Pathophysiology of Hemorrhagic Shock

C
Definition

The pathophysiology of hemorrhagic shock involves a decrease in systemic oxygen delivery to a level
less than what is required to maintain cellular function.

1. Introduction

For the polytrauma patient, brain injury is the most common cause of early death followed by acute blood
loss as the second most common cause of early death [11[2] |n the U.S., 150,000 people die each year due
to injury and many of these deaths occur in relatively younger individuals, which causes an aggregate
loss of productive life of over 3.3 million years [3], This results in an annual cost to society of USD 2.34
billion in today’s dollars from lost wages and medical costs. In prospective studies that examine
resuscitation after trauma the median time to hemorrhagic death is 2.0 to 2.6 h 2367, Hemorrhage is
the most common cause of shock in the injured, and a substantial humber of trauma patients will arrive
at hospital with profound physiologic disturbances due to acute circulatory failure. Dr. Samuel D Gross,
regarded as one of the most innovative and influential surgeons of the 19th century described shock
simply as, “... a rude unhinging of the machinery of life”. Indeed, this remarkable characterization of
hemorrhagic shock remains as informative today as certainly it was over 175 years ago (&,

The polytrauma victim with significant hemorrhage suffers a life-threatening acute reduction in oxygen
delivery (DO 2) to tissue. DO 2 depends on both an adequate circulating blood volume representing
sufficient oxygen carrying capacity, and effective cardiovascular function to maintain the circulation of
blood to capillary beds in the periphery.

Furthermore, between 25% to 35% of hemorrhaging patients will develop a biochemically evident
coagulopathy (trauma-induced coagulopathy; TIC) before arrival to the emergency department, which can
manifest clinically as either hypercoagulable or hypocoagulable states, or both. In the polytrauma patient
the presence of TIC is associated with higher transfusion requirements, increased 1.C.U. and hospital
length of stay (LOS), prolonged requirement for mechanical ventilation, an increase in the incidence of
multiorgan dysfunction, and, most concerning of all, a threefold to fourfold higher rate of mortality
(9110111121131 T|C has deleterious effects independent of injury severity, level of shock, degree of
acidosis or depth of hypothermia [14],

2. Pathophysiology of Hemorrhagic Sock
Oxygen Delivery/Utilization Imbalance

The pathophysiology of hemorrhagic shock involves a decrease in systemic DO, to a level less than what
is needed to maintain cellular function (VO,). DO, equals the rate of blood flow, which is cardiac output
(Q; normal = 5-6 L/min) multiplied by the content of oxygen bound to hemoglobin (Hgb) in a volume of
blood (normal: male = 20.7 mL O,/dL; female = 18.4 mL O,/dL). A normal DO, is approximately 1000 to
1250 mL Oy/min in males, and approximately 925 to 1100 mL Oy/min for females. If oxygen delivery is
insufficient, tissue hypoxia develops resulting in anaerobic metabolism and production of lactate.

An important variable in oxygen transport physiology not often considered because it is seldom measured
is the oxygen binding affinity of Hgb, expressed as p50 and depicted by oxy-hemoglobin dissociation
(OHD) curves (Figure 1A-C). This property of Hgb determines the extent of peripheral oxygen offloading
and therefore the quantity of oxygen available for tissue oxygenation. Acidosis shifts the OHD curve to
the right (referred to as the Bohr effect) and increases the offloading of oxygen. Conversely, hypothermia
shifts the curve to the left tends to decrease offloading of oxygen in the periphery. Acidosis and
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hypothermia are frequent homeostatic disturbances that complicate resuscitation. Depending on the
magnitude of either one at any one moment during resuscitation, offloading of oxygen from Hgb may be
enhanced or impeded [12], These considerations may explain in part variability of responses to
resuscitation of different patients. Additionally, of interest is the possibility of enhancing end-organ

oxygen availability in patients with compromised oxygen transport by a pharmacological increase in p50
[16]
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Figure 1. (A) OHD curve which relates the saturation of Hgb (y-axis) to the degree of partial pressure of
oxygen to which Hgb is exposed (x-axis). The pO, that saturates % of Hgb is referred to as p50, which in
this example p50 = 27 mmHg. The p50 is the conventional measure of affinity of Hgb for oxygen. The
lower the p50 the higher the affinity of Hgb for oxygen. The ‘steep’ portion of the oxyHgb dissociation
curve is in the range of pO, that exists in systemic capillaries (thus a small decrease in systemic capillary
pO> can result in the release of large amounts of oxygen for diffusion to, and uptake by cells). As shown
in the figure, several factors increase the affinity of Hgb for oxygen (leftward shift; I p50) or decrease
affinity (rightward shift; Tp50). Biochemically, H+ is a heterotropic allosteric inhibitor of Hgb, whereas O,
is a homeotropic allosteric activator of Hgb. (B) Hypothermia and acidosis have opposing effects on p50.
Lower temperature shifts the curve to the left increasing Hgb affinity for oxygen and decreasing
offloading in capillaries; low pH (increase in H+) decreases the affinity of Hgb for oxygen (Bohr effect)
increasing oxygen availability to reverse anaerobic metabolism. A trauma patient may be, and often is
hypothermic and acidotic (and coagulopathic). Whether there is a significant change in p50 can be
calculated using the Hill-Langmuir equation. (C): Hypothetical oxygen transport variables of a normal
subject (Temp = 37 °C; p50 = 25 mmHg) and a subject with hypothermia (Temp = 31 °C; p50 = 20
mmHg), before and after compensation. The p50 at 31 °C and pH = 7.4 is calculated using the Hill-
Langmuir equation. A venous blood gas is obtained through a Swan Catheter introducer (7.5Fr) with the
tip in the superior vena cava reveals in the hypothermic subject, central venous oxygen saturation
(Scv0O,) = 85%. This reflects the fact that hypothermia increases the affinity of Hgb for oxygen, shifting
the Hgb dissociation curve to the left. A ScvO; of 85% would imply only 15% of the delivered 1000 mL of
oxygen (DO>) prior to compensation is being offloaded, which is approximately 150 mL/min, well below
VO, (250 mL/min). The hypothermic patient can compensate by increasing cardiac output and hence



DO,. Assume that stroke volume is unchanged (although a well-known consequence of tachycardia is a
reduction in stroke volume), and cardiac output increases by an increase in heart rate (HR) from 72
beats/min to 120 beats/min (a 40% increase in HR causing a substantial increase in myocardial oxygen
demand).

Systemic oxygen utilization (VO,), approximately 250 mL Oy/min, is the amount of oxygen consumed
each minute by all metabolic processes in the body. The physiologic relationship of VO, to DO, is
expressed as the oxygen extraction ratio (O,ER),

VO,

0,ER =
2 DO,

VO, and thus O,ER differ significantly among different organ systems. For example, extraction ratios
measured in the in the heart, liver, and kidney, are 60%, 45% and 15% respectively. Predictably, a higher
O>ER is associated with greater DO, dependency.

O>ER provides an important compensatory mechanism offsetting reductions in DO, due to acute blood
loss and a decrease in cardiac output. An initial reduction in DO, is offset by an increase in O5ER that
maintains VO, constant. In this hemodynamic state, the value of VO, is flow-independent. As a
compensatory mechanism for blood volume loss, OoER-mediated flow-independence of VO, may result in
a deceptive clinical presentation of hemodynamic stability (compensated hemorrhagic shock), although
as much as 30 percent of blood volume may have been lost. As cardiac output and thus DO, continue to
decline with ongoing hemorrhage, O,ER will increase until eventually the amount of oxygen that can be
extracted plateaus (O-ER = 60-70% for most tissues). From this point, any further decrease in DO, will
cause VO, to decline such that the value of VO, is nhow flow-dependent. The value of DO, that represents
the boundary between flow-independent VO, and flow-dependent VO, is designated DO5 crit. Any DO, <
DO, crit is associated with a decrease in VO, and impaired oxygen-dependent cellular processes as
metabolism shifts from aerobic to anaerobic pathways.

DO, crirmarks the onset of lactic acidosis and the beginning of an accumulating oxygen debt[17] (Figure
2). Without effective resuscitation, ongoing hemorrhage progresses to decompensated shock,
characterized by hemodynamic instability and diminished blood flow that cannot maintain life-sustaining
physiologic processes; and then to refractory shock, representing exhaustion of physiological reserves,
hemodynamic collapse, vital organ dysfunction and subsequent failure, and ultimately, death.
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Figure 2. DO, crj7 defines shock. As DO, (solid black line) decreases secondary to a fall in cardiac output,
drop in Hgb concentration, or both, O,ER (solid grey line) increases to maintain VO, constant until
extraction is maximized. At this point, designated as DO, cgri7 (also referred to as the anaerobic threshold),
VO, begins to decrease with further decreases in DO,. When DO, > DO, cgiT t, VO3 is flow-independent;



when DO, < DO; criT, VO, becomes flow-dependent. In addition, DO, cgri7 is associated with the onset of
lactate formation and accumulation. Thus, shock can be defined conceptually as the presence of DO, less
than DO, crit, producing a reduction in VO,. Normal DO, = 800 mL O,/min/m?; normal VO, = 200 mL
0,/min/m?; normal O5ER = 25%.

Therefore, a principal objective of care for the polytrauma patient in shock is to restore DO, to a level
(DO, = 350-450 mL O,/min/m?2) such that, to a first approximation, DO, > DO, cg;T. However, targeting
even higher, supranormal values for DO, (DO, > 600 mL O,/min/m?2) with aggressive fluid administration
predisposes to secondary complications of volume overload. Higher values of DO, likely will not improve
survival and, in fact, are associated with detrimental patient outcomes 18,

DO, can be determined from the Hgb concentration, SaO, and stroke volume (hence, cardiac output).
Stroke volume can be obtained non-invasively, expeditiously, and to a reasonable degree of accuracy [19]
by transthoracic echocardiographic measurement of blood flow velocity at the left ventricular outflow
track [2011211[22] vO, can be estimated as 125 mL/min/m? x BSA (BSA m? = 0.007184 x (W)%423 kg x
(H)%725 c¢m), determined by indirect calorimetry, or calculated using the Fick equation (231, However, DO,
criT iS not an exact transition point from flow-independent to flow-dependent VO, [24] and varies
considerably from one organ system to another. Moreover, direct point-of-care measurement of many
critical parameters of oxygen transport generally are neither practical, nor feasible during resuscitation.
Nevertheless, we believe familiarity with the physiology of oxygen delivery/utilization balance, and an
appreciation for the meaning of OoER and DO g7, establishes an important conceptual foundation that
informs critical decisions typically required during resuscitation.
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