desired PCV — Actual PCV)/Donor
PCV]

PLASMA TRANSFUSION VOLUME (mL)
Body weight (kg) x 45 mL/kg x [(Desired TP — Actual TP)/
Donor TP|

ER, Extraction ratio; PCV, packed cell volume; TP, total protein.

Fresh whole blood can also provide platelets, though gener-
ally not in concentrations high enough to treat severe throm-
bocytopenia. For patients with primary thrombocytopenia or
thrombocytopathia, platelet concentrates can be given. Platelet
concentrates can be obtained by plateletpheresis or by centrifu-
gation using a slow-spin technique.

Packed Red Blood Cells

Packed red blood cells (pRBCs) are indicated for normovolemic
anemia, such as neonatal isoerythrolysis, erythropoietic failure,
and chronic blood loss. In cases of chronic or hemolytic anemia,
markers of tissue oxygenation, such as lactate and oxygen
extraction are still useful. PCV is a better “transfusion trigger”
for chronic anemia compared to acute hemorrhage, with trans-
fusions suggested for horses with evidence of tissue hypoxia and
a PCV less than 10% to 12%. Transfusions may be given at a
higher PCV for horses with concurrent conditions (e.g., respira-
tory disease, anesthesia, sepsis) or risk of further blood loss.
When pRBCs are not available, WB may be used for the same
indications, although attention should be paid to the total
volume given so that volume overload is avoided.

Plasma

Plasma transfusion is indicated for the treatment of clotting
factor deficiency, hypoalbuminemia, and neonatal failure of
transfer of passive immunity. Fresh and fresh frozen plasma
(FFP) contain immunoglobulins, coagulation factors (fibrino-
gen and factors II, VII, IX, X, XI, and XII), and cofactors (factors
V and VIII), and the anticoagulant proteins antithrombin,
protein C, and protein S. Plasma has also been used for treat-
ment of DIC in horses."”

Colloid support is generally recommended in patients with
a total protein less than 4.0 g/dL or serum albumin concentra-
tion less than 2.0 g/dL. Other indications for colloid support
are colloid oncotic pressure less than 14 mm Hg, clinical signs
such as ventral edema, and conditions that increase microvas-
cular permeability, such as sepsis. When plasma is not necessary
for clotting factor replacement, a synthetic colloid such as
hydroxyethyl starch (hetastarch) is preferred for volume expan-
sion and more effective oncotic support. For more information
on this subject please review Chapter 1.

Preoperative evaluation of neonatal foals should include
testing IgG concentration. Failure of transfer of passive
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immunity (FPT) in neonatal foals greater than 12 hours of age
is best treated by plasma transfusion, because colostrum absorp-
tion is greatly diminished after 12 hours.”> An IgG concentra-
tion less than 200 mg/dL is considered complete FPT, and IgG
between 400 and 800 mg/dL is considered partial FPT. Although
plasma transfusion is not always needed for foals with partial
FPT, it is recommended for foals that have preexisting infection
or exposure to pathogens. Commercially available fresh frozen
hyperimmune plasma is most commonly used for treatment of
neonatal foals. Equine FFP is licensed by the U.S. Department
of Agriculture, and most products have a minimum guarantee
for IgG concentration and a 2- to 3-year shelf life when frozen.
Although commercially available hyperimmune plasma has
very high IgG concentrations (1500 to 2500 mg/dL), plasma
from local donor horses may provide better protection against
specific local pathogens.

There are multiple hyperimmune plasma products with bac-
terial- or viral-specific antibodies. There is some evidence for
the efficacy of Escherichia coli (J5) and Salmonella typhimurium
hyperimmune plasma for the treatment of equine endotoxemia;
however, there are also reports that dispute the efficacy of such
products.®®®” The use of Rhodococcus equi hyperimmune plasma
for the prevention of R. equi infection has also been controver-
sial.®*® Other plasma products available for specific disease
treatment include botulism antitoxin, West Nile virus antibody,
and Streptococcus equi antibody.

Oxyglobin

Oxyglobin is a hemoglobin-based oxygen-carrying solution that
is indicated for treatment of anemia. Oxyglobin has been used
experimentally in ponies with normovolemic anemia.” In this
study, Oxyglobin improved hemodynamic and oxygen trans-
port parameters; however, one pony had an anaphylactic reac-
tion. The use of Oxyglobin was also reported for treatment of
a pony mare with chronic hemorrhage and a history of acute
transfusion reactions.” Although Oxyglobin is currently com-
mercially available, the cost and volume (125 mL) per bag limit
its utility for equine treatment.

Donor Selection and Management

There are 8 recognized equine blood groups, and 30 different
factors identified within 7 of these groups.”” Because of the large
number of blood groups and factors, there are no true universal
donors for horses. The ideal equine blood donor is a healthy,
young gelding weighing at least 500 kg. Donor horses should
be up-to-date on vaccinations, including rhinopneumonitis,
tetanus, eastern and western equine encephalomyelitis, rabies,
and West Nile virus. Donors should be tested annually for
equine infectious anemia. Because RBC antigens Aa and Qa are
the most immunogenic, the ideal donor should lack the Aa and
Qa alloantigens. There are breed-specific blood factor frequen-
cies, so a donor of the same breed as the recipient may be
preferable, especially when blood typing is not available. Horses
that have received blood or plasma transfusions and mares that
have had foals are not suitable as donors because they have a
higher risk of carrying RBC alloantibodies. Donkeys have an
RBC antigen known as “donkey factor,” which is not present in
horses; therefore, donkeys or mules should not be used as
donors for horses, because the horses receiving transfusion can
develop anti-donkey factor antibodies.” In the referral practice

setting, it may be practical to establish a group of blood donor
horses. These donor horses should be blood typed and should
also be tested for alloantibodies.

When a surgical procedure is planned in advance and there
is a high risk of substantial blood loss, preoperative autologous
donation should be considered, because the horse would be its
own ideal blood donor.” The life span of transfused autologous
RBCs after 28 days of storage is approximately 30 days, com-
pared to a 14-day half-life for fresh, crossmatched allogeneic
blood.**”® Intraoperative or posthemorrhage cell salvage is also
an option for autotransfusion, and its use has been reported in
a horse with postcastration hemorrhage.” RBC recovery can be
performed with specialized cell salvage equipment, which
washes and filters collected blood, but cell salvage can also be
performed with simple anticoagulation and filtration.”” The
technique of cell salvage is limited to cases in which the sal-
vaged blood is not in an area of infection or malignancy, unless
specialized washing and filtering equipment is used.

Blood Typing and Crossmatching

In an emergency situation, an immediate blood transfusion
may be given without a crossmatch for the first time, with a very
minor risk of serious transfusion reaction. Horses can develop
alloantibodies within 1 week of transfusion, so blood typing
and crossmatching are recommended before a second transfu-
sion is performed.”® However, a second blood transfusion may
be performed safely within 2 to 3 days of the first transfusion
without a blood crossmatch.

Blood typing and alloantibody screening can be used to
help find the most appropriate donor horse for the patient
requiring transfusion. Unfortunately, since blood typing is time-
consuming and laboratories performing blood typing are very
limited, this is not often a practical method of donor selection.
Blood typing and antibody screening before initial transfusion
are more important for horses that may require subsequent
blood transfusions and for broodmares that may produce foals
with neonatal isoerythrolysis (NI) if sensitized to other blood
group factors.”® A rapid agglutination method for detection of
equine RBC antigens Ca and Aa has been developed that may
be a more practical method of pretransfusion testing.”

A blood crossmatch is recommended before a transfusion,
especially for any horse that may have previously been exposed
to RBC antigens. Hemagglutination crossmatching is widely
available and rapidly performed; however, it will not predict all
transfusion reactions, namely the hemolytic reactions. Rabbit
complement can be added to the reaction mixture to detect
hemolytic reactions.*” The major crossmatch involves mixing
the donor’s washed red blood cells with the recipient’s serum,
whereas the minor crossmatch involves mixing the recipient’s
red cells with the donor’s serum. If the minor crossmatch is
incompatible, but the major crossmatch is compatible, the
transfusion can still be performed after washing the donor red
blood cells.

Blood Collection and Administration
Collection Technique

Blood is collected from the jugular vein of the donor horse,
either via direct needle cannulation or catheterization. When a
large volume of blood is needed, a 10- or 12-gauge catheter is
recommended, although a 14-gauge catheter is also sufficient.
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Blood flow may be improved by placing the catheter opposite
the venous blood flow (catheter directed toward the head). A
healthy horse can donate approximately 20% of its total blood
volume every 30 days.®” When 15% or greater blood volume is
collected, volume replacement with intravenous crystalloid
fluids is recommended. The donor horse’s heart rate, respiratory
rate, and attitude should be monitored during the blood collec-
tion. Vital parameters should normalize within 1 hour of
collection.

Plastic bags and vacuum-collection glass bottles are available
for blood collection in sizes ranging from 450 mL to 2 L. The
glass bottles are preferred by many because of the speed of col-
lection; however, the glass inactivates platelets and causes some
damage to RBCs.**** When blood is collected for immediate
transfusion, anticoagulation with 3.2 % sodium citrate (1:9
anticoagulant to blood ratio) is adequate. However, when blood
is stored for later transfusion, optimal pH and support of RBC
metabolism are necessary to sustain RBC viability. Biochemical
and hematologic parameters suggest that WB may be stored in
citrate-phosphate-dextrose-adenine (CPDA)-1 bags for at least
3 weeks.®” A posttransfusion viability study on equine blood
stored for 28 days demonstrated a 24-hour labeled RBC survival
of 73% and a half-life of 29 days.®* RBC concentrates stored in
saline-adenine-glucose-mannitol solution may be suitable for
transfusion for up to 35 days after collection.®* Blood should
be stored in a dedicated blood bank refrigerator at 4° C.

Equine blood can be processed to provide plasma and pRBC
components. Because of the rapid sedimentation of equine
RBCs, the RBC component can be administered without special-
ized processing; however, the pRBCs will still contain plasma
components unless centrifugation and repeated washing are
performed. Washing of RBCs is the preferred technique when a
transfusion is given to an NI foal using the mare as a donor.
When RBC washing or other processing is planned, blood
should be collected into bags rather than bottles because of ease
of centrifugation and sterile transfer.

Plasma processing can be performed by gravity sedimenta-
tion, centrifugation using a double-bag system, or plasmapher-
esis. Plasmapheresis is the preferred technique because it is
more rapid than WB collection and processing and yields
plasma with minimal RBCs and leukocytes.*” Plasmapheresis of
4 to 11 L can be performed every 30 days on donor horses.*
Immunoglobulins are well-maintained for at least 1 year in FFP;
however, coagulation factor activity may decrease after 2 to 4
months of storage.®’

Administration and Adverse Reactions

The volume of blood to be transfused depends on estimated
blood loss, estimated total blood volume, and donor PCV. In
cases of acute blood loss, PCV is often not useful for estimates
of volume to be transfused since it does not accurately reflect
blood loss. Instead, estimates of blood loss and evaluation of
clinical parameters are used to determine the volume of blood
needed. From 25% to 50% of the total blood lost should be
replaced by transfusion since much of the circulating volume
will be replaced by fluid shifts. It is important to remember that
up to 75% of RBCs lost into a body cavity (e.g., hemoperito-
neum) are autotransfused back into circulation within 24 to 72
hours.*® Therefore lower percentages of blood volume replace-
ment may be needed in cases of intracavitary hemorrhage. The
volume of blood required to treat horses with normovolemic

or chronic anemia can be estimated based on the target PCV
(see Box 4-1). Blood and plasma products should be delivered
with an in-line filter to remove small clots and fibrin.

Volumes of plasma for treatment of hypoproteinemia can be
estimated by total protein or albumin concentrations (see Box
4-1), although the use of plasma to normalize severe hypopro-
teinemia can be prohibitively expensive in the adult horse.
Volume of plasma given for treatment of hypoproteinemia or
coagulopathy is often determined by clinical and clinicopatho-
logic response. A starting point for treatment of coagulapathy
is approximately 4 to 5 mL/kg plasma. Follow-up monitoring
with hemostatic testing is recommended to help determine the
end point of treatment.

To facilitate monitoring for transfusion reactions, blood
should be delivered at a rate of approximately 0.3 mL/kg over
the first 10 to 20 minutes, while monitoring heart rate, body
temperature, and respiratory rate. Horses should also be moni-
tored for signs of muscle fasciculation, piloerection, and urti-
caria. Adverse reactions reported in horses receiving blood
transfusions include urticaria, hemolysis, and acute anaphylac-
tic reactions. The rate of adverse reaction to WB transfusion has
been reported as 16%, with 1 of 44 horses (2%) having a fatal
anaphylactic reaction.” If no signs of reaction are seen, the rate
of administration can be increased to 5 mL/kg/hr for normo-
volemic horses and up to 20 to 40 mL/kg/hr for hypovolemic
horses. If signs of anaphylaxis are present, epinephrine (0.01 to
0.02 mL/kg IV of 1:1000 solution) should be administered
immediately. More mild transfusion reactions, such as urticaria,
fever, and tachypnea, may be treated with an NSAID (e.g., flu-
nixin meglumine 1.1 mg/kg IV) or an antihistamine (e.g., tri-
pelennamine 1.1 mg/kg IM).

Similar to the risk in other veterinary species, bacterial con-
tamination of blood, transmission of blood-borne disease from
donor to recipient, and hypocalcemia associated with citrate
toxicity are all potential concerns related to transfusion in the
equine patient. An additional concern in horses is the possible
sensitization of a broodmare to blood group antigens, leading
to the risk of NI in subsequent foals.”® Although plasma transfu-
sions are not commonly associated with serious adverse reac-
tions, serum hepatitis has been reported in association with
transfusions of commercial plasma.®’

TOPICAL HEMOSTATIC AGENTS

Topical hemostatic agents are needed for control of diffuse
capillary bleeding from bone or parenchymal organs, such as
liver or spleen. These agents can also be useful for control of
bleeding during dental and nasal surgery. Surgical hemostasis
techniques, including mechanical, thermal, chemical, and phys-
ical hemostasis are discussed in Chapter 12. This section will
focus only on topical products available for augmentation of
hemostasis. The most common veterinary use of topical hemo-
static agents is in canine spinal surgery, and there are no specific
equine studies available to guide the use of these hemostatic
agents.

Mechanical Hemostatic Agents

These topical agents exert their main hemostatic effect by apply-
ing pressure on the area of diffuse bleeding. Some of these
products also act as a scaffold for platelets and coagulation
factors. The mechanical hemostatic agents are generally
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appropriate for control of smaller areas of discrete bleeding
rather than more severe bleeding. Although there are numerous
topical hemostatic products on the market, the major long-
standing products are described later.

Purified Gelatin Sponge

The gelatin sponge is made from purified animal gelatin. It
binds well to tissue and exerts a hemostatic effect by swelling
as it is soaked with blood. Gelatin sponges can be soaked in
thrombin to help promote coagulation directly.”® Gelatin
sponges can potentiate infection, and their use should be
avoided in contaminated wounds. This product is absorbed over
a period of 4 to 6 weeks.

Oxidized Regenerated Cellulose

Oxidized regenerated cellulose is a chemically altered form of
cellulose, which is particularly useful to control diffuse bleeding
from broad surfaces. Surgicel has mechanical hemostatic effects
as a result of swelling from blood absorption, and it activates
coagulation on the collagen surface. Surgicel also acts as a
caustic hemostatic agent because of its low pH. The low pH
additionally confers antibacterial properties and therefore is
preferred over gelatin foam for use in contaminated areas.”
Surgicel should not be soaked in thrombin, because the bio-
logic agents will be inactivated in the low-pH environment. The
low pH may also lead to tissue inflammation and delayed
wound healing, so any excess product should be removed from
the surgical site. This product is absorbed in 7 to 14 days,
although residue from the material may persist for several
months to years.’?

Microfibrillar Collagen Hemostatic Agents

Microfibrillar collagen agents (Avitene, Instat) are derived from
bovine dermal collagen, and are available in fibrous (flour),
sheet, and sponge forms. These products are absorbed in 8 to
10 weeks. Microfibrillar collagen agents do not swell, and they
do not rely as much on their mechanical effect as does Gelfoam.
The product does bind tightly to the bleeding surface, so there
is likely some mechanical blockage of injured vessels. Platelets
adhere to the collagen and are activated, and the resultant plate-
let degranulation and aggregation lead to hemostasis. These
products are less effective in patients with thrombocytopenia.’
Microfibrillar collagen products have been associated with aller-
gic reactions in human patients, likely related to the bovine
origin of the materials. Microfibrillar collagen can interfere with
bacterial clearance and wound healing, and it is therefore rec-
ommended that it be removed from the surgical site before
closure of the wound.”

Polysaccharide Hemostatic Agents

Microporous polysaccharide hemispheres (TraumaDex) have
a porous surface that allows absorption of blood, thereby con-
centrating platelets and coagulation factors and reducing the
time required for coagulation. This product is absorbable and
does not appear to inhibit wound healing.” It does not appear
to be as effective for severe arterial or venous bleeding compared
to other topical hemostatic agents. Another type of polysaccha-
ride, chitosin, is present in hemostatic dressings designed to

control bleeding from traumatized extremities (HemCon
Bandage).

Bone Wax

Bone wax is composed of beeswax and petroleum jelly and, as
its name suggests, is used to control bleeding from bone sur-
faces. It mechanically stops blood flow from vessels in bone,
and it does not have any biologic hemostatic effect. Bone
wax inhibits bone healing, so it should not be used when frac-
ture union is desired. It has also been shown to inhibit bacterial
clearance from cancellous bone, and therefore it should not
be used in areas of bacterial contamination or infection.”
Bone wax has been reported to cause additional adverse effects
such as allergic reaction, granulomatous reaction, and
embolization.”

Adhesives and Sealants
Thrombin Products

Thrombin is available as a stand-alone product and is also a
component of other biologic hemostatic agents.”” Bovine-
derived thrombin actively promotes coagulation by converting
fibrinogen to fibrin and activating platelets. The stand-alone
thrombin products (Thrombin-JMI) are packaged as a powder
that is reconstituted for use. The liquid solution can be
difficult to apply accurately during surgery. Thrombin is also
available in a variety of combination preparations. A combina-
tion of human thrombin and collagen-derived gelatin matrix
(FloSeal) is available as a “flowable” product, applied to
the bleeding surface. Bovine-derived thrombin has been
shown to induce antibody formation in human patients, espe-
cially to factor V. Recombinant human thrombin products are
available, but similar veterinary recombinant products do not
exist.

Fibrin-Based Sealants

These products are applied directly to the tissue and promote
hemostasis by adhesion and formation of a fibrin clot, reducing
the size of the open bleeding defect. Fibrin glues (TISSEEL)
contain thrombin and fibrinogen, which are combined at the
time of application through a dual-chamber syringe. Fibrin seal-
ants replicate the last stage of coagulation and do not require
that the patient have normal platelets or coagulation factors.
Fibrin sealants are biodegradable and have not been associated
with tissue inflammation or foreign body reaction.
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CLASSIFICATION OF WOUNDS

Wound healing is inherent to all species and is the biologic
process by which the body repairs itself after injury, whether it
be traumatic or surgical. Understanding the basics of wound
healing can improve patient outcome, reducing morbidity and
often expense. Wounding may be restricted to the skin but often
will involve underlying and adjacent tissues. Wounds have been
traditionally classified as open or closed, and further as clean
or contaminated.’ These traditional classification schemes are
useful because they provide a basis for general therapeutic
guidelines. Closed wounds include crushing or contusion inju-
ries, which at the time of impact do not have skin loss. However,
substantial disruption to the underlying blood supply can
occur, which may lead to future skin loss and often a prolonged
recovery period. Open wounds can be classified by the type of
trauma, such as abrasions, avulsions, incisions, and lacerations
(Table 5-1); partial or full-thickness; or alternatively, they can
be classified based on their potential for bacterial presence.’'
Surgical wounds created under aseptic conditions are clean
wounds. Clean-contaminated wounds are surgical wounds in

which the respiratory, alimentary, or urogenital tracts are entered
under controlled conditions without unusual contamination,
whereas contaminated wounds are open, acute, accidental, or
surgical wounds in which there has been a major break in sterile
technique. Dirty or infected wounds are those that are old, have
devitalized tissue, or have gross contamination with foreign
debris. Clean, clean-contaminated, and contaminated wounds
by definition contain less than 1 x 10° bacteria per gram of
tissue, whereas those with greater than 1 x 10° are infected.”
When in doubt, all nonincision open wounds should be
handled as if they are infected, as should any incision from
which there is purulent drainage. In the past, open wounds were
often classified on duration since the time of injury and the
degree of contamination: Class 1 (less than 6 hours duration
with minimal contamination), Class 2 (6 to less than 12 hours
duration with significant contamination), and Class 3 (longer
than 12 hours duration with gross contamination).’ This type
of classification is less useful in equine veterinary medicine
because all wounds regardless of the duration have the oppor-
tunity for marked contamination considering the environment
in which horses live.
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Choice of wound closure primarily depends on the type of
s— — wound (i.e., puncture versus laceration) and the degree of con-
Classification Description tamination. Closure of open, full-thickness wounds may be by
Crush Injury occurring when the body part is primary, delayed primary, or secondary closure techniques, or they
subjected to a high degree of force may be left to heal by second intention (Table 5-2)." The decision
between two heavy objects. to proceed with one method versus another is guided by the
Contusion A blow to the skin in which blood vessels wound’s location, its initial classification, and often the sur-
are damaged or ruptured. geon’s past experience with similar injuries. The biology of
Abrasion Damage to the skin epidermis and wound healing is similar regardless of the choice of wound
portions of the dermis by blunt trauma closure, but outcome results can be directly influenced, espe-
or shearing forces. cially in horses, by knowledge of the processes involved.
Avulsion Loss of skin or tissue characterized by
tearing of the tissue from its
attachments. PHASES OF WOUND HEALING
Incision A wound created by a sharp object that Wound healing is a dynamic process, similar in all adult mam-
has minimal adjacent tissue damage. malian species, that is initiated whenever there is a break in
Laceration An irregular wound created by tearing of tissue integrity. The repair process involves complex interactions
tissue. Skin and underlying tissue between cellular and biochemical events that coordinate healing
damage can be variable. (Tables 5-3 through 5-5), which are similar whether injury is
Puncture A penetrating injury to the skin resulting confined to the skin or extends to deeper structures. Our under-
in minimal skin damage and variable standing of what is occurring is continually evolving. This is
underlying tissue damage. especially true in the horse. For the sake of simplicity, the
Contamination with dirt, bacteria, and healing process has been divided into three phases: (1) the
hair is common. inflammatory or lag phase, which involves hemostasis and acute

inflammation; (2) the proliferative phase, during which tissue
formation occurs; and (3) the remodeling phase, during which
the healing tissue regains strength.! These three phases overlap

TABLE 5-2. Wound Closure

Classification Wound Type Recommendations

Primary closure Clean or clean-contaminated wound Immediate suture closure without tension
converted to clean wound

Delayed primary closure  Clean-contaminated or contaminated Performed 2-5 days after injury; tissue débridement
wound with questionable tissue viability, and wound lavage before closure
edema, skin tension

Secondary closure Contaminated or infected wound Performed at least 5 days after injury; granulation

tissue and epithelialized skin edges excised at the
time of closure
Second intention healing Wound tissue unsuitable for closure; large Healing by granul