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Abstract—The carbon dioxide (CO2) rebreathing method is a
noninvasive technique to estimate cardiac output during exer-
cise, but few data are available on the validity and reliability of
this measure in individuals with spinal cord injury (SCI). Six-
teen male subjects with SCI (mean age 45 +/− 9, seven paraple-
gic and nine tetraplegic) underwent three submaximal steady
state arm ergometer exercise tests. We estimated cardiac output
using the exponential CO2 rebreathing technique at an individ-
ualized exercise intensity approximating 50% of peak oxygen
uptake. Mean values for the cardiac output measurements were
13.0 +/− 2.4, 13.3 +/− 2.0, and 13.4 +/− 1.7 L/min; the differ-
ence among the trials was not significant (p = 0.54). The typi-
cal error was 1.80 +/− 0.85 L/min, the limits of agreement were
11.3 to 15.3 L/min, the coefficient of variation was 5.4% +/−
3.4%, and the intraclass correlation coefficient was 0.85 (95%
confidence interval = 0.70–0.94). The test-to-test variation in
estimated cardiac output during arm ergometry in individuals
with SCI is similar to that observed in studies that used this
technique in ambulatory persons. The 5% relative variation
between tests suggests that the CO2 rebreathing technique for
estimating cardiac output can be performed in SCI individuals
with acceptable reproducibility.

Key words: activity, autonomic function, cardiac output, exer-
cise testing, heart disease, heart rate, paraplegia, oxygen
uptake, reproducibility, spinal cord injury.

INTRODUCTION

Advances in the medical management of spinal cord
injury (SCI) over the last 30 years have resulted in a shift

in the leading causes of death in these individuals from
infections (e.g., pneumonia) to cardiovascular disease.
Today, cardiovascular mortality in SCI approximates that
of the nondisabled population [1]. One factor that likely
contributes to high cardiovascular mortality in SCI is the
inordinately low level of physical activity in these indi-
viduals [2–5]. Low physical activity levels in SCI have
been attributed not only to the relatively small muscle
mass available to perform work but also to societal fac-
tors, accessibility to facilities, transportation, and other
factors [2–5].

In light of the high cardiovascular morbidity and mor-
tality in SCI and the high prevalence of physical inactiv-
ity, efforts have been made to promote physical activity in
SCI. In this context, methods designed to measure
changes in cardiovascular performance associated with
physical activity are also important. The most fundamen-
tal measure of cardiovascular performance is cardiac out-
put; any improvement in fitness (measured by peak
oxygen uptake [VO2]) is usually paralleled by an increase
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in cardiac output. Because the direct measurement of
cardiac output requires an invasive procedure and there-
fore is expensive and carries added risk, noninvasive esti-
mates of cardiac output are more frequently used. One
such method involves individuals rebreathing a mixture of
carbon dioxide (CO2) so that venous CO2 content can be
estimated and used to complete the Fick equation [6–8].

Studies in nondisabled subjects have demonstrated
that this method is reasonably accurate when compared
with invasive methods (direct Fick or thermodilution) or
other noninvasive techniques [6–12]. Most investigators
have observed high day-to-day reproducibility of cardiac
output measured by CO2 rebreathing [13–14], and others
have documented the procedure’s validity by comparing
it with cardiac output estimated from published regres-
sion lines relating to VO2 [15–16]. However, few data
are available on employing the CO2 rebreathing tech-
nique in individuals with SCI, and to our knowledge no
studies have assessed the reproducibility of this tech-
nique in an SCI population. The present study evaluated
the reproducibility of cardiac output estimated during

submaximal exercise by the CO2 rebreathing technique
among individuals with SCI.

METHODS

Participants
Sixteen male subjects with SCI participated in the

study (mean ± standard deviation [SD] age 44.0 ± 9.4)
(Table 1). Seven of the subjects were paraplegic and nine
were tetraplegic; the mean ± SD duration of injury was
17.0 ± 9.4 years. Seven of the subjects with tetraplegia had
complete injuries and all the injuries in the subjects with
paraplegia were complete. All subjects were free of car-
diovascular disease and had adequate strength and motor
function to perform a maximal arm ergometry protocol.
Activity status was classified as “sedentary” if the subject
reported engaging in three sessions a week of moderate
activity lasting a minimum of 30 min. Written informed
consent was obtained from all subjects with a protocol
approved by the Stanford University Investigational
Review Board.

Table 1.
Demographic information.

Subjects Age Activity
Level*

Weight
(kg)

Level of
Injury

Completeness of
Injury

Duration of
Injury (yr)

Peak VO2
(mL/min)

Tetraplegia
A 38 0 68.2 C6 Complete 21 784.3
B 46 1 77.7 C5–6 Incomplete 7 823.6
C 44 1 81.4 C5–6 Complete 23 919.8
D 53 1 94.6 C6–7 Complete 13 614.9
E 33 0 63.7 C6 Incomplete 6 668.8
F 36 0 58.9 C5–6 Complete 18 577.2
G 55 1 69.7 C5–8 Complete 32 578.7
H 49 0 58.3 C6–7 Complete 17 548.0
I 44 0 63.4 C6 Complete 16 627.7

Mean ± SD 44.2 ± 7.5 — 70.7 ± 12.7 — — 17.0 ± 8.0 682.6 ± 130
Paraplegia

J 38 1 68.7 T5–6 Complete 7 1,552.6
K 56 0 73.4 T8 Complete 30 866.1
L 55 1 74.8 T5 Complete 35 1,174.4
M 47 0 124.9 T4 Complete 11 1,274.0
N 28 1 59.8 T9–12 Complete 8 1,453.1
O 29 1 73.1 T4–T7 Complete 8 1,330.4
P 53 0 94.6 T5 Complete 20 955.5

Mean ± SD 43.7 ± 12.0 — 81.3 ± 21.9 — — 17.0 ± 11.5 1,229.4 ± 260
*Activity level: 0 = sedentary, 1 = active.
C = cervical, SD = standard deviation, T = thoracic.
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Exercise Testing
Initially, all participants provided a complete medical

history and underwent a physical examination and then
performed a maximal exercise test using a manually
incremented arm crank protocol. This test habituated sub-
jects to the procedure and gas exchange apparatus, estab-
lished clinical stability, and determined peak VO2.
Cardiac output measurements were performed on a sepa-
rate day. Subjects were asked to abstain from food, cof-
fee, and smoking for at least 3 hours prior to testing.
Testing was performed in the upright seated position with
a Monark arm ergometer (Monark Excercise AB,
Varberg, Sweden) mounted to an adjustable table. Sub-
jects were asked to maintain the arm crank cadence at 60
rpm throughout the test. Changes in resistance of the arm
ergometer were individualized (increments ranging from
1–5 W/min) to yield a test duration of approximately 8 to
12 min. A standard 12-lead encephalogram was obtained
throughout the exercise test and recovery period. Blood
pressure was measured before and immediately after the
exercise test. Exercise was continued until subjects
exhibited volitional fatigue, and the Borg 6–20 scale was
used to quantify subjective effort [17]. The test was ter-
minated when the subject was no longer able to maintain
50 rpm at a given workload.

Cardiac Output
On a separate day from the maximal exercise test,

cardiac output was determined with the use of three sepa-
rate submaximal arm ergometry trials. From the baseline
exercise test, a submaximal work rate was chosen for
each subject to approximate 50 percent of maximal exer-
cise capacity and a perceived exertion level of approxi-
mately 10 to 12 (Borg 6–20 scale). Cardiac output was
measured during submaximal exercise with a CO2
rebreathing technique developed by Defares [18] and
described in detail elsewhere [6–7,19]. This technique is
based on the application of CO2, rather than O2, to the
Fick equation:

where VCO2 is the rate of CO2 production and a-vCO2
difference is the difference in the CO2 content between
the arterial and venous blood. Arterial CO2 content was
estimated from end-tidal partial pressure of CO2 from the
metabolic system (Medical Graphics Corp., St. Paul,
Minnesota). We determined mixed venous CO2 content

by having participants rebreath a CO2 gas mixture and
estimating an equilibrium point between the CO2 content
of the lung and the venous blood.

Subjects performed arm ergometry at their respective
workloads until a constant VO2 was achieved (approxi-
mately 4 min). They then began rebreathing a 4 percent
CO2/35 percent O2 (balance nitrogen) gas mixture for a
period of approximately 20 s. An exponential curve for
the rise in VCO2 was generated, representing the point at
which the CO2 content of the lung was equal to that of
the mixed venous blood. This value for venous CO2 con-
tent completes the Fick equation, permitting an estima-
tion of cardiac output. This procedure was repeated three
times for each subject; a 5 to 10 min period between trials
was given for subjects to rest and to permit complete
washout of CO2 from the circulation.

Data Analysis
Mean differences in cardiac output measured across

the three trials were assessed by repeated measures
analysis of variance (ANOVA). Reproducibility of car-
diac output was assessed by the typical error, limits of
agreement, coefficient of variation, and intraclass corre-
lation coefficient (ICC). The ICC was calculated with the
two-way mixed effect model. NCSS software (Kayes-
ville, Utah) was used for all statistical analyses.

RESULTS

Mean ± SD values from the maximal exercise tests are
presented in Table 2. Peak perceived exertion was 19.3 ±
1.0, and peak respiratory exchange ratio was 1.31 ± 0.16;

Cardiac Output 
VCO2

a-vCO2 difference
-------------------------------------------- ,=

Table 2.
Hemodynamic responses to maximal arm ergonometry exercise test.

Measurements Mean ± SD
Heart Rate (bpm) 57 ± 10
Systolic Blood Pressure (mmHg) 128 ± 17
Diastolic Blood Pressure (mmHg) 81 ± 10
Peak Exercise

Heart Rate (bpm) 134 ± 31
Oxygen Uptake (mL/kg/min) 12.6 ± 4.9
Ventilation (L/min) 48.0 ± 18.5
Respiratory Exchange Ratio 1.31 ± 0.16
Rating of Perceived Exertion 19.3 ± 1.0
Cardiac Output (L/min) 13.0 ± 1.8

SD = standard deviation.
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these values suggest that subjects generally provided maxi-
mal efforts. The mean peak VO2 was 12.6 ± 4.9 mL/kg/
min, and maximal heart rate was 134 ± 31 bpm, values that
are typical of heterogenous subjects with SCI [4–5,20].

Results from the repeated cardiac output trials are
presented in Table 3. Mean ± SD values for the three car-
diac output measurements were 13.0 ± 2.4, 13.3 ± 2.0,
and 13.4 ± 1.7 L/min, respectively. The ANOVA model
did not detect a significant trend across the three trials
(p = 0.54). The typical error was 1.80 ± 0.85 L/min, the
limits of agreement were 11.3 to 15.3 L/min, the coeffi-
cient of variation was 5.4 ± 3.4 percent, and the ICC was
0.85 (95% confidence interval = 0.70–0.94).

DISCUSSION

Individuals with SCI exhibit deficient vasomotor
control due to an interruption of the pathways linking the
supraspinal centers and the lower-limb vasculature. The
absence of both normal vasomotor tone and the lower-
limb muscle pump during activity restricts venous return
and contributes to reductions in the cardiac output
response to exercise in SCI [2–5]. To gain insight into the
cardiovascular effects of various interventions in subjects
with SCI, researchers have employed noninvasive meas-
ures of cardiac output responses to exercise in studies
addressing the effects of functional electrical stimulation
[21–25], passive leg exercise [26], orthostatic challenge
[27], and exercise training [22–23]. The CO2 rebreathing
technique has been used since the 1950s to estimate car-
diac output during exercise in ambulatory individuals
[18,28], and studies have documented its reliability and
reproducibility [6–10]. In theory, the smaller muscle
mass employed during arm exercise in subjects with SCI
could influence the recirculation of CO2 in the blood dur-
ing rebreathing and therefore the rate of rise in CO2 con-
tent in the lung, thus affecting the accuracy of the
extrapolation curve from which venous CO2 content is
estimated. To our knowledge, no studies have addressed
the reliability or reproducibility of this technique in sub-
jects with SCI.

Acceptable reproducibility of a measure must be con-
firmed before it can be considered to have valid clinical
application. While high reproducibility does not ensure
accuracy, it quantifies the degree to which the test pro-
duces the same result each time it is conducted. Because
the CO2 rebreathing technique only estimates cardiac
output, it is commonly measured in three separate trials
[6–7,19,29]. In the present study, we assessed reproduci-
bility of these trials using several standardized measures
of reliability: the typical error, coefficient of variation,
ICC, and limits of agreement (Table 3). The typical error
is an expression of the random variation across measure-
ments for a given subject; it is defined simply as the SD
of the three trials for that individual. The coefficient of
variation is a measure of the relative variation, or vari-
ation relative to the size of the mean for the three meas-
urements expressed as a percentage. The limits of
agreement are, in effect, the 95 percent confidence limits
within which any given measurement would fall. The
ICC reflects the degree of association among the three
trials.

In ambulatory individuals tested either on the tread-
mill or leg cycle ergometer, coefficients of variation for
cardiac output measured with the rebreathing technique
have been reported to range between 5 and 10 percent
[6,15–16,19], although one study observed coefficients of
variation of 0.8 and 1.4 percent for workloads of 50 and
100 W, respectively [16]. Thus, the coefficient of vari-
ation we observed (5.1%) is typical of the values observed
for ambulatory individuals using the CO2 rebreathing
technique. This finding suggests that for a given measure-
ment of cardiac output by CO2 rebreathing in an individ-
ual with SCI, the value can be expected to vary by about
5 percent from trial to trial for that individual. Impor-
tantly, this falls within the range of coefficients of vari-
ation observed for more direct measurements of cardiac
output, i.e., invasive determination by the Fick or ther-
modilution dye techniques [6,19]. Our observed limits of
agreement (11.3–15.3 L/min) indicate that a subsequent
trial in any given participant would fall within these limits
95 percent of the time. The typical error, 1.80 L/min,

Table 3.
Reproducibility of cardiac output measurements (mean ± standard deviation).

Measurement Test 1 Test 2 Test 3 Mean Typical
Error

Limits of
Agreement

ICC
(95% CI)

Coefficient of 
Variation (%)

Cardiac Output (L/min) 13.0 ± 2.4 13.3 ± 2.0 13.4 ± 1.7 13.3 ± 2.0 1.80 ± 0.85 11.3–15.3 0.85 (0.70–0.94) 5.4 ± 3.4
CI = confidence interval, ICC = intraclass correlation coefficient.
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represents the variation we would expect to see from trial
to trial if any one of our participants performed multiple
trials. Finally, the ICC we observed (0.85) suggests that a
strong association existed among the repeated measures.

The differences in coefficients of variation for repeated
measurements of noninvasive cardiac output in previous
studies are likely due to differences in exercise intensity
used (for example, a stable steady state maybe more diffi-
cult to achieve at higher workloads) but may also be attrib-
utable to differences in the CO2 rebreathing method used
(equilibrium or exponential). We used the exponential
technique based on the early observations of Clausen et al.
[30], who performed repeated measures of cardiac output
using the equilibrium method and suggested that the repro-
ducibility of this particular method was unacceptable for
use during exercise. Given the 5 to 7 percent coefficients of
variation for cardiac output reported using the direct Fick
technique (considered the gold standard), the reproduci-
bility of the indirect cardiac output measurements that we
observed appears to fall within the range of biologic vari-
ability. This result suggests that this method of determining
cardiac output noninvasively during submaximal exercise
provides acceptable reliability for assessing the cardiovas-
cular response to exercise in individuals with SCI.

Our study was limited to the assessment of reproduci-
bility; we did not address the accuracy of the technique.
An assessment of accuracy would require comparison to
the direct Fick method, necessitating an invasive sample
of mixed venous CO2 content (requiring catheterization of
the right side of the heart), a measurement that would be
impractical to obtain among SCI individuals performing
upper-body exercise. In addition, we studied only one
method of estimating cardiac output, CO2 rebreathing
using the exponential rise in VCO2 to estimate the CO2
content of the mixed venous blood. Our results may have
been different had we employed the alternative method,
CO2 rebreathing using the equilibrium technique to esti-
mate mixed venous CO2 or newer methods such as acety-
lene uptake [31] or bioimpedance [32]. Finally, the
heterogeneity of the sample may have artificially raised
the ICC, and the results may differ in a more homoge-
neous group of subjects.

CONCLUSIONS

Cardiac output is the fundamental measure of cardio-
vascular function; a noninvasive technique that is accu-
rate and reproducible has obvious applications for

assessing therapeutic interventions not only in cardiovas-
cular disease but also for a wide variety of chronic dis-
eases and disabilities. Although the literature is replete
with studies on the reliability and reproducibility of the
noninvasive CO2 rebreathing technique in ambulatory
individuals, such studies have not been performed among
individuals with SCI. The high retest correlation, low
typical error, and high coefficient of variation observed
in our study suggest that the CO2 rebreathing technique
for estimating cardiac output can be performed among
SCI individuals with acceptable reproducibility. These
findings have applications for the growing body of litera-
ture assessing cardiovascular responses to functional
electrical stimulation, exercise training, or other interven-
tions among individuals with SCI.
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