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Cardiac output monitoring

Steve C. Haskins

Indications for cardiac output measurement
Evaluation of the cardiovascular status of critically ill 
patients is broadly divided into those parameters that 
relate to venous return to the heart and those that relate 
to forward flow from the heart. Parameters that evaluate 
venous return (preload; end-diastolic ventricular filling) 
include ease of jugular vein distention and central 
venous pressure, postcava diameter (radiography), and 
end-diastolic ventricular diameter (ultrasonography). 
Parameters that evaluate forward flow can be broadly 
divided as follows: (1) those that relate to cardiac output, 
such as heart rate, stroke volume, pulse quality, and 
cardiac output; (2) arterial blood pressure; (3) those that 
relate to arteriolar vasomotor tone, such as mucous 
membrane color and capillary refill time; and (4) those 
that relate to tissue perfusion, such as appendage tem-
perature, urine output, gastric carbon dioxide tension, 
oxygen extraction ratio, venous oxygen tension, and 
metabolic acid–base balance (including blood lactate 
concentration).

There are various levels of knowledge involved in the 
evaluation of the cardiovascular status. Clinicians typi-
cally start with the collection of historical data and the 
physical examination of mental status, hydration status, 
ease of jugular vein distention, heart rate, pulse quality, 
mucous membrane color, capillary refill time (CRT), 
and appendage temperature. In many cases, based on the 
findings of this examination, a strong case can be made 
for hypovolemia, low cardiac output, or poor tissue per-
fusion and a therapy plan can be formulated. If the 
patient responds to therapy, no additional cardiovascu-
lar information is necessary. In other cases, the informa-

tion derived from the initial history and physical 
examination is insufficient to comfortably define patient 
status, or the patient’s response to the initial therapy is 
insufficient to restore clearly delineable normal-range 
cardiovascular values. Subsequent therapeutic decisions 
require additional information. A second level of cardio-
vascular information is gained by measuring parameters 
such as central venous pressure (CVP), postcava diam-
eter, end-diastolic left ventricular diameter, arterial 
blood pressure (ABP), and parameters of metabolic 
acid–base balance; there are chapters in this textbook 
describing these techniques. Many times this additional 
information helps clarify the patient’s cardiovascular 
status and facilitates subsequent therapeutic decisions. 
A few residual patients either still cannot be defined or 
do not respond to therapy; in such cases, additional 
information is required. It is at this point that flow infor-
mation such as cardiac output and oxygen delivery 
might be helpful. Cardiac output can be measured many 
ways but the common clinically applicable techniques 
involve indicator dilution.

Indicator dilution techniques
Indicator dilution techniques basically involve the injec-
tion of a known volume of fluid (V1) with a known 
concentration of indicator (C1) into an unknown larger 
volume (V2) and then measuring the concentration of 
the indicator in the larger volume of fluid (C2). The 
unknown volume (V2) is then calculated by the follow-
ing formula:

C V C V1 1 2 2× = ×  (12.1)
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Thermodilution has been demonstrated to be accu-
rate and repeatable in in vitro models1–4 and when com-
pared in vivo with dye dilution,5 electromagnetic 
flowmetry,6 and transit-time flowmetry.7

Transpulmonary thermodilution cardiac output mea-
surements, with the thermistor placed in a peripheral 
artery (thus avoiding the use of the balloon-tipped ther-
modilution catheter), have been reported to accurately 
reflect traditional thermodilution cardiac output mea-
surements made with the pulmonary artery catheter.8–12 
Using the transpulmonary thermodiluation method, 
extravascular lung water (pulmonary edema) can also 
be estimated.

Cardiac output can also be measured continuously 
with specialized thermodilution catheters that incorpo-
rate a thermal filament near the proximal port of the 
catheter that is positioned in the cranial vena cava or 
right atrium. The thermal filament cycles on and off. 
The change in temperature of the heated blood is sensed 
by the downstream thermistor in the pulmonary artery. 
Values for cardiac output, ejection fraction, end-diastolic 
volume, end-systolic volume, and stroke volume are 
generated as an average for the last 5–10 minutes. This 
methodology has been reported to compare well with 
intermittent thermodilution cardiac output measure-
ments,13–16 although low-range cardiac outputs may be 
overestimated while high-range cardiac outputs may be 
underestimated.17

Thermodilution cardiac output measurements are the 
standard of practice for clinical measurements of cardiac 
output in people. Balloon-tipped thermodilution cath-
eters are, however, expensive, variably difficult to place, 
and are invasive. Measurements are subject to significant 
intermeasurement variation and therefore repeated 
measures, to obtain an average, are necessary and take 
time. Many studies compare the cardiac output esti-
mates of a particular methodology with thermodilution; 
variance and bias are usually blamed on the compared 
methodology without regard to the inherent variability 
of thermodilution. This approach elevates thermodilu-
tion to “gold standard” status and unfairly biases against 
the tested methodology.

While thermodilution catheters permit the measure-
ment or calculation of a large number of important 
cardiovascular parameters, their use has a variable 
record with regard to improved patient survival.18–24 
Although one might expect that increased monitoring 
should provide the means for improved patient care 
and, therefore, survival, there is no overwhelming evi-
dence for this. The lack of demonstrable statistically 
significant survival benefit does not, however, prove that 
the thermodilution catheter is a useless monitoring tool. 
Thermodilution catheters were used ubiquitously in 

In a moving fluid such as the cardiovascular system, 
C2 is calculated as the average change in indicator con-
centration over time.

Any indicator can be used as long as it can be mea-
sured with a rapidly responding sensor. In thermodilu-
tion, the indicator is temperature. A small volume of 
fluid (V1) at a known temperature (T1) is injected into 
the cranial vena cava or right atrium. This injected fluid 
flows and mixes with the blood through at least two 
heart valves. The change in temperature as the blood–
fluid mix flows past a rapid-acting thermistor in the 
pulmonary artery or a peripheral artery is measured (see 
Fig. 12.1). The average change in temperature (T2) is 
integrated from the change in temperature over time. 
The unknown volume of blood (V2, the cardiac output) 
flowing along with the injected fluid is then calculated 
by the Stewart–Hamilton formula:

 

Cardiac output - computation constant

integrat
b i= × ×

÷
V T T1 ( ) ( )

[ eed area of the measured

temperature change over time ( )]T2

 

(12.2)

where V1 is the volume of the injectate, Tb is baseline 
blood temperature, and Ti is the temperature of the 
injectate. The computation constant is calculated from 
the density and specific heat of the injectate compared 
with the density and specific heat of blood, and the 
change in temperature of the injected fluid as it traverses 
the catheter. The computation constant is provided by 
the equipment manufacturer. The computer calculates 
cardiac output in milliliters or liters per minute, and this 
value must then be indexed to body size either as kilo-
grams of body weight or square meters of body surface 
area.

Figure 12.1 Temperature–time curve of a thermodilution cardiac 
output measurement. (Tracing can be displayed in either an 
upward or a downward direction.)
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sure, and cardiac output (see Fig. 12.2); and as five- and 
six-lumen catheters for measuring CVP, pulmonary 
artery pressure, and cardiac output, for placement of 
pacing electrodes, and for continuous reflectance oxim-
etry. Catheters are available in lengths of 80 (for pediat-
rics) or 110 (for adults) cm and in diameters of 4, 5, 6, 
7, 7.5, or 8.5 Fr, depending upon the number of lumens 
and intended use. The cost of these catheters varies 
between about $80 for the simpler versions to $200 (in 
2010) for the more comprehensive catheters. The 4-Fr 
catheter is the smallest diameter four-lumen catheter 
with thermodilution capabilities and can be used in cats 
and small dogs (1–3 kg). The 7-Fr four-lumen catheter 
can be used in dogs over 10 kg; 5- and 6-Fr catheters are 
suitable for dogs between 3 and 10 kg. Thermodilution 
cardiac output catheters are available from Arrow Inter-
national (www.arrowintl.com) or Edwards Lifesciences 
(www.edwards.com). Cardiac output computers are 
available from many companies that market patient 
monitoring equipment (Baxter, Abbott, USCI, Siemens, 
Hewlett-Packard, Marquette, Space Labs, Spectramed, 
PPG, Elecath, Kontron, Lyons, Kone, Mennen, and 
Nihon Koden).

Insertion of the balloon-tipped 
thermodilution catheter and complications
Introduction of the catheter and repositioning of it after 
placement are facilitated by the use of an appropriate-
sized introducer catheter, which incorporates a plastic 
cover sheath to protect the thermodilution catheter 
from contamination during the initial insertion as well 
as during subsequent repositioning.

The cardiac output computer and pressure monitor 
are turned on and readied. A bag of heparinized saline 
in a pressure bag is readied for the intrafusor. Introducer 

human critical care and without regard for selecting 
patients who might truly be benefited. Of course, ulti-
mate survival depends upon the effectiveness of the 
management of the underlying disease process, irrespec-
tive of the tools used to monitor the patient.

Lithium and indocyanine green (ICG) indicators are 
also used to measure cardiac output. The measurement 
is made by injecting a known amount of indicator into 
a central vein and withdrawing blood at a constant rate 
from an arterial catheter, past a lithium sensor or den-
sitometer, respectively. Newer methods of ICG cardiac 
output use a transcutaneous finger photosensor25 or 
ICG fluorescence26 rather than an ex vivo cuvette densi-
tometer. With the lithium indicator, cardiac output is 
calculated from the lithium dose and the area under the 
lithium concentration-versus-time curve:

Cardiac output lithium dose mM

integrated area unde

= ×
÷
[ ( )]

[

60

rr the

concentration time curve

mM/sec -PCV

−
×( ) ( )]1

 (12.3)

where PCV stands for packed cell volume. Lithium dilu-
tion has been reported to compare well with thermodi-
lution in dogs,27 cats,28 and foals.29 One limitation to 
lithium and dye dilution techniques is the number of 
measurements that can be performed before background 
indicator concentrations start to interfere with subse-
quent measurements.

Balloon-tipped thermodilution catheter
Balloon-tipped catheters are available as two-lumen 
catheters for measuring pulmonary artery pressure and 
pulmonary artery occlusion pressure; as four-lumen 
catheters for measuring CVP, pulmonary artery pres-

Figure 12.2 Schematic of a four-lumen, thermodilution, balloon-tipped catheter.
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against a vessel or chamber wall, there will be a sudden 
cessation of pressure waveform on the monitor. If the 
line is attached to a high-pressure, low-volume, constant-
infusion device (to prevent clotting within the catheter 
between measurements), the pressure tracing will 
increase rapidly to the top of the screen. Withdraw the 
catheter slightly, rotate it, and advance it again.

If the catheter fails to enter the right ventricle after 
repeated rotating (first one way then the other) and 
readvancing, try advancing the catheter with the bal-
loon inflated; try shifting the position of the animal, 
insofar as possible. If all else fails and patience is at an 
end, use fluoroscopy to guide the introduction of the 
catheter.

Once the tip of the catheter is in the right ventricle, 
the balloon is inflated (1 mL) and further advanced until 
it enters the pulmonary artery (see Fig. 12.3). Once in 
the pulmonary artery, with the balloon still inflated, the 
catheter is further advanced until it occludes a branch 
of the pulmonary artery, at which time the pressure 
tracing will change to a typical occlusion pressure (see 
Fig. 12.3). Deflation of the balloon allows the measure-
ment of pulmonary artery pressure; reinflation of the 
balloon allows the measurement of pulmonary artery 
occlusion pressure. During subsequent inflations of the 
balloon, always monitor the pressure tracing. When the 
catheter is first introduced, there is usually a big loop of 
catheter in the right ventricle. Over time, between mea-
surements, the catheter will migrate further into smaller 
branches of the pulmonary artery. Full inflation of the 
balloon at this time could rupture these smaller pulmo-
nary vessels. If less than full balloon inflation occludes 
the vessels (as indicated by the appearance of a typical 
occlusion pressure waveform on the monitor), the 
balloon should be deflated and the catheter should be 
withdrawn a short distance until it requires the full 
1-mL inflation to occlude the vessel. The balloon should 
be inflated only for the measurement of occlusion pres-
sure and then should be deflated; it should not remain 
inflated for an extended duration because continuous 
inflation will cause vessel damage. Step-by-step instruc-
tions for pulmonary arterial catheterization are available 
in Protocol 12.1.

Once the catheter is ideally positioned so that all  
measurements (central venous, pulmonary artery, and 
occlusion pressure) can be obtained, it should be se-
cured to the patient and bandaged aseptically and oc-
clusively.

Sepsis is a major hazard of these catheters. They are 
long and floppy and are easily contaminated during 
placement if one is not careful. Once placed, they are 
“busy” catheters in that they are frequently used through-
out the day to make measurements and procure blood 

catheter kits and thermodilution catheter kits are 
opened. Catheters can be placed via the jugular vein or 
the saphenous or femoral vein. Introducer wires, intro-
ducer catheters, and thermodilution catheters are long 
and floppy, and are easily contaminated. Aseptic intro-
duction must be assured. An area of at least 5-cm (2-
inch) radius around the intended venipuncture site is 
clipped and aseptically prepared. Large sterile drapes are 
used to extend the sterile field.

First insert the introducer catheter and suture it in 
place. Next, the proximal port line of the thermodilution 
catheter is filled with sterile, heparinized saline and 
capped. The distal port line is flushed with heparinized 
saline and attached to a pressure transducer and a physi-
ologic monitor for pressure measurements that will be 
used to identify the location of the catheter during its 
introduction. As the catheter is advanced toward the 
right atrium, a typical CVP tracing should be displayed 
on the monitor (see Fig. 12.3). Initially, angle the natural 
curvature of the catheter toward the sternum and the 
right ventricle. Marks on the catheter at 10-centimeter 
intervals identify how much of the catheter has been 
inserted. Typically the tip of the catheter will reach the 
right ventricle when it has been inserted to 25–40 cm, 
depending on the size of the patient. When the catheter 
enters the right ventricle the tracing will change to a 
typical ventricular pressure waveform (see Fig. 12.3). If 
the catheter has been introduced as far as 50 cm and has 
not entered the right ventricle, it has either coiled in the 
right atrium or passed into the caudal vena cava. The 
catheter should be withdrawn to 20 cm and reinserted. 
There is little directional control over the tip of the 
catheter and so, on subsequent reintroductions, the 
catheter should be rotated in one direction or another 
and readvanced until it ultimately (“accidentally”) falls 
into the right ventricle. If the catheter end-hole butts up 

Figure 12.3 Schematic of representative pressure waveforms 
while introducing the balloon-tipped catheter into the pulmonary 
artery.

30

15

  0

Right Atrium 

Right Ventricle

Pulmonary 
Artery 
Occlusion  

Pulmonary Artery 



Cardiac Output Monitoring 163

Protocol 12.1 Insertion of the balloon-tipped thermodilution catheter

Items Required
• Appropriate-sized thermodilution catheter set
• Appropriate-sized introducer set with catheter guard sheath
• Pressure transducer
• Noncompliant fluid tubing, if desired
• Patient monitor with integrated cardiac output computer and associated power cord, thermistor cable, and transducer cable
• Hair clippers and surgical scrub solutions
• Surgical cap, mask, and sterile gloves
• Sterile surgical drapes
• Basic surgical set and skin-suitable suture such as 3–0 to 2–0 nylon
• Sterile syringes with needles
• Three-way stopcocks
• Heparinized saline
• Bag of 0.9% NaCl heparinized to 1 U/mL
• Standard fluid administration set
• Pressure bag
• At least one assistant

Procedure
1. Collect necessary supplies.
2. Turn on the cardiac output computer and patient monitor. Input any necessary information into the computer (volume and 

temperature of injectate).
3. Spike the heparinized saline bag with the standard fluid administration set and insert into a pressure bag. Make sure the 

administration set is clamped and capped.
4. Attach electrocardiograph(ECG).
5. Clip and prepare with antiseptic solutions a wide area of skin over the intended vessel puncture site.
6. Perform a surgical aseptic hand scrub. Don cap, mask, sterile gown, and sterile gloves.
7. Drape off introduction site to create a large sterile field.
8. Open introducer and catheter sets. Fill proximal port line with heparinized saline; clamp and cap this line.
9. Attach distal catheter port to pressure transducer via a three-way stopcock and flush the system with heparinized saline. If 

any fluid line is inserted between the patient and the transducer, it must be noncompliant tubing.
10. Attach continuous flush line to the transducer and pressurize the bag to ≥200 mm Hg.
11. Zero the pressure transducer. Zeroing information can be found in Protocol 8.2.
12. Insert the introducer catheter per manufacturer’s recommendations and suture in place.
13. Insert the thermodilution catheter through the introducer catheter to about 20 cm and verify that the pressure tracing reflects 

a central venous pressure waveform.
14. Advance the catheter with the natural curve of the catheter aimed toward the sternum of the animal; watch for a typical 

ventricular waveform.
15. If the catheter advances to the 50-cm mark without entering the right ventricle, withdraw it to the 20-cm mark and start 

again.
16. It may help to twist the catheter, a little or a lot, in either direction, to change the chance that it might enter the right 

ventricle.
17. If the pressure tracing becomes damped, flush the distal port with the transducer’s fast flush device; if the pressure tracing 

abruptly ceases followed by a rapid, linear increase, the end-hole has butted up against a vessel or heart chamber wall and 
should be withdrawn slightly and then reinserted.

18. It may help to change the position of the animal.
19. Once the catheter tip has entered the right ventricle, inflate the balloon with 1 mL of air and advance it further until the 

pressure waveform indicates that the catheter tip has entered the pulmonary artery.
20. With the balloon inflated, advance the catheter until the pressure tracing reflects occlusion of a branch of the pulmonary 

artery; deflate the balloon and verify a good pulmonary artery tracing.
21. Bandage the catheter and introducer set aseptically and occlusively.
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computer will indicate when it is ready for injection to 
begin. The designated volume of fluid is injected into 
the cranial vena cava or right atrium. The operator 
should try to make the injection at the end of exhalation 
and as fast as possible. The computer will measure the 
change in temperature as the fluid–blood mixture passes 
by the thermistor in the pulmonary artery and will then 
calculate the average change in temperature and cardiac 
output. Typically make three to five measurements, 
discard outliers, and average the rest to obtain a repre-
sentative cardiac output value. Please see Protocol 12.2 
for step-by-step instructions for performing pressure 
and cardiac output measurements.

Lithium cardiac output measurement
A central venous and an arterial catheter are placed. The 
lithium sensor is attached via a three-way stopcock to 
the arterial catheter and to the cardiac output computer. 
Arterial blood will be withdrawn past this sensor at a 
constant rate of 4 mL/min and into a collection con-
tainer. Hemoglobin and sodium concentration are pre-
measured and entered into the computer. A sensor 
constant and the intended lithium dose are also entered 
into the computer. The dose of lithium is 0.005–
0.008 mM/kg and is generally injected as a 0.015–
0.15 mM/mL solution; a change in blood lithium 
concentration of 0.2–0.8 mM/L is recommended to 
obtain a good signal for cardiac output calculation. The 
calculated dose of lithium is placed into an extension set 
attached to the jugular catheter. The pump for with-
drawal of arterial blood and the cardiac output com-
puter are started. The dose of lithium is flushed into the 
anterior vena cava after 5–10 seconds (the computer 
needs a little time to establish a baseline; larger animals 
may require the longer delays). The sensor measures the 
change in lithium concentration over time and the com-
puter calculates cardiac output. The measurement 
should be repeated at least once, outliers excluded, and 
the remaining values averaged. Please see Protocol 12.3 
for detailed instructions.

Other measurements and calculations
The units of the raw cardiac output measurements are 
milliliters (or liters) per minute and must be indexed to 
the size of the patient. The size of the patient can be 
expressed as either kilograms of body weight or square 
meters (m2) of surface area (see Table 12.1).

The measurements that can be obtained from the 
thermodilution catheter are central venous pressure, 
pulmonary artery pressure, pulmonary artery occlusion 
pressure, and cardiac output. In addition, mixed venous 

samples. Everything that is done with and around these 
catheters must be accomplished with the utmost care 
and asepsis. Thus, the operator should perform hand 
hygiene and don clean gloves each time the catheter, its 
ports, or its sheath is handled. See Chapter 54, Minimiz-
ing Nosocomial Infection, for more information.

Physical contact of these catheters against the endo-
cardium, especially during introduction, is occasionally 
associated with arrhythmias. Simply stop or withdraw 
the catheter slightly and then recommence the proce-
dure once the arrhythmia has abated. Persistent arrhyth-
mia problems could be treated with an antiarrhythmic 
such as lidocaine.

Catheter-associated clot emboli may occur but there 
is not much one can do to prevent it. It is not typical to 
administer anticoagulants to patients with these cathe-
ters any more than it is for any other catheter. Heparin-
coated catheters are now available that may decrease this 
problem. Air emboli may occur if air is inadvertently 
injected into the catheter or into the balloon port if the 
balloon has ruptured.

Pulmonary vessel trauma and rupture has been 
reported in people due to leaving the balloon inflated or 
by fully inflating the balloon after the catheter has 
migrated.30 Additional rarely reported complications 
include pneumothorax, hemothorax, and knotting of 
the catheter (in the right ventricle) during removal.

Thermodilution cardiac output measurement
To measure pressure, a pressure transducer and physi-
ologic monitor are required; to measure cardiac output, 
a compatible cardiac output computer is required; to 
measure venous blood oxygen saturation, a compatible 
oximeter is required; and to pace the heart, a suitable 
catheter-tipped pacemaker and control unit are required.

To make a cardiac output measurement, the thermis-
tor connection is attached to the cardiac output com-
puter. Some systems incorporate an injectate-measuring 
thermistor at the injection port. The computer will cal-
culate a compensated value for the change in tempera-
ture of the injectate as it traverses the catheter. Otherwise 
the temperature of the injectate (room temperature or 
iced) will need to be measured and entered into the 
computer. Usually room-temperature fluid is used. Ice 
water temperature fluid may be necessary for signal 
detection when smaller volumes of fluid are used in 
larger patients. Injectate volume must be entered into 
the computer. Usually a small volume of fluid (3–5 to 
10 mL; smaller volumes for smaller patients) of a crystal-
loid fluid such as saline is used. After recording all of  
the measured pressures, the operator must indicate to 
the computer that an injection is about to be made; the 
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Protocol 12.2 Thermodilution cardiac output measurement

Items Required
• Patient with indwelling pulmonary arterial catheter
• Cardiac output computer-equipped patient monitor with 

associated thermistor and pressure-transducer cables; 
power cord

• Injectate with known temperature—room temperature 
(measured) or iced fluid (0°C [32°F])

Procedure: Pressure Measurements
1. Perform hand hygiene and don clean examination 

gloves.
2. Inflate balloon while observing pressure tracing. It 

should take the entire 1-mL balloon volume.
3. If an occluded pressure waveform appears with less 

than the full 1 mL, deflate the balloon and withdraw the 
catheter a couple centimeters, and try again.

4. If the full 1-mL balloon inflation fails to occlude the 
vessel, leave the balloon inflated and advance the 
catheter until the vessel occludes.

5. Deflate the balloon after the occlusion pressure 
measurement has been made. Record the occlusion 
pressure.

6. Record the central venous pressure and arterial blood 
pressure.

Procedure: Cardiac Output Measurement
1. Perform hand hygiene and don clean examination 

gloves.
2. Make sure that the cardiac output computer knows the 

volume and temperature of the injectate (temperature 
is either measured or it must be input by the operator). 
Enter the computation constant if necessary. Make sure 
that the thermistor cable is attached to the computer.

3. Push the button on the cardiac output computer to tell 
it that you want to make a measurement; the computer 
will tell you when it is ready for you to inject.

4. At the end of a breath, rapidly inject a volume of 
injectate into the proximal port (patient weight less than 
3 kg, use 3 mL; 3–25 kg, 5 mL; >25 kg, 10 mL).

5. Record the measurement.
6. Repeat measurement 3–5 times; discard outliers; 

average the remaining values.
7. Index to body size.

blood samples can be obtained from the distal port of 
this catheter for pH and blood gas analysis. If a separate 
arterial catheter is placed, arterial blood pressure and 
arterial blood samples (for pH and blood gas analysis) 
can be obtained. In addition to cardiac output, measure-

Protocol 12.3 Lithium cardiac output measurement

Items Required
• A lithium sensor and cardiac output computer
• Preplaced jugular venous and arterial catheters
• Three-way stopcock
• A roller pump and scavenge bag to withdraw blood at 

4 mL/min

Procedure
1. Collect necessary supplies.
2. Perform hand hygiene and don clean examination 

gloves.
3. Premeasure hemoglobin and sodium concentration 

and enter into computer. Input sensor constant and 
intended lithium dose (0.005–0.008 mM/kg).

4. Attach lithium sensor, extension set, roller pump, and 
scavenge bag to the arterial catheter via the side-port 
of a three-way stopcock.

5. Measure and record central venous and arterial blood 
pressure.

6. Charge the extension set on the jugular catheter with 
the dose of lithium (0.005–0.010 mM/kg).

7. Start the roller pump and blood withdrawal at 4 mL/min 
and push the button to tell the computer that you are 
ready to make a measurement.

8. After 5–10 seconds, depending on the size of the 
animal (<5 kg, 5 seconds; 5–30 kg, 6–7 seconds; 
>30 kg, 8–10 seconds), rapidly inject the lithium at the 
end of a breath.

9. Repeat the measurement at least once and average 
similar values.

10. Index to body size.

ments that can be obtained during lithium cardiac 
output measurements include central venous pressure 
and blood sampling, and arterial blood pressure and 
blood sampling (for pH and blood gas analysis).

Once cardiac output is measured, heart rate is mea-
sured separately and stroke volume can be calculated. 
When arterial and pulmonary pressure and cardiac 
output are measured, systemic arterial and pulmonary 
vascular resistance and left and right heart work indices 
can be calculated. When hemoglobin concentration and 
PO2 are known, oxygen content can be calculated. When 
cardiac output and oxygen content are known, oxygen 
delivery can be calculated. When cardiac output and 
arterial and mixed-venous oxygen content are known, 
the oxygen consumption and extraction and the venous 
admixture can be calculated. Table 12.2 contains stan-
dard calculations.
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Other methods of estimating cardiac output
Thermodilution cardiac output measurement is the 
standard against which other methodologies are often 
compared in the clinical measurement of cardiac output. 
Electromagnetic flowmetry is the gold standard for 
experimental blood flow measurement. Flow probes can 
be surgically placed around a suitably size-matched 
vessel of interest or flow catheters can be introduced  
into a large vessel. The application of a magnetic field 
perpendicular to the blood flow induces an electrical 
potential proportional to the blood flow velocity that 
can be easily and accurately calculated. Flow is calcu-
lated from flow velocity and conduit diameter. Other 

methods of measuring cardiac output have been recently 
reviewed.31,32

The Fick Method
The Fick principle assumes that flow is proportional to 
the rate of uptake of an indicator gas, and the difference 
between the concentration of the indicator gas entering 
and exiting the organ being studied:

Flow indicator gas uptake

gas conc in - gas conc out

=
÷
( )

[( . ) ( . )]
 (12.4)

Table 12.1 Body Weight to Surface Area Conversion Table*

Weight Surface 
Area

Weight Surface 
Area

Kilograms Pounds (sq meter) Kilograms Pounds (sq meter)

0.5 1.1 0.06 26 57.2 0.89
1 2.2 0.10 27 59.4 0.91
2 4.4 0.16 28 61.6 0.93
3 6.6 0.21 29 63.8 0.95
4 8.8 0.25 30 66 0.98
5 11 0.29 31 68.2 1.00
6 13.2 0.33 32 70.4 1.02
7 15.4 0.37 33 72.6 1.04
8 17.6 0.40 34 74.8 1.06
9 19.8 0.44 35 77 1.08

10 22 0.47 36 79.2 1.10
11 24.2 0.50 37 81.4 1.12
12 26.4 0.53 38 83.6 1.14
13 28.6 0.56 39 85.8 1.16
14 30.8 0.59 40 88 1.18
15 33 0.61 41 90.2 1.20
16 35.2 0.64 42 92.4 1.22
17 37.4 0.67 43 94.6 1.24
18 39.6 0.69 44 96.8 1.26
19 41.8 0.72 45 99 1.28
20 44 0.74 46 101.2 1.30
21 46.2 0.77 47 103.4 1.32
22 48.4 0.79 48 105.6 1.34
23 50.6 0.82 49 107.8 1.36
24 52.8 0.84 50 110 1.38
25 55 0.86

Source: Hand MS, Thatcher CD, Remillard RL, et al., Body surface area of dogs. In: Small Animal Clinical Nutrition. 4th ed. Topeka: 
Mark Morris Institute; 2000:1009.
*(10.1 × kg0.67)/100.
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output estimates compared well with dye-dilution 
cardiac output measurements in anesthetized dogs34 
and pigs.13

Arterial–venous oxygen content, oxygen 
extraction, venous oxygen, arterial–venous 
oxygen saturation
Oxygen consumption is usually not measured in clinical 
veterinary medicine so the whole Fick equation (Eq. 
12.4) usually cannot be used. However, assuming that 
oxygen consumption has not changed too much 
(although it can easily halve [hypothermia; general  
anesthesia] or double [increased muscular activity]  
in common clinical situations), the arterial–venous 
oxygen content difference alone can be used to estimate 
the adequacy of tissue perfusion (directly related to 
cardiac output if the animal is not vasoconstricted). When 
oxygen delivery decreases, and oxygen uptake continues 
at its previous level, a greater proportion of oxygen is 
removed from the blood (oxygen extraction). This will 

Various marker gases have been used: oxygen, carbon 
dioxide, acetylene, and nitrous oxide. If any two param-
eters in this equation are known, the third can be calcu-
lated. When cardiac output is measured, for instance, 
arterial and venous oxygen content are calculated (from 
PO2 and hemoglobin measurements; see Table 12.2), 
and oxygen consumption (VO2) is calculated (flow times 
arterial–venous O2 content). The venous blood sample 
used for these calculations must come from a central 
vein (pulmonary artery best; vena cava acceptable); 
cephalic or saphenous venous blood oxygen mea-
surements will not do for this calculation. By the  
Fick equation, cardiac output can be calculated from 
oxygen consumption (calculated as the difference 
between inspired tidal volume and oxygen concentra-
tion and expired tidal volume and oxygen concentra-
tion) divided by arterial–venous O2 content. Fick cardiac 
output estimates compared well with thermodilution 
cardiac output measurements in cats at low (r = 0.89) 
and normal (r = 0.69) cardiac outputs, but overesti-
mated high (r = 0.75) cardiac outputs.33 Fick cardiac 

Table 12.2 Standard Formulas for Calculated Variables

Parameter Formula

Body surface area (10.1 × kg0.67)/100
Alveolar PO2 (room air) [(barometric pressure-50) × 0.21]-(PaCO2/RQ), where 50 is the saturated water vapor 

pressure at 38.5oC, 0.21 is the fractional inspired oxygen, and RQ = 0.9
Arterial, mixed venous, and capillary 

oxyhemoglobin saturation
([38,848/(202 × PO2 + 1.17 × PO2

2 + PO2
3)] + 1)−1 × 100*

Arterial, mixed-venous, and pulmonary 
capillary oxygen content

(1.34 × Hb × SO2) + (0.003 × PO2), where 1.34 is 100% saturated hemoglobin oxygen 
content, SO2 is hemoglobin saturation, PO2 is partial pressure of oxygen in arterial, 
mixed venous, or capillary blood

Cardiac index Cardiac output per square meter BSA or kilogram of body weight
Stroke volume index CI/heart rate
Systemic vascular resistance index (ABP-CVP) × 79.92/CI m2 or (ABP-CVP)/CI kg
Pulmonary vascular resistance index (PAP-PAOP) × 79.92/CI m2 or (PAP-PAOP)/CI kg
Left and right cardiac work index CI × ABPm × 0.0144

CI × PAPm × 0.0144
Left and right ventricular stroke work SVI × ABPm × 0.0144

SVI × PAPm × 0.0144
Oxygen delivery CaO2 × (CI m2 × 10) or (CI kg/100)
Oxygen consumption (CaO2-CmvO2) × (CI m2 × 10) or (CI kg/100)
Oxygen extraction VO2/DO2 or CaO2-CmvO2/CaO2

Venous admixture (CcO2-CaO2)/(CcO2-CmvO2)
Arterial and venous blood carbon dioxide 

content
(2.226 × 0.0299 × PCO2 × (1 + 10(pH-6.085))) × (1-((0.0289 × Hb)/

((3.352-(0.456 × (SO2/100)))  × (8.142-pH))))**
Carbon dioxide production (CaCO2-CmvCO2) × CI × 10

*Reeves RB, et al., Oxygen affinity and Bohr coefficients of dog blood. J Appl Physiol 1982;53:87–95.
**Douglas AR, et al., Calculation of whole blood CO2 content J Appl Physiol 1988;65:473–477.
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to compare favorably with normal-range thermodilu-
tion cardiac output measurements (but overestimated 
cardiac output at low-range cardiac outputs and under-
estimated high-range cardiac outputs).17 The NICO2 
system compared well with ultrasound transit time 
flowmetry and thermodilution during and after cardio-
pulmonary bypass,7 and with lithium cardiac output 
measurements, across a spectrum of low to high cardiac 
outputs, in anesthetized dogs.41 The NICO2 system is 
noninvasive, easy to use, and provides near-continuous 
measurements.

Venous–arterial PCO2

Carbon dioxide production is not measured in clinical 
veterinary practice and so the whole Fick equation  
(Eq. 12.6) cannot be used. However, assuming that 
carbon dioxide production has not changed too much 
(although it can easily halve [hypothermia; general  
anesthesia] or double [increased muscular activity]  
in common clinical situations), the venous–arterial 
PCO2 difference alone can be used to estimate the ade-
quacy of tissue perfusion (directly related to cardiac 
output if the animal is not vasoconstricted). When blood 
flow decreases, and carbon dioxide production contin-
ues at its previous level, an increase in venous carbon 
dioxide results in a greater difference between arterial 
and venous PCO2. Venous–arterial PCO2 was reported 
to be 4.2 ± 1.5 in normal dogs, increasing to 10.7 ± 3.9 
in moderately hypovolemic dogs.35 In a canine acute 
hemorrhage model, venous–arterial PCO2 increased 
from 5.2 to 12.9 mm Hg.36 Venous–arterial PCO2 was 4.9 
in critically ill people with normal cardiac output mea-
surements and was 7.4 in patients with low cardiac 
output.42 Venous–arterial PCO2 decreased from 9 to 
5 mm Hg with dobutamine augmentation of cardiac 
output.37

Pulse contour methods
The area under the pulse pressure waveform bears some 
correlation to stroke volume. The pulse pressure wave-
form can be qualitatively characterized by digital palpa-
tion of an arterial vessel; a tall, wide pulse is likely 
associated with a large stroke volume while a short, 
narrow pulse is likely associated with a small stroke 
volume. The pulse pressure waveform can also be mea-
sured by indirect sphygmomanometry or by direct arte-
rial measurement.

Pulse contour methodologies calculate stroke volume 
from measured pulse pressure waveforms using algo-
rithms that consider arterial impedance, compliance, 
and resistance. At a given arterial compliance there is  
a directional relationship between the change in the  

result in a decrease in venous oxygen and a greater dif-
ference between arterial and venous oxygen content. 
Arterial–venous oxygen content was reported to be 
3.6 ± 1.2 mL/dL in normal dogs, increasing to 7.0 ± 
1.9 mL/dL in moderately hypovolemic dogs.35 In this 
same report, oxygen extraction increased from 21 ± 6% 
to 42 ± 10%. Oxygen extraction is calculated by the fol-
lowing formula:

Oxygen extraction Cont O -Cont O /

Cont O
Art Ven

Art

= ( )2 2

2
 (12.5)

Central venous oxygen (partial pressure [PO2] or 
saturation [SO2]) alone (without calculating oxygen 
content) can also be used in this same context. Normal 
central venous PO2 and SO2 were reported to be 49 ± 6 
and 78 ± 6, respectively, in normal dogs and decreased 
to 35 ± 5 and 56 ± 9 in moderate hypovolemia.35 
In another canine acute hemorrhage model,36 PvO2 
decreased from 46 to 34 mm Hg. Venous PO2 was 
reported to be significantly correlated with cardiac 
output in cats; however, there was notable variability.33 
In a cohort of critically ill humans, dobutamine  
augmentation of cardiac output, decreased oxygen 
extraction from 48% to 36% and increased mixed-
venous oxygen saturation from 49% to 61%.37 Other 
studies reported weak correlations between venous 
oxygen saturation and cardiac output in human 
intensive-care-unit patients38 and in a piglet hemor-
rhagic shock model.39

Carbon dioxide–based Fick
The Fick principle and formula can also be used with 
carbon dioxide production:

Flow carbon dioxide production / CvCO -CaCO= ( ) ( )2 2  
(12.6)

A commercial, noninvasive method for measuring 
cardiac output in intubated patients is available (NICO2, 
Novametrix Medical Systems, Wallingford, CT). The 
method involves the transient partial rebreathing  
of carbon dioxide (for 50 seconds every 3 minutes). 
Cardiac output is calculated from end-tidal carbon 
dioxide concentrations during normal and CO2 rebreath-
ing episodes. End-tidal CO2 (measured) and carbon 
dioxide solubility are used to calculate arterial CO2 
concentration. Inspired oxygen and arterial oxygena-
tion are used to calculate a shunt fraction, which is  
used to correct for the shunted portion of cardiac 
output.40,41 This method of analysis has been shown 
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vascular response coupling (+1 = best; −1 = worst). 
Cardiac cycle efficiency is a ratio between myocardial 
work and energy consumed, and represents an index of 
heart stress. PRAM compares very well with thermodi-
lution cardiac output in people,54 and with electromag-
netic flowmetry and thermodilution cardiac output 
measurements in pigs across a wide range of cardiac 
outputs.55

The Portapres system (Finapress Medical Systems, 
Amsterdam, The Netherlands) is an ambulatory blood 
pressure monitoring unit that measures heart rate and 
blood pressure, calculates stroke volume and cardiac 
output, and calculates vascular resistance, compliance, 
and impedance. The technology compares well with 
thermodilution cardiac output in critically ill humans as 
a clinically acceptable trend monitor, but the substantial 
variation of measurements leads to a significant percent-
age of inaccurate measurements.56,57

The Flo Trac sensor and Vigileo monitor system 
(Edwards Lifesciences, Irvine, CA) utilizes user-entered 
anthropomorphic data (sex, age, weight, height, and 
surface area) to assign a value to compliance and  
vascular tone independent of external cardiac output 
measurements and system recalibration. For use in  
veterinary medicine, either the algorithms would  
need to be changed or false information would have to 
be entered to enable correct surface-area calculations. 
Flo Trac compared well with thermodilution cardiac 
output measurements.32,45 The sensor can be used with 
any arterial catheter and no external calibration is 
required.

Transthoracic impedance
The transthoracic impedance method uses four paired 
electrodes to measure changes in transthoracic imped-
ance during the cardiac cycle and then calculates an 
estimate of stroke volume. Over a cardiac cycle, the only 
intrathoracic fluid volume that changes is intrathoracic 
blood volume. The magnitude and rate of change reflects 
myocardial contractility. Baseline impedance is affected 
by other fluid accumulation diseases such as hydrotho-
rax and pulmonary edema. A meta-analysis of thoracic 
impedance technology concluded that the technique 
may only be sufficiently accurate as a trend monitor.58 
There are several commercial devices that measure and 
assess the thoracic impedance.

The BioZ ICG system (Cardiodynamics, San Diego, 
CA, subsidiary of Sonosite, Bothel, WA) evaluates heart 
rate, blood pressure, cardiac output, systemic vascular 
resistance, systolic time ratio (an index of myocardial 
contractility), and thoracic fluid content. Studies gener-
ally report moderate correlation with thermodilution 

area under the pulse pressure waveform and the change 
in volume (stroke volume). Unfortunately, arterial  
compliance is not measured and so cardiac output must 
be periodically and independently verified. Once this 
measured cardiac output is fed into the computer,  
it back-calculates correction factors that will be used  
in future pulse-contour assessments (until it is again 
recalibrated). There are several commercial devices that 
continuously measure and assess the pulse pressure 
waveform.

The PiCCO2 system (Pulsion Medical Systems, Irving, 
TX) requires a central venous and an arterial catheter. 
The PiCCO2 system uses transpulmonary thermodilu-
tion to intermittently measure cardiac output (saline is 
injected into a jugular catheter and the change in tem-
perature is measured by a thermistor in a special arterial 
catheter). The PiCCO2 system also estimates cardiac 
filling volume, intrathoracic blood volume, and extra-
vascular lung water. The PiCCO2 system compared very 
well with thermodilution cardiac output measurements 
in critical human patients.9,10,12,43–45 and in a piglet hem-
orrhagic shock model.39

The LiDCO Plus system (LiDCO Ltd Cambridge, 
UK) uses a pulse power analysis algorithm (PulseCO) 
that mathematically calculates changes in stroke volume; 
independent lithium indicator dilution cardiac output 
measurements are needed to calibrate the system. There 
is good agreement with thermodilution cardiac output 
measurements but large variability. Accuracy falls off 
with time and periodic recalibration (by remeasuring 
cardiac output) as often as every 1–2 hours may be nec-
essary.12 The PulseCO system has been reported to 
compare well with thermodilution and lithium cardiac 
output measurements (but overestimated cardiac output 
at low-range cardiac outputs and underestimated high-
range cardiac outputs).17,32,46,47 Early canine studies of 
pulse contour cardiac output estimates reported good 
correlation and accuracy compared with implanted 
electromagnetic flowmeter measurements48,49 and ther-
modilution cardiac output measurements.50 Several sub-
sequent canine studies, however, have reported a high 
variability and poor correlation between pulse contour 
cardiac output estimates and lithium calibration cardiac 
output measurements.51–53

The MostCare™ device (Vytech Health, Padova, Italy) 
uses the pressure recording analytical method (PRAM), 
via perturbation theory, to estimate cardiac output  
just from the analysis of the pressure wave profile 
(requires only an arterial catheter). The PRAM algo-
rithm characterizes the elastic properties of the arterial 
system from the analysis of the pulse pressure profile. 
The PRAM system also provides a parameter called 
cardiac cycle efficiency, which is an index of heart–
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The ultrasound cardiac output monitor (USCOM, 
Uscom Ltd, Sydney, Australia) uses continuous-wave 
Doppler and anthropomorphic aortic and pulmonary 
valve data to calculate stroke volume. There are no 
reports of its use in dogs and cats.

Doppler probes can also be placed into the esophagus 
and positioned so as to face the descending thoracic 
aorta (Hemosonic 100, Arrow International, Reading, 
PA; Dynemo 3000, Sometec, Paris). The ultrasound 
transducer is positioned as close as possible to the direc-
tion of blood flow (corrections are made to the measure-
ment to compensate for the angle between the direction 
of the ultrasound beam and that of the blood flow). The 
phase shift in the reflected ultrasound waves as they are 
carried downstream by the flowing blood is used to 
calculate blood flow velocity. Flow velocity and time are 
used to calculate stroke distance, and stroke distance 
times cross-sectional area of the aorta (measured or 
anthropomorphically determined) is used to calculate 
stroke volume. A major assumption of this technique is 
that a constant proportion of the cardiac output flows 
through the descending aorta (the remainder going 
through the brachiocephalic and coronary arteries). 
Unfortunately this is variable; hypovolemia decreases 
and vasodilation increases the proportion of the cardiac 
output entering the descending aorta. Although some 
reports suggest good correlation with thermodilution 
cardiac output,44,68–70 other reports suggest a variable 
correlation.71 Use of the technique has been reported in 
anesthetized dogs, but cardiac output values were not 
reported.72 Transesophageal probes are large, anesthesia 
is required to introduce them, and they cannot be fixed 
in place for continuous measurements.

Other methods
Velocity encoded phase contrast magnetic resonance 
imaging is a very accurate technique for measuring  
flow in large vessels.73 Nuclear scintigraphy can also 
be used to evaluate cardiac output.74 The equipment is 
very expensive, requires considerable training to operate, 
and the measurements are intermittent. These tech-
niques do not lend themselves to use in the intensive 
care unit.

Interpreting measurements
There is a large amount of cardiopulmonary function 
information that can be derived when cardiac output is 
measured (see Fig. 12.4 and Table 12.3). This allows for 
broader characterization of patient status and may 
improve survival opportunities for some patients. Since 
forward flow is dependent upon venous return, it is 

cardiac output measurements59,60 or between thoracic 
fluid content and the amount of fluid removed by 
hemodialysis.61

Electrical cardiometry (Icon and Aesculon [Cardio-
tronic, Inc. La Jolla, CA]) utilizes electrical velocimetry 
(changes in thoracic conductivity caused by the align-
ment of red blood cells) to calculate heart rate, stroke 
volume, cardiac output, systolic time ratio, an index of 
contractility, and thoracic fluid index. Electrical velo-
cimetry estimates of cardiac output compared favorably 
with transpulmonary thermodilution cardiac output 
measurements in piglets.11

The RheoCardioMonitor (ACMA, Ltd, Singapore) 
assesses cardiac output and compared well to thermodi-
lution cardiac output measurements in pigs62 and 
people.63

The Niccomo instrument (Medis, Ilmenau, Germany) 
measures heart rate and blood pressure and utilizes  
a physiological adaptive signal analysis (PASA) algo-
rithm to calculate stroke volume, cardiac output, sys-
temic vascular resistance, thoracic fluid content, left 
cardiac work index, several indices of contractility, and 
systolic time intervals. The company also produces 
computer-based impedance cardiography interfaces, 
using the same technology as the Niccomo that can run 
on any personal computer (Cardioscreen 1000 and 
2000). The PASA-algorithm-derived cardiac output cor-
related well with thermodilution in people64; other 
studies reported only modest correlation between 
impedance-estimated cardiac output and transthoracic 
Doppler cardiography65 and thermodilution cardiac 
output.56

Whole-body impedance estimates of cardiac output 
correlated well with thermodilution cardiac output 
measurements in one study66 but not in another.67

Doppler ultrasound
Standard echocardiography, operated by experienced 
individuals, can be used to measure aortic or pulmonary 
valve diameter and the velocity–time integral, from 
which stroke volume can be calculated. Accurate assess-
ment of the diameter of the outflow tract is difficult, and 
measurements are intermittent and not a readily viable 
option for critical care settings. Echocardiographic esti-
mated cardiac output did not correlate well with ther-
modilution cardiac output measurements in cats.33 In a 
hemorrhage model in dogs, the pulmonic valve, com-
pared with the aortic valve, and proximal and distal 
aorta, was the site that generated the most repeatable 
Doppler measurements,36 but none of the echocardio-
graphic cardiac output determinations compared very 
well with thermodilution.
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volemia is possible; high cardiac output and arterioscle-
rosis are unlikely).

Next evaluate cardiac output. Low cardiac output could 
be caused by the following: hypovolemia (check the 
preload parameters); cardiac disease (atrioventricular 
[AV] insufficiency, aortic stenosis, fibrosis, pericardial 
tamponade); poor contractility (if not measured, then 
presumed if preload parameters are high and forward 
flow parameters are low, in the absence of anatomic 
cardiac disease). Low cardiac output should be treated 
if it is associated with hypotension or evidence of poor 
tissue perfusion.

Next evaluate systemic vascular resistance. Low vas-
cular resistance (vasodilation) may be associated with 
hypotension, in which case, it should be treated by 
administering a vasoconstrictor. Low vascular resistance 
associated with acceptable blood pressure does not need 
to be treated. High vascular resistance (vasoconstric-
tion) may be associated with poor tissue perfusion. If 
associated with high blood pressure, the situation may 
benefit from judicious vasodilator therapy. However, if 
associated with marginal blood pressure, the condition 
should not be specifically treated because it is probably 
compensation for hypovolemia or marginal cardiac 
output, and vasodilator administration will probably 
cause hypotension.

Next evaluate oxygen content, delivery, consumption, 
and extraction. Low oxygen content is most likely caused 
by anemia. Low oxygen delivery may be caused by  
low oxygen content or low cardiac output. Low oxygen 
consumption may be caused by low oxygen delivery or 
impaired metabolism. High oxygen extraction is usually 
indicative of low oxygen delivery; low oxygen extraction 
may be caused by impaired cellular metabolism or 
peripheral arterial–venous shunting. Venous oxygen is 
low when oxygen extraction is high, and vice-versa; the 
assessments are the same.

Conclusion
Determination of cardiac output and systemic oxygen 
delivery can be helpful in patients with perfusion  
status that is poorly defined by other methods or  
that do not respond to therapy. Cardiac output can be 
measured many ways but the common clinically appli-
cable techniques involve indicator dilution, usually 
either thermodilution with the balloon-tipped pulmo-
nary arterial catheter or lithium dilution. Though it is 
unclear whether use of this advanced monitoring 
improves outcome, certainly outcome can only be 
improved if the technique is performed properly, the 
results interpreted correctly, and the appropriate therapy 
instituted.

Figure 12.4 Integrated cardiopulmonary function: preload 
determines diastolic filling of the heart; contractility is the strength 
of load-independent contraction of the ventricles; afterload is the 
pressure against which the heart must contract to generate a 
stroke volume; stroke volume and heart rate determine cardiac 
output; hemoglobin concentration and the amount of oxygen 
loaded onto it determine oxygen content; cardiac output and 
systemic vascular resistance determine arterial blood pressure; 
arterial blood pressure is primarily important as a determinant of 
cerebral and coronary perfusion; systemic vascular resistance is 
primarily important as a determinant of visceral tissue perfusion; 
cardiac output and oxygen content determine oxygen delivery; 
oxygen delivery minus oxygen consumption determine venous 
oxygen.
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appropriate to first evaluate preload parameters. Central 
venous pressure represents preload pressure to the right 
heart (0–10 mm Hg); pulmonary artery occlusion pres-
sure represents preload pressure to the left heart (2–
12 mm Hg). Low pressures suggest that there is room for 
additional blood volume augmentation if other param-
eters corroborate hypovolemia. High pressures may rep-
resent hypervolemia or heart failure, and suggest that 
additional volume loading may be unwarranted. Preload 
pressure has a variable relationship to preload volume, 
depending upon ventricular compliance. High preload 
pressure does not necessarily define high preload but it 
always necessitates a conservative fluid plan.

Next evaluate arterial blood pressure. Low mean arte-
rial blood pressure (<60 mm Hg) could be caused by 
hypovolemia (check preload parameters), poor cardiac 
output (measure cardiac output; check for cardiac 
disease), or vasodilation (calculate systemic vascular 
resistance; check clinical vasomotor tone signs). High 
mean systemic arterial pressure (>140 mm Hg) is usually 
attributable to high vasomotor tone (iatrogenic hyper-



Table 12.3 Cardiopulmonary Values in Normal Dogs75

Parameter Units Baseline 95%

n = 97 Confidence

Mean ± SD Interval

BW kg 20.5 ± 6.9

BSA m2 0.74 ± 0.17

Temp °C 38.4 ± 0.6 38.3–38.5

pHa Units 7.381 ± 0.025 7.376–7.387

PaCO2 mm Hg 40.2 ± 3.4 39.5–41.0

HCO3a mEq/L 23.1 ± 2.0 22.7–23.5

BDa mEq/L −2.1 ± 2.3 −1.7 to −2.6

pHmv Units 7.362 ± 0.027 7.356–7.367

PmvCO2 mm Hg 44.1 ± 3.8 43.3–44.9

HCO3mv mEq/L 24.2 ± 2.1 23.7–24.6

BDmv mEq/L −1.9 ± 2.3 −1.4 to −2.3

a–mv pH Units 0.020 ± 0.012 0.018–0.022

a–mv PCO2 mm Hg −3.9 ± 1.6 −3.6 to −4.2

a–mv HCO3 mEq/L −1.1 ± 0.7 −0.9 to −1.2

a–mv BD mEq/L 0.2 ± 0.7 0.1–0.4

PaO2 mm Hg 99.5 ± 6.8 98.1–100.8

SaO2 % 96.3 ± 0.9 96.1–96.5

Hb g/dL 13.6 ± 1.8 13.3–14.0

CaO2 mL/dL 17.8 ± 2.3 17.4–18.3

PmvO2 mm Hg 49.3 ± 5.8 48.2–50.5

SmvO2 % 77.1 ± 5.5 75.6–78.2

CmvO2 mL/dL 14.2 ± 2.2 13.8–14.7

Ca–vO2 mL/dL 3.6 ± 1.0 3.4–3.8

PAO2 mm Hg 105.8 ± 3.7 105.1–106.9

A–aPO2 mm Hg 5.5 ± 6.9 3.6–7.4

ScO2 % 96.9 ± 0.5 96.8–97.0

CcO2 mL/dL 18.0 ± 2.3 17.5–18.5

Ven admix % 3.6 ± 4.1 2.8–4.4

CaCO2 mL/dL 45.8 ± 4.3 44.9–46.6

CmvCO2 mL/dL 48.5 ± 4.4 47.6–49.4

Ca–vCO2 mL/dL 2.7 ± 1.4 2.5–3.0

CVP cm H2O 3.1 ± 4.1 2.3–4.0

PAOP mm Hg 5.5 ± 2.9 4.8–6.2

HR Beats/min 87 ± 22 83.0–91.8
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Parameter Units Baseline 95%

n = 97 Confidence

Mean ± SD Interval

ABPm mm Hg 103 ± 15 99.9–106.0

PAPm mm Hg 14.0 ± 3.2 13.4–14.7

CO mL/min 3360 ± 1356 3086–3633

CI L/min/m2 4.42 ± 1.24 4.17–4.67

mL/min/kg 165 ± 43 156–174

SVI mL/beat/m2 51.9 ± 13.5 49.2–54.7

mL/beat/kg 1.93 ± 0.46 1.84–2.02

SVRI dyne·sec·cm−5/m2 1931 ± 572 1815–2045

mm Hg/mL/min/kg 0.641 ± 0.173 0.606–0.676

PVRI dyne·sec·cm−5/m2 196 ± 78 179–210

mm Hg/mL/min/kg 0.065 ± 0.026 0.060–0.070

LCWI kg·min/m2 6.6 ± 2.3 6.2–7.1

mm Hg/mL/min/kg 17,045 ± 5393 15,957–18,132

LVSWI g·min/m2 76.7 ± 24.5 71.7–81.6

mm Hg/mL/min/kg 199 ± 54 188–210

LVRPP Beats/min mm Hg 9057 ± 2937 8465–9649

RCWI kg·min/m2 0.91 ± 0.41 0.83–0.99

mm Hg/mL/min/kg 2353 ± 981 2156–2551

RVSWI g·min/m2 10.4 ± 3.9 9.6–11.2

mm Hg/mL/min/kg 27.1 ± 9.1 25.2–28.9

RVRPP Beats/min mm Hg 1247 ± 510 1144–1350

DO2 mL/min/m2 790 ± 259 737–842

mL/min/kg 29.5 ± 8.8 27.7–31.3

VO2 mL/min/m2 164 ± 71 148–181

mL/min/kg 6.0 ± 2.6 5.5–6.5

O2 extrac % 20.5 ± 5.7 19.4–21.7

VCO2 mL/min/m2 128 ± 46 114–136

Source: Haskins SC, Pascoe PJ, Ilkiw JE, Fudge M, Hopper K, Aldrich J. Reference cardiopulmonary values in normal dogs. Comparative 
Medicine 2005;55:158–163.
BW, body weight; BSA, body surface area; a, arterial; mv, mixed venous; A, alveolar; c, capillary; a–v, arterial–mixed venous; m, 
mean; A–a, alveolar–arterial; PCO2, partial pressure of carbon dioxide; HCO3, bicarbonate; BD, base deficit; PO2, partial pressure of 
oxygen; SO2, hemoglobin saturation with oxygen; Hb, hemoglobin; C, content; O2, oxygen; CO2, carbon dioxide; ven admix, venous 
admixture; HR, heart rate; ABPm, mean arterial blood pressure; CVP, central venous pressure; PAPm, mean pulmonary arterial blood 
pressure; PAOP, pulmonary artery occlusion pressure; CO, cardiac output; CI, cardiac index; SVI, stroke volume index; SVRI, systemic 
vascular resistance index; PVRI, pulmonary vascular resistance index; LCWI, left cardiac work index; LVSWI, left ventricular stroke work 
index; RCWI, right cardiac work index; RVSWI, right ventricular stroke work index; LVRPP, left ventricular rate pressure product; RVRPP, 
right ventricular rate pressure product; DO2, oxygen delivery; VO2, oxygen consumption; O2 extrac, oxygen extraction; VCO2, carbon 
dioxide production.
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