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Abstract Objective: Thermodilu-
tion (TD) is the gold standard to
monitor cardiac output (CO) in criti-
cal care. However, there is concern
about the safety of right-ventricular
catheterization. The CO2 rebreathing
technique allows noninvasive CO
determination by means of the indi-
rect Fick principle. Our objectives
were: (a) to assess the accuracy of 
a new system of CO measurement
using the CO2 partial rebreathing
method (PRCO); (b) to evaluate
whether the PRCO itself may induce
changes in CO. Design and setting:
Prospective study in the intensive
care department in a university-affil-
iated hospital. Patients: Twenty-two
mechanically ventilated critically ill
patients. Interventions: CO mea-
sured simultaneously by PRCO and
TDCO. Measurements and results:
PRCO and TDCO values were com-
pared by concordance analysis. Sta-
bility of cardiac output during PRCO
was evaluated by comparing the

TDCO measurements before, dur-
ing, and after the partial rebreathing
period using analysis of variance.
From a total of 79 valid sets of mea-
surements, bias and precision was
calculated at –0.18±1.39 l/min. The
concordance analysis of lower and
intermediate CO values (<7 l/min)
yielded a bias and precision calcula-
tion of –0.07±0.91 l/min. No chang-
es in hemodynamics were observed
during the partial rebreathing period.
Conclusions: The noninvasive par-
tial CO2 rebreathing technique may
be an alternative method for CO de-
termination in mechanically venti-
lated critically ill patients. The re-
breathing maneuver alone does not
induce changes in CO.
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Evaluation of a noninvasive method for cardiac
output measurement in critical care patients

Introduction

Since the introduction of the balloon-directed thermistor-
tipped pulmonary artery catheter in critical care medi-
cine in the 1970s [1] thermodilution cardiac output mea-
surements (TDCO) have been available at the bedside.
Although some inaccuracies with the method have been
reported, it has become the clinical “gold standard.”
Nevertheless, concern about catheter safety [2, 3] sur-
faced soon after catheterization of the pulmonary artery
was introduced, and several physicians suggested a mor-

atorium in catheter use [4, 5, 6]. However, as recent in-
vestigations have highlighted the importance of invasive
goal-directed therapy in the earliest stages of severe sep-
sis and septic shock [7], research and clinical testing of
fast, noninvasive methods to monitor hemodynamic sta-
tus in critically ill patients are necessary.

Various approaches to noninvasive critical care moni-
toring have been suggested. Analyses of exhaled CO2
and rebreathing techniques have been tested for CO de-
termination in the critical care setting. Several authors
[8, 9, 10, 11] have reported the accuracy of the rebreath-
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ing method for CO measurement in critically ill patients.
Unfortunately, however, as this technique is technically
difficult and time consuming, its routine use in the criti-
cal care arena is limited. To overcome the technical bur-
den of this method the partial rebreathing technique for
CO measurement (PRCO) has been commercially devel-
oped (NICO, Novametrix) [12]. This is an automated,
noninvasive method that uses the indirect Fick principle.
The monitor measures end-tidal PCO2 (PETCO2) and
CO2 production (VCO2) in basal conditions during 50 s
of partial rebreathing through an added instrumental
dead space. By assuming stable hemodynamics, cardiac
output is estimated from the changes induced in PETCO2
and VCO2.. Nevertheless, during the partial rebreathing
period PaCO2 increases in variable amounts (usually
4–5 mmHg) that could alter hemodynamics, mainly CO
and systemic vascular resistance. Whether the increase in
PaCO2 can modify CO is not known.

We designed this study to answer two questions: first,
how accurate are partial rebreathing CO measurements
in critical care patients receiving mechanical ventilation,
and, second, does the partial rebreathing technique alter
cardiac output during the measurement period because of
the increase in PaCO2?

Material and methods

We studied 29 critically ill patients recovering from various clini-
cal conditions and receiving mechanical ventilation in volume-
controlled mode. The study was performed at the General Inten-
sive Care Department of the Hospital of Sabadell. The protocol
was approved by the ethics committee, and informed consent was
obtained from the patients’ relatives. Inclusion criteria were the
need for mechanical ventilation because of acute lung injury, the
presence of a thermistor-tipped pulmonary artery catheter (7.5 F
catheter, Baxter., Irvine, Calif., USA) for clinical indication, and
hemodynamic stability during the procedure. The partial rebreath-
ing device of the monitor (NICO with software version 2.0, Nova-
metrix, Wallingford, Conn., USA) was placed between the Y-piece
of the ventilator and the endotracheal tube. After a minimum of
30 min to allow patient stabilization, arterial and mixed venous
blood samples were collected to measure shunt fraction, and
PRCO was determined with the monitor using the nonaveraged
form. We performed TDCO measurements (Hewlett Packard, Palo
Alto, Calif., USA) with 10 ml iced DW 5% bolus randomly dis-
tributed over the respiratory cycle by using a closed circuit 
(Co-Set, Baxter). Measurements were performed during the basal
period of the NICO monitor (three boluses), during the partial re-
breathing period (two boluses), and immediately thereafter (three
boluses). With each set of TDCO measurements heart rate,
PETCO2, and mean systemic and pulmonary artery pressures were
recorded (Hewlett Packard).

During the partial rebreathing period the increment in dead
space increased PETCO2, while VCO2 determination showed an ar-
tifactual reduction. The monitor measures pulmonary nonshunted
capillary blood flow by using a modified indirect Fick equation
[12, 13]. By adding shunted blood flow (estimated by Nunn’s iso-
shunt curves) [14] the equipment calculates CO. Data from NICO
were discarded when the monitor was unable to obtain either a 
stable CO2 period or PRCO measurements.

We performed a maximum of four sets of measurements in
each patient. Between measurements a minimum of 2 h was al-

lowed. A total of 101 pairs of simultaneous measurements were
performed. Twenty-two sets of measurements were discarded be-
cause the NICO monitor was unable to achieve a stable CO2 read-
ing. Seven patients were excluded from the study as we were un-
able to obtain PRCO measurements in these cases. No sets were
discarded due to problems with TDCO measurements. We thus an-
alyzed 79 sets of measurements in 22 patients (13 men, 9 women;
median age 62 years, range 21–84). The median Acute Physiology
and Chronic Health Evaluation II score was 17 (range 9–28).

Correlation between methods was assessed by linear regression
analysis. Concordance between methods during the partial re-
breathing period was determined by means of bias (mean differ-
ence between the two methods) and precision (SD of the mean dif-
ference between the two methods) [15]. The relationship between
difference and mean CO measurement was assessed by the propor-
tional difference in the CO estimation. Hemodynamic stability
during the partial rebreathing period was evaluated by comparing
TDCO and hemodynamic data recorded immediately before, dur-
ing, and immediately after PRCO by using analysis of variance for
repeated measurements. Significance was set at p<0.05.

Results

Cardiac output ranged from 1.4 to 12.7 l/min when mea-
sured with TDCO and from 1.4 to 13.4 l/min when mea-
sured with NICO. From a total of 79 sets of measure-
ments we found a significant correlation between NICO
and TDCO measurements (R2=0.71, p<0.001; Fig. 1).
The concordance analysis showed a bias and a precision
calculation of –0.18±1.39 l/min and a 95% confidence
interval (CI) of +2.59 to –2.95 l/min (Fig. 2A). The pro-
portional difference in CO measurements between the
methods was 46% and – 45%. To test the possible impact
of a different number of measurements in each patient
we repeated the agreement analysis with only the first set
of measurements from each patient. We found very simi-
lar results, with a bias and precision calculation of
0.16±1.4 l/min and a 95% CI of +2.96 to –2.65 l/min. 

Using a clinical decision-making approach, not all
CO levels have the same meaning. Accordingly, we de-
cided to analyze lower and intermediate CO, i.e., CO
values below 7 l/min, separately. For these sets of mea-
surements concordance analysis showed a bias and pre-
cision calculation of –0.07±0.91 l/min and 95% CI of
+1.75 to –1.90 l/min (Fig. 2B).

The profile of hemodynamic measurements obtained
before, during, and after the partial rebreathing maneu-
ver is shown in Table 1. No changes in TDCO, heart

Table 1 Hemodynamic data during the PRCO measurement 
period before, during, and after rebreathing (HR Heart rate, 
MAP mean systemic arterial pressure, MPP mean pulmonary arte-
rial pressure, TDCO thermodilution cardiac output)

Before During After p

HR (b/min) 90±18 91±18 91±19 0.993
MAP (mmHg) 81±11 81±12 82±15 0.839
MPP (mmHg) 28±6 29±6 29±6 0.692
TDCO (l/min) 5.9±2.3 6.1±2.4 6.2±2.4 0.740
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Discussion

The results of the present study show a good correlation
between CO measurements with thermodilution and with
the NICO apparatus. Nevertheless, the wide confidence
intervals might reduce the possibility of direct substitu-
tion of TD for the new partial rebreathing method. An
additional issue demonstrated in this study is that the
NICO rebreathing maneuver did not induce any detect-
able changes in cardiac output.

The NICO monitor was first tested in animals [12, 16]
and later in patients after cardiac surgery [17, 18]. Re-
sults are controversial but encouraging. In the critical
care setting there are some limitations to the partial re-
breathing technique to measure CO. First, in nonpara-
lyzed patients the increase in instrumental dead space
usually induces an increase in patient’s respiratory rate
to maintain PaCO2, thereby reducing the magnitude of
the signal, which limits the monitor’s ability to detect
changes in PETCO2 and VCO2. Second, noise is in-
creased by respiratory pattern irregularities that produce
unstable PETCO2 and VCO2. This reduction in signal-to-
noise ratio could impair monitor accuracy. Third, addi-
tional CO not calculated with the Fick equation due to
shunt fraction is estimated from pulse oxymetry and in-
spired oxygen content [12].

A strong limitation of research in this field is the lack
of a true gold standard. Clinical use has confirmed
TDCO at this site, but limitations of the method are well
known [19, 20, 21, 22, 23, 24]. However, as a “clinical
gold standard,” TDCO offers physicians information for
medical decision making. Any alternative method under
evaluation must provide information similar to that ob-
tained by means of the gold standard method. When
there is a lack of agreement in this scenario, it is not al-
ways clear which method is correct and which is not. To
minimize the likelihood of TDCO inaccuracies we used
10-ml boluses of iced DW 5% to increase signal mag-
nitude and randomly distributed the bolus injection
throughout the respiratory cycle to have a more represen-
tative value of the mean cardiac output [20, 25]. We used
a closed circuit to minimize problems related to inhomo-
geneities in injectate temperature [26], and three TDCO
boluses in each period were also averaged. A NICO
measurement includes a 60-s basal time, a 50-s rebreath-
ing time and a 70-s stabilization time. However, the 50-s
rebreathing time was not long enough to perform three
TDCO measurements, and consequently only two could
be carried out. Therefore TDCO accuracy in this period
may be diminished [27]. Moreover, elevation in minute
ventilation induced by the increment of instrumental
dead space during NICO measurement could have added
thermal noise and further impaired TDCO reproducibili-
ty [28]. However, the fact that mean and standard devia-
tion did not differ between measurements performed be-
fore, during, and after the partial rebreathing period

Fig. 1 Correlation plotting cardiac output determined by NICO
vs. cardiac output determined by TDCO showing a significant 
correlation (R2=0.71, n=79; p<0.001). Solid line Regression line;
dotted line line of identity. TDCO Thermodilution cardiac output;
NICO noninvasive cardiac output

Fig. 2A, B Concordance analysis plots showing bias and agree-
ment between TDCO and NICO. A Entire range of measurements.
Solid line Bias (–0.18 l/min); dotted lines 95% confidence limits
(±2 SD) for the bias. B Lower and intermediate CO values. Solid
line Bias (–0.07 l/min); dotted lines 95% confidence limits
(±2 SD) for the bias. TDCO Thermodilution cardiac output; NICO
noninvasive cardiac output

rate, systemic, or pulmonary artery pressures were ob-
served. PETCO2 increased from 32±4.4 mmHg in the
basal period to 38±4.8 mmHg (p<0.01) during the partial
rebreathing period.
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markedly reduces the likelihood of substantial TDCO in-
accuracies. The results of the present study showed a
good correlation between CO measurements with ther-
modilution and with the NICO apparatus. As with other
authors [18], we also found less agreement between
NICO and TDCO at higher CO. This could be explained
in three different ways. First, at a higher cardiac output,
the area under the thermodilution curve is small and sig-
nal-to-noise ratio is impaired. This might occur even if
measurements are not biased. Second, during PRCO
monitoring a short sudden change in instrumental dead
space is induced. For a given increase in instrumental
dead space (as predicted by the indirect Fick equation),
signal magnitude (end-tidal and arterial PCO2 difference)
decreases as CO increases [10], resulting in precision
impairment. Third, under conditions of elevated cardiac
output the venous-arterial PCO2 difference narrows, in-
creasing the experimental error of measurement. In fact,
at higher CO states both methods could be less accurate
and agreement between them would worsen.

Random error tends to cancel out when repeated mea-
surements are performed, thus improving accuracy [29,
30]. However, when a measurement is averaged, the mon-
itor’s response time and its ability to detect a sudden
change in the monitored variable worsens. A major advan-
tage of continuous or near-continuous monitoring is that it
instantly alerts physicians to changes in a patient’s state.
The sooner a change is detected, the earlier treatment can
be modified. Accordingly, we decided to test the device in
the nonaveraged mode because, although the accuracy of
the method is not enhanced, response time is improved.

In critical care the PRCO technique for CO monitor-
ing has three limitations uncommon in the anesthesia
scenario. First, the technique involves a moderate in-
crease in PaCO2 during the rebreathing period that pre-
cludes its use in patients with intracranial hypertension.
Second, the device requires stable CO2 elimination for a
reliable CO measurement, precluding its use in spontane-
ously breathing patients in whom tidal volume is vari-
able. Our patients were not paralyzed and were breathing
in assisted mandatory ventilation, and therefore minute

ventilation could be changed when instrumental dead
space increased during the partial rebreathing period. In
this situation PETCO2 becomes unstable and impairs sig-
nal-to-noise ratio. In our study 22 of 101 measurements
were discarded because the NICO monitor could not ob-
tain a stable CO2 reading. Nonetheless, none of these pa-
tients showed any clinical or hemodynamic signs of in-
tolerance to the rebreathing period. Third, the PRCO
method measures only the nonshunted fraction of the
cardiac output. Since shunt fraction, hemoglobin content,
hemoglobin P50, arterial CO2 partial pressure, and the
difference between arterial and mixed venous O2 con-
tents might be altered in critically ill patients, miscalcu-
lations of estimated shunt fraction by the NICO device
could also occur.

A compelling issue in monitoring is the avoidance of
any modification in the monitored variable induced by
the measuring technique itself. During PRCO measure-
ments, for a given minute ventilation, PaCO2 usually in-
creases up to 6 mmHg while mixed venous PCO2 basi-
cally remains unchanged. Hemodynamic changes related
to acute changes in CO2 levels are well documented
[31]. Consequently, to test whether transient increases in
PETCO2 could induce a bias in the measurement we mea-
sured TDCO immediately before, during, and immedi-
ately after the partial rebreathing period. No changes
were found in CO, heart rate, or systemic and pulmonary
arterial pressures secondary to the slight and brief in-
crease in PaCO2. To our knowledge, this issue has not
been addressed in previous studies.

In conclusion, the NICO monitor provides a near-con-
tinuous, automated, and totally noninvasive method for CO
measurement in the critical care setting. NICO offers an al-
ternative to invasive CO measurement that could be further
improved with new software developments. Nevertheless,
the lack of pulmonary vascular pressure determination pre-
cludes the replacement of the pulmonary artery catheter in
a substantial proportion of critically ill patients.
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