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In Brief

Shortly after presenting to the emergency
department, an elderly man was intubated for
respiratory failure secondary to septic shock
from a gangrenous foot ulcer. Laboratory
testing disclosed signs of tissue ischemia with
elevated lactate and low mixed venous
saturation. Tissue hypoxia resolved after
interventions based on an understanding of
the determinants of oxygen delivery.

The Clinical Challenge

A 70-year-old man with a history of congestive
heart failure was brought to our hospital
because of altered mental status. On arrival
in the emergency department, he had
a temperature of 35.58C, a heart rate
of 125 beats/min, a respiratory rate of 32
breaths/min, and blood pressure of 74/38
(50) mmHg. Examination revealed a necrotic,
draining right foot ulcer.

Arterial blood gas measurements
showed a pH of 7.16, a PaCO2

of 38 mm Hg,
and a PaO2

of 80 mm Hg. He had a white
blood cell count of 223 103/ml with 15%
bands, a blood hemoglobin level of 7 g/dl,
a bicarbonate level of 14 mmol/L, an anion
gap of 24, and a serum lactate level of
11 mmol/L.

The patient was diagnosed with septic
shock and was started on broad spectrum
antimicrobials, aggressive fluid resuscitation,
and vasopressor agents. He was intubated and
sedated for respiratory distress. A central line

was placed and the central venous pressure
was initially 1 mm Hg.

Three hours later, after 4 L of crystalloid,
the heart rate had decreased to 105 beats/min
and the blood pressure had increased to
95/50 (65) mm Hg. The saturation of venous
blood from the superior vena cava (ScvO2

)
was 52%, and repeat lactate was 9 mmol/L.

Questions

1. What is the significance of the patient’s
persistently elevated lactate and low central
venous oxygen saturation?

2. What treatment options are available?

[Continue onto next page for answers]
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Figure 1. Oxygen delivery (DO2) is the product of cardiac output (CO) and arterial oxygen content
(CaO2

). Arterial oxygen content is influenced by hemoglobin (Hb), arterial oxygen saturation (SaO2
), and

dissolved oxygen in blood that depends directly on the partial pressure of oxygen (PaO2
). However,

the contribution of the latter is negligible, given that the solubility coefficient of oxygen is very low
(0.0031 ml/mm Hg/dl).
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Clinical Reasoning

The elevated lactate and low ScvO2
indicated

that the patient had suboptimal oxygen
delivery that was causing ongoing tissue
hypoxia. To optimize oxygen delivery
in shock one must manipulate its
determinants, which are arterial oxygen
content and cardiac output. The patient
received crystalloids in sequential 500-ml
boluses until no change in central venous
pressure, heart rate, and blood pressure
were noted. Despite this attempt to increase
ventricular preload, stroke volume, and
cardiac output, the patient’s lactate
remained elevated and the ScvO2

remained
low. We reasoned that the next step would
be to improve the arterial oxygen content
and further increase the cardiac output.

The Clinical Solution

The patient was given packed red blood cells
to increase the hemoglobin concentration to
10 g/dl and he was started on dobutamine,
which was titrated to a cardiac index greater
than 2.2 L/min/m2 using noninvasive
monitoring. Lactate normalized within
a few hours, ScvO2

increased to 71%, and
vasopressors were weaned off over the next
2 days. The patient was extubated a few
days later.

The Science behind
the Solution

Oxygen Delivery
Oxygen delivery (DO2) is the total amount
of oxygen delivered to the tissues in
milliliters per minute. As shown in
Figure 1, it is the product of cardiac output
(Q
:
, L/min) and arterial oxygen content

(CaO2
, ml O2/dl).

Do2 ¼ Q
:
3CaO2 3 10 (1)

In Equation 1, multiplying by 10
converts CaO2

from ml O2/dl to ml O2/L.
Because virtually all oxygen is attached

to hemoglobin, the arterial oxygen content
is determined almost entirely by the
hemoglobin concentration (Hb, g/dl) and the
fractional hemoglobin saturation (SaO2

/100).

CaO2 ¼ 1:343Hb3 SaO2=100 (2)

The constant 1.34 is the volume of
oxygen in milliliters that is bound to 1 g of
fully saturated hemoglobin. The volume of

oxygen dissolved in the blood, which is the
product of the solubility constant (0.0031)
and the partial pressure of oxygen, is
negligible and is usually neglected when
calculating CaO2

.

Assessing the Adequacy of
Oxygen Delivery

Serum Lactate
In the presence of adequate tissue oxygen
delivery (aerobic conditions), the

pyruvate generated by glucose oxidation
is transported into the mitochondria and
undergoes oxidative decarboxylation,
ultimately to carbon dioxide and water.
When oxygen delivery is inadequate,
however (anaerobic conditions), pyruvate
is converted to lactate in the cytoplasm
and released into the bloodstream.
Normally, lactate is excreted by the
kidneys and taken up by the liver, where it
is converted back to pyruvate. During
states of oxygen deprivation, however,
lactate production overwhelms these
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Figure 2. Graphic demonstrating how progressive decrease in oxygen delivery (DO2) produces an
increase in extraction ratio until critical DO2 is reached. Further decrease in DO2 will produce
a decrease in V

:

o2 and a resultant increase in lactate.
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Figure 3. Stroke volume of the heart increases with an increase in the left ventricular end diastolic
volume (LVEDV) (preload). Inotropes also increase cardiac output by increasing contractility of the
ventricle.
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mechanisms, and the serum lactate
concentration rises.

Venous Hemoglobin Saturation
The SvO2

provides a measure of the balance
between systemic oxygen delivery and V_O2.
Figure 2 illustrates that as oxygen delivery
falls, oxygen consumption remains constant
as the tissues extract an increasing fraction
of the delivered oxygen. This, in turn,
causes a progressive decrease in the SvO2

,
which reflects the amount of oxygen left
after tissue extraction. There is, however,
a critical threshold above which oxygen
extraction cannot be increased, and further
decreases in oxygen delivery cause tissue
hypoxia and a fall in oxygen consumption.
Based primarily on animal studies, this
occurs when the ratio of oxygen
consumption to oxygen delivery (V_O2/DO2),
or the so-called oxygen extraction
ratio (ERO2), exceeds about 0.7. This is
referred to as the critical extraction ratio
(ERO2crit).

Because it is inversely related to ERO2,
tissue hypoxia becomes increasingly likely
as SvO2

falls. In healthy animals, SvO2
may

decrease to approximately 30% before
tissue hypoxia occurs. In the setting of
sepsis, however, when microvascular blood
flow is altered and cellular oxygen use is
impaired, ERO2crit increases and the
minimal “safe” SvO2

rises. This has led to
the commonly recommended SvO2

target of
70% or greater in patients with septic
shock.

Mixed venous blood can be sampled
only from the right ventricle or pulmonary
artery. With the decreasing use of the
pulmonary artery catheter, the ScvO2

has
been evaluated as a surrogate for SvO2

.
Most studies have shown a reasonable
correlation, with ScvO2

typically exceeding
SvO2

by an average of 3 to 8%, although
much larger discrepancies have been found
in individual patients. The difference
between ScvO2

and SvO2
has also been

shown to vary with cardiac output and with
the position of the central venous catheter.

Improving Oxygen Delivery

As shown in Figure 1, tissue oxygen delivery
can be improved by increasing cardiac
output, hemoglobin concentration, and
arterial hemoglobin saturation. This can be
thought of as correcting “pump problems”
and “blood problems.”

Pump Problems
Stroke volume is determined by left
ventricular preload, afterload, and
contractility. For practical purposes, preload
is the left ventricular end-diastolic volume.
As shown by the ventricular function
(Frank-Starling) curve (Figure 3), stroke
volume initially increases rapidly and then
plateaus as preload is increased. Afterload
can be thought of as the pressure that
must be generated to eject blood during
ventricular systole. It is determined by the
arterial pressure and the volume and
thickness of the left ventricle. Contractility
is the force generated during each
ventricular contraction and is commonly
expressed in terms of the ventricular
ejection fraction.

Because the pulmonary artery occlusion
pressure approximates left ventricular end-
diastolic pressure, and left ventricular end-
diastolic volume is the product of left
ventricular end-diastolic pressure and
ventricular compliance, left ventricular preload
can be estimated by means of a pulmonary
artery catheter. In clinical practice, however,
determining whether a patient responds to an
increase in preload is much more important
than single or even serial assessments of end-
diastolic volume. One of the easiest and
most logical ways to determine “volume
responsiveness” is to assess the effect of
a rapid saline bolus or passive leg raising on
arterial pressure. If blood pressure rises, the
patient is considered to be on the ascending
portion of the ventricular function curve, and
fluid boluses are given until no further effect is
seen. Echocardiography may be used to
predict volume responsiveness by

demonstrating significant respiratory variation
in the diameter of the inferior vena cava
during mechanical ventilation. More
advanced echocardiographic techniques allow
measurement of the change in stroke volume
in response to a fluid challenge or passive leg
raising. Once left ventricular preload has
been optimized, inotropic agents, such as
dobutamine, may be used to augment cardiac
contractility and further increase cardiac
output and oxygen delivery.

Blood Problems
Arterial oxygen content increases in
direct proportion to both hemoglobin
concentration and saturation. Because
the latter is expressed as the fractional
saturation (SaO2

/100), however, changes
in SaO2

have relatively little effect on
oxygen delivery. For example, raising the
hemoglobin from 8 g/dl to 9 g/dl has the
same effect as increasing the SaO2

from 80
to 90%.

Effects of Improving
Oxygen Delivery

In clinical trials, early appearance of oxygen
debt suggests that tissue oxygenation may be
the primary event that leads to organ failure
and death. Increasing oxygen delivery
decreases organ failure and mortality.
Shoemaker and colleagues demonstrated
a reduced oxygen debt in surgical patients
who survived despite multiple organ failure
than in those who died. Furthermore,
prospective studies have shown improved
survival when DO2 or cardiac index were
optimized. Boyd and coauthors also
demonstrated fewer complications and
a trend toward shorter intensive care unit
and hospital stays in the study group with
higher targeted DO2. These studies used
dobutamine, red blood cell transfusions,
and crystalloid infusions to enhance DO2. n
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