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Background—Cardiac output (CO) is a key indicator of cardiac function in patients with heart failure. No completely
accurate method is available for measuring CO in all patients. The objective of this study was to validate CO measurement
using the inert gas rebreathing (IGR) method against other noninvasive and invasive methods of CO quantification in a
cohort of patients with heart failure and reduced ejection fraction.
Methods and Results—The study included 97 patients with heart failure and reduced ejection fraction (age 42±15.5 years; 64
patients (65.9%) had idiopathic dilated cardiomyopathy and 21 patients (21.6%) had ischemic heart disease). Median left
ventricle ejection fraction was 24% (10%–36%). Patients with atrial fibrillation were excluded. CO was measured using 4
methods (IGR, cardiac magnetic resonance imaging, cardiac catheterization, and echocardiography) and indexed to body
surface area (cardiac index [CI]). All studies were performed within 48 hours. Median CI measured by IGR was 1.75, by
cardiac magnetic resonance imaging was 1.82, by cardiac catheterization was 1.65, and by echo was 1.7 L·min−1·m−2. There
were significant modest linear correlations between IGR-derived CI and cardiac magnetic resonance imaging–derived CI
(r=0.7; P<0.001), as well as cardiac catheterization–derived CI (r=0.6; P<0.001). Using Bland–Altman analysis, the agreement
between the IGR method and the other methods was as good as the agreement between any 2 other methods with each other.
Conclusions—The IGR method is a simple, accurate, and reproducible noninvasive method for quantification of CO in
patients with advanced heart failure. The prognostic value of this simple measurement needs to be studied prospectively.  
(Circ Heart Fail. 2017;10:e003592. DOI: 10.1161/CIRCHEARTFAILURE.116.003592.)
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C

ardiac output (CO) is arguably the best measure of overall
cardiac function, which carries strong prognostic implications.1 To date, there is no universal agreement on what constitutes the best noninvasive method for measuring this parameter.2

by improper alignment of ultrasound beam and the geometric
assumption of the left ventricle (LV) outflow tract (LVOT).8 In
addition, CO quantification with CMR is relatively expensive
and requires long image-acquisition time.5
IGR has emerged as an alternative noninvasive method
to evaluate CO in patients with heart failure (HF), especially
during exercise.9 However, the application of this method is
still limited to a small number of patients and had not been
validated in a large cohort of HF patients.10–12
The current study aimed to validate CO measurement
using the IGR method in a cohort of patients with HF and
reduced ejection fraction (HFrEF).

See Clinical Perspective
CO measurement using the Fick method—which is considered
the gold-standard method—is limited primarily by the need
for invasive catheterization, the difficulty in obtaining accurate oxygen consumption (VO2) measurements, and the inability to achieve a steady state under certain conditions.3,4 This
has stimulated the development and use of several noninvasive
approaches—such as echocardiography, cardiac magnetic resonance (CMR), and inert gas rebreathing (IGR).3,5,6 However,
each of these methods relies on various assumptions and has its
own limitations.4,7,8
Measurement of CO by Doppler echocardiography has
large inter- and intraobserver variability, and it is hampered

Methods
Patients
This was a prospective study conducted in Aswan Heart Center in
the interval between September 2014 and February 2016. Among
264 consecutive patients presented to HF clinic, all 97 patients with
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HFrEF (ejection fraction <40%)—who were judged to need right
heart catheterization to optimize therapy—were enrolled. Patients
with poor echocardiographic window or contraindications to CMR
(implantable pacemakers or resynchronization devices, claustrophobia) were excluded from this study. Three patients were not able
to perform the rebreathing maneuver were also excluded. In addition, patients with atrial fibrillation were excluded because irregular
rhythm hinders the retrospective ECG-gated CMR acquisitions because of incorrect combination of data, which causes significant image corruption and measurement errors.13 Moreover, the beat-to-beat
variation in stroke volume might affect the accuracy of CO measurement by echocardiography.
A written informed consent was obtained from all patients. The
study complies with the Declaration of Helsinki, and the protocol was
approved by the Institutional Research Ethics Committee.

Clinical Data
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Detailed history and clinical examination was performed with special
emphasis on the cause of underlying heart disease, severity of symptoms, New York Heart Association class, and family history. Body
surface area was calculated using Mosteller formula.14 All patients
had 6-minute walk test.15,16
NT-proBNP (N-terminal probrain natriuretic peptide) was measured for all patients. CO was measured by cardiac catheterization
(cath; Fick method) and 3 noninvasive (IGR, CMR, and transthoracic
echocardiography) methods. All CO measurements were obtained
within no more than 48 hours in a blinded manner and then indexed
to body surface area (cardiac index [CI]).

IGR Method
This was performed during cardiopulmonary exercise testing using
an Innocor device (Innovision, Denmark) equipped with an infrared
photoacoustic gas analyzer. During the test, the patient rebreathes an
oxygen-enriched mixture containing small amounts of 2 physiologically inert gases—one is blood soluble (0.5% nitrous oxide, N2O) and
the other is insoluble (0.1% sulfur hexafluoride, SF6)—from a closed
rebreathing system for 5 breaths or 15 seconds. During this time, the
N2O gas is dissolved in the blood perfusing the ventilated parts of the
lungs. The concentration curve of the N2O gas was then obtained,
and the washout rate was calculated, which is proportional to CO
(Figure 1). The changes in gas concentrations recorded during the
initial 2 or 3 breaths were automatically excluded because of insufficient gas mixing between the rebreathing bag and alveolar air. SF6
is mainly used to determine lung vital capacity, tightness of the system, and the accuracy of gas mixing between the rebreathing bag and
alveolar air.9,10 The resting CO measurements were repeated after 15
minutes to check for reproducibility of measurements in 30 patients.

The 15-minute interval is essential to allow complete washout of the
soluble and insoluble gases.
Expired gas analysis was then performed during exercise testing.
Peak VO2, ratio between minute ventilation and CO2 production (VE/
VCO2 slope), and end tidal CO2 tension (PET Co2) were obtained.17 In addition, cardiac power output at rest and peak exercise was derived from
the product of the mean arterial blood pressure and CO divided by 451.9

Cardiac Catheterization
Right heart catheterization was performed to obtain mixed venous
(pulmonary artery) and arterial (aorta) oxygen saturation (SO2).
Then, CO is calculated using the Fick principle as follows18:
CO = VO 2 / ( Aortic SO2 − mixed venous SO 2 ) × 1.36 × Hb × 10
where VO2 is the assumed O2 consumption (3 mL/kg), Hb is the hemoglobin concentration (g/dL), and the constant 1.36 is the oxygencarrying capacity of hemoglobin (expressed in mL O2/g Hb).

Cardiac Magnetic Resonance
All studies were performed with a 1.5-T MRI scanner (Aera; Siemens)
and a 48-channel cardiac coil. Initially, localizers were obtained in 3
orthogonal slices for orientation of anatomy of the heart and the great
vessels, to plan the different cardiac views. A steady-state free precession sequence was performed to measure the ventricular volumes.
LV and right ventricular volumes were scanned in short-axis views.
Contours were drawn manually at the boundary between the blood
pool and the myocardium. Trabeculae and papillary muscles were excluded from the myocardium.
Blood flow of the ascending aorta was quantified at the level
of the pulmonary artery bifurcation using standard 2-dimensional
phase-contrast velocity-encoding imaging of the ascending aorta.5,19
Imaging parameters were free breathing (acquisition time: around 1
minute), retrospective ECG gating, the velocity encoding set to 200
cm/s, slice thickness: 8 mm, time of repetition: 47 ms, and time of
echo: 2.6 ms. Thirty images were obtained per cardiac cycle. Careful
screening of the ECG along the whole sequence was made in order
to view the triggering. After the acquisition is finished, images were
checked for any possible aliasing. Postprocessing was done by manual contour using the same workstation used for the volumes assessment (Argus software tool). Forward stroke volume was multiplied
by the heart rate to obtain the CO in liters per minute (Figure 2).

Transthoracic Echocardiography
Images were obtained via a Philips EPIQ 7 ultrasound system with
2 and 2.5 MHz sector transducers, while the patient in the left lateral

Figure 1. Measurement of cardiac output
(CO) using inert gas rebreathing (IGR)
method. A, Changes of VO2 and VCO2 during exercise. B, IGR. C, Semi-logarithmic
plot for soluble gas nitrous oxide. D,
Insoluble gas sulfur hexafluoride concentration during rebreathing.
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Figure 2. Measurement of cardiac output
(CO) net forward aortic flow by cardiac
magnetic resonance. A and B, Through
plane 2-dimensional phase contrast (2D
PC) blood flow magnetic resonance imaging (velocity encoding=200 cm/s) showing
ascending aorta in cross-section. C and
D, Forward and backward aortic flow values over the entire cardiac cycle. Stroke
volume is obtained from measuring the
area under the curve. Then, stroke volume
is multiplied by heart rate to obtain CO.

decubitus position. The studies were done according to criteria provided by the American Society of Echocardiography.20 ECG was
connected to define the timing of cardiac cycle events. Measurement
of the LVOT diameter was done in a zoomed LVOT-focused view
from the parasternal long axis. The LVOT diameter was then measured during early systole from the junction of the aortic leaflets with
the septal endocardium to the junction of the leaflet with the mitral
valve posteriorly, using inner edge to inner edge. The largest of 3 to
5 measurements was taken to avoid underestimation of the diameter,
which is an inherent error of the tomographic plane imaging. The
LV outflow velocity is recorded using pulsed-wave Doppler from
the apical 5-chamber view, with the sample volume positioned ≈5
mm proximal to the aortic valve. The LVOT velocity time integral
was obtained by tracing the envelope. CO was then calculated using the formula CO=(LVOT diameter)2×0.785×LVOT velocity time
integral×heart rate.

Statistical Analysis
Statistical analysis was performed using Statistical Package for
Social Sciences, version 16 (SPSS 16). First, all variables were tested
for normality using Kolmogrov–Smirnov test.21 Most of the quantitative variables in this study were not normally distributed and accordingly are presented as median (min–max). Quantitative data are
presented as mean±SD when normality assumptions were satisfied.
Qualitative data are presented as number (percentage).21 Bivariate
correlations (2-sided tests) were performed using Spearman correlation coefficient.22 Probability value <0.05 was considered statistically
significant. Agreement among the 4 methods was performed using
Bland–Altman analysis.23

Results
The demographic, clinical, and laboratory characteristics of
the study population are shown in Table 1. Sixty-four patients
(65.9%) had idiopathic dilated cardiomyopathy, whereas
21 patients (21.6%) had HF of ischemic cause. Median LV
ejection fraction was 24% (10%–36%). Despite optimal
medical treatment, 73 patients (75.3%) have severe HF symptoms (New York Heart Association class III or IV). Median

6-minute walk test was 280 m. The majority of patients were
on an angiotensin-converting enzyme inhibitor or angiotensin
receptor blocker (96.6%), β-blockers (74.2%), or mineralocorticoid antagonist (83.5%). NT-proBNP was significantly
high (median NT-proBNP was 1114 pg/mL).
Echocardiographic and CMR measurements are shown
in Table 2. Two thirds of patients had severe LV dysfunction
(defined as LV ejection fraction <30%), whereas 52 patients
(53.6%) had right ventricular systolic dysfunction (defined
as right ventricular ejection fraction <50%).24 Severe mitral
regurgitation was detected in 17 patients (17.5%).
During cardiopulmonary exercise testing, patients
achieved a median workload of 4.6 metabolic equivalents.
Median peak VO2 was 15.5 mL·kg−1·min−1, and 60.8% of
patients had peak VO2 <12 mL·kg−1·min−1. VE/VCO2 slope was
36.7. Median CI was 1.75 L·min−1·m−2, whereas cardiac power
output at peak exercise was 1.3 W (Table 3).
Hemodynamic data obtained during right heart catheterization were shown in Table 4. LV end-diastolic pressure
was significantly high (23 mm Hg). Pulmonary hypertension
(defined as mean pulmonary artery pressure > 25 mm Hg)
was detected in 68 patients (70%). Thirty patients (31%) had
severe pulmonary hypertension (defined as pulmonary artery
systolic pressure >60 mm Hg).

Intraobserver Variability of IGR-Derived CI
Intraobserver variability of CI measurements using the
IGR method was judged by calculating the mean difference
between the repeated measurements performed in 30 patients,
then intraclass correlation coefficient was calculated.25 The
intraobserver mean absolute difference for IGR-derived CI
was 0.03 L·min−1·m−2 (1.8%), and the intraclass correlation
coefficient was 0.94 (P<0.001).
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Table 1. Demographics, Clinical Characteristics, and
Laboratory Workup of Study Population
Variable
Age, y

42±15.5 (18–70)

Male sex, n (%)
BMI, kg/m

2

BSA, m

2

Cigarette smoking
Alcohol intake
Diabetes mellitus

71 (73.2)
28±6.4 (17–48)
1.87±0.28 (1.4–2.7)
42 (43.2)
6 (6.2)
14 (14.4)

Diagnosis, n (%)
 Idiopathic DCM
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 LV noncompaction
 Ischemic heart disease

64 (65.9)
5 (5.2)
21 (21.6)

 Peripartum cardiomyopathy

4 (4.2)

 Valvular

2 (2.1)

 Chemotherapy-induced cardiomyopathy

1 (1.0)

Previous percutaneous coronary intervention

10 (10.3)

Previous cardiac surgery

4 (4.1)

Number of hospitalization for HF in past 6 mo

1 (0–6)

Number of hospitalization for HF in past 1 y

2 (1–8)

significant difference was detected between IGR-derived CI
and CMR-derived CI (1.75 versus 1.82 L·min−1·m−2, respectively; P=0.34). A moderately strong positive linear correlation was demonstrated between IGR-derived CI and
CMR-derived CI (r=0.70; P<0.001; R2=0.49) as well as
cath-derived CI (r=0.61; P<0.001; R2=0.37). However, IGRderived CI showed fair positive linear correlation with echoderived CI (r=0.44; P<0.001; R2=0.19; Figure 3).
CMR-derived CI showed significant linear correlation with cath-derived CI (r=0.52; P<0.001; R2=0.27) and
relatively weak correlation with echo-derived CI (r=0.36;
P=0.001; R2=0.13). Echo-derived CI showed fair significant
linear correlation with cath-derived CI (r=0.51; P<0.001;
R2=0.27; Figure 3).
Bland–Altman analysis revealed good and relatively narrow limits of agreement between IGR-derived CI and cathderived CI (upper and lower limits of agreement were 0.6 and
−0.6, respectively; difference: 0.03 L·min−1·m−2), as well as
CMR-derived CI (upper and lower limits of agreement were 0.5
and −0.8, respectively; difference: 0.1 L·min−1·m−2). The upper
and lower limits of agreement between IGR-detected CI and
echo-derived CI were 1.03 and −1.2 L·min−1·m−2, respectively,
whereas those between CMR-detected CI and cath-derived CI
were 1.02 and −0.6 L·min−1·m−2, respectively (Figure 4).
Table 2. Echocardiography and CMR Measurements
Variable

NYHA class, n (%)
 II

24 (24.7)

Echocardiography

 III

49 (50.6)

 LA anteroposterior diameter, cm

 IV

24 (24.7)

 LAVI, mL/m

39.7 (28–82)

Ascites, n (%)

21 (21.6)

 Mitral E/e′ ratio

13.5 (7–32)

Six-min walk test, m
NT-proBNP, pg/mL
Serum creatinine, mg/dL
Hb, g/dL

280 (60–370)
1114 (460–3350)
0.9 (0.6–1.4)
13.4 (9.2–16.6)

Medications, n (%)

2

 CI, L·min−1·m−2

4.8 (3.8–6.4)

1.7 (0.8–3.25)

 MR, n (%)
  
Mild

19 (19.6)

  
Moderate

50 (51.6)

  
Severe

17 (17.5)
27 (27.9)

 ACEI

75 (77.3)

 Severe TR, n (%)

 ARB

19 (19.6)

CMR

 
β-Blockers

72 (74.2)

 LVEDVI, mL/m2

137.8 (82–312)

 Mineralocorticoid antagonist

81 (83.5)

 LVESVI, mL/m2

104 (53–268)

 Ivabradine

42 (43.2)

 LVEF, %

 Digoxin

27 (27.8)

 Severe LV dysfunction (EF <30%)

Data are presented as mean±SD (min–max), median (min–max), and n
(%). ACEI indicates angiotensin-converting enzyme inhibitor; ARB, angiotensin
receptor blocker; BMI, body mass index; BSA, body surface area; DCM, dilated
cardiomyopathy; Hb, hemoglobin; HF, heart failure; LV, left ventricular; NTproBNP, N-terminal probrain natriuretic peptide; and NYHA, New York Heart
Association.

Correlations and Agreement Among CO Measured
by the 4 Methods
No significant difference was detected between IGR-derived
CI and cath-derived CI (1.75 versus 1.65 L·min−1·m−2, respectively; P=0.65) in the whole study population. Moreover, no

24 (10–36)
63 (64.9)

 RVEDVI, mL/m2

83.2 (32–195)

 RVESVI, mL/m2

60.2 (14–154)

 RVEF, %
 RV systolic dysfunction, n (%)
 CI net forward aortic flow, L·min−1·m−2

31 (7.9–60)
52 (53.6)
1.82 (1.0–3.3)

Data are presented as median (min–max) and n (%). CI indicates cardiac index;
CMR, cardiac magnetic resonance; EF, ejection fraction; LA, left atrium; LAVI,
left atrium volume index; LVEDVI, left ventricular end-diastolic volume index;
LVESVI, left ventricular end-systolic volume index; MR, mitral regurgitation;
RV, right ventricular; RVEF, right ventricular ejection fraction; RVESVI, right
ventricular end-systolic volume index; and TR, tricuspid regurgitation.
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Table 3. CPX Parameters
Variable
METs achieved

4.6 (2.0–13)

Peak VO2, ml/kg/min

15.5 (6.5–25)

Peak VO2 <12 ml/kg/min

59 (60.8)

VE/VCO2 slope

36.7 (17.8–117)

VE/VCO2 slope ≥36

49 (50.5)

PET CO2 at rest, mm Hg

41 (24–49.2)
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PET CO2 at peak exercise, mm Hg

42.6 (25.6–63)

CI at rest, L/min/m2

1.75 (1.0–3.4)

Peak CI, L/min/m2

3.1 (1.4–6.9)

Cardiac power output at rest, W

0.7 (0.2–1.4)

Peak cardiac power output, W

1.3 (0.3–2.4)

Data are presented as median (min–max) and n (%). CPX indicates
cardiopulmonary exercise; and METs, metabolic equivalents.

Discussion
The present study demonstrated good reproducibility and
intraobserver variability for CO measurements using the IGR
method in patients with HFrEF. Moreover, significant modest linear correlations and good agreement were detected
between CO measured using the IGR method and invasive
catheterization (the gold-standard invasive method) as well
as CMR (the gold-standard noninvasive method). To the best
of our knowledge, this is the first study to validate CO measurement using IGR against cath and CMR in a large cohort
of HF patients.
Patients included in this study were severely symptomatic
despite optimal guideline-directed medical therapy. Most of
the patients were Weber class C (64% of patients had peak
VO2 <16) and ventilatory class III (50.5% of patients have VE/
VCO2 slope ≥36). Half of patients had low peak exercise cardiac power output (<1.5 W).9,17
Low CO is a key element of HF, and its measurement is
recommended in patients with advanced HF being evaluated
for heart transplantation or ventricular assist devices (class
I recommendation; level of evidence C).26 CI is an independent predictor of all-cause mortality and heart transplantation
in ambulatory patients with advanced HF.1 In addition, peak
exercise cardiac power output has been identified as an independent predictor of outcome in HF patients.9 Although the
role of periodic measurement of CO has not been established,
Table 4. Hemodynamic (Catheterization) Parameters
Variable
LVEDP, mm Hg
PAPsystolic, mm Hg

23 (11–34)
46 (16–95)

PAPmean, mm Hg

34.5 (11–64)

RAPmean, mm Hg

11 (4–26)

CI, L/min/m2

1.65 (0.9–2.6)

Data are presented as median (min–max).
CI indicates cardiac index; LVEDP, left ventricular end-diastolic pressure;
PAP, pulmonary artery pressure; and RAP, right atrial pressure.

it could reveal occult deterioration of cardiac function that
may give a rationale for intensification of pharmacological
therapy or for more advanced therapy (heart transplantation or
mechanical assist devices).
In reality, measurement of flow is much more difficult
than measurement of pressure, and CO quantification is
hampered by the need for invasive catheterization and the
low precision and accuracy of measurements. The Fick
method is still the gold standard for CO quantification; however, it is time consuming and requires invasive pulmonary
artery catheters to obtain mixed venous oxygen saturation,
which is associated with a potential risk of adverse events.3
In addition, large errors can be obtained when assumed—
rather than measured—VO2 is used.4
Flow quantification with CMR using phase contrast flow
velocity mapping has also been extensively validated with
high accuracy19,27,28; however, it is a relatively expensive
imaging modality that requires long image-acquisition time.5
Furthermore, CO quantification by CMR may be affected by
several factors. The first is the isocenter offset, which affects
the homogeneity of the magnetic field; however, in our study,
it was always at the center of the vessel of interest (aorta).
Another important factor is perpendicular planning of the
through plane measurements to the aorta. The through plane
in our study was performed from 2 orthogonal views. Lastly,
studies with segmented sequences in modern scanners with
shorter bore have shown problems with phase offsets that may
cause errors in CO measurements.29,30
The IGR method is a simple, easy, and cost-effective
method for noninvasive measurements of effective pulmonary
blood flow, which is equivalent to CO as long as no significant intrapulmonary or intracardiac shunts exist.9 It provides
important additional information to that obtained from VO2
and VE/VCO2, which areappreciated as strong independent
prognostic predictors in patients with HFrEF. Furthermore, it
helps to differentiate whether reduced VO2 is because of cardiac or noncardiac (pulmonary or musculoskeletal) diseases.17
In the present study, IGR-derived CI showed modest correlations with CI measured by CMR (r=0.7; P<0.001) and
cath (r=0.6; P<0.001) and correlated less with CI measured by
echocardiography (r=0.36; P=0.001). The agreement between
the IGR method and the other tested methods was as good as
the agreement between any 2 other methods with each other.
Given the apparent excellent reproducibility of this simple and
nonintrusive IGR method, as well as the low and acceptable
percentage error (95% limits of agreement/mean CI) for IGRderived CI measurements, which is close to 30%, the commonly quoted criterion for acceptability of agreement with a
reference standard method when assessing the accuracy and
precision of a new technique for CO measurement,7 the IGR
method lends itself to serial evaluation of CO in HF patients
in daily clinical practice.
Several previous small studies have shown acceptable agreement between CO measured by IGR with those
obtained by thermodilution. Sobański et al10 demonstrated
significant correlation between IGR-derived CO and Fickderived CO (r=0.75; P<0.001) and mean difference 0.006 L/
min in 21 patients. The mean difference in the latter study
was smaller than our study (0.03 L/min/m2); however, the
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Figure 3. Bivariate correlations between cardiac index derived from the 4 tested methods. Cath indicates cardiac catheterization; CI, cardiac index; CMR, cardiac magnetic resonance; Echo, echocardiography; and IGR, inert gas rebreathing.

limits of agreement were wider (±1.3 L/min versus ±0.7
L·min−1·m−2). Similar results were obtained by Gabrielsen
et al,31 who evaluated an older model of the device in 21
patients; the difference and limits of agreement (±2 SD)
between IGR-derived CO and Fick-derived CO was 0.6±1.2
L/min (11 patients), whereas the difference between IGRderived CO and thermodilution-derived CO was 1.0±0.8 L/
min (10 patients). Furthermore, Agostoni et al12 demonstrated
a strong and significant correlation between IGR-derived CO
and Fick-derived CO (r=0.94) in 20 patients with HFrEF
(mean cardiopulmonary exercise–derived CO exceeded Fickderived CO by 0.1 L/min).
On the contrary, Saur et al32 have compared IGR-derived
CO with CMR-derived CO in 264 patients (43% of participants had HF). They showed a good correlation between the
2 methods with a mean difference of 0.2±1.0 L/min; however,

the accuracy of measurements was low in extreme CO ranges,
and the percentage error has exceeded the proposed error limit
developed by Critchley and Critchley.7
The current study demonstrated higher IGR-derived CI
than cath-derived CO (1.75 versus 1.65 L·min−1·m−2, respectively); however, it did not reach statistical significance
(P=0.65). This could be explained in two ways. The first of
these is the influence of lung congestion on gas diffusion and
IGR-derived CO measurements. N2O dissolves not only in the
circulating blood but also in the congested blood in the lungs,
which could overestimate CO calculations in advanced HF
patients included in our study.10,33 According to the ESCAPE
trial, patients in lower New York Heart Association classes
(classes I and II) are less likely to have substantial pulmonary
congestion than those with more advanced HF (classes III and
IV).34 This is supported by the significant, although not strong,

Figure 4. Bland–Altman graph showing
the upper and lower limits of agreement
between the different methods of measuring the cardiac output. Cath indicates
cardiac catheterization; CI, cardiac index;
CMR, cardiac magnetic resonance; Echo,
echocardiography; and IGR, inert gas
rebreathing.
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linear correlation that was detected between LV end-diastolic
pressure and the difference between IGR-derived CI and cathderived CI (r=0.32; P=0.008) in our study patients. Second,
the utility of assumed—rather than measured—VO2 may lead
to a systematic error in CO measurement using Fick method.
IGR method showed very good precision and reproducibility using the Innocor machine in the current study. However,
with regard to accuracy, there are reports that demonstrated
significant differences between gas exchange variables measured by metabolic systems made by different manufacturers,
for example, Innocor and CardiO2.35 This might also apply
to the IGR-derived CO measurements, despite the fact that
Innocore is the only instrument on the market that can noninvasively measure CO using IGR.
Downloaded from http://circheartfailure.ahajournals.org/ by guest on November 21, 2017

Limitations
One limitation of the current study is that it is mainly concerned with validation of a snapshot measurement of CO at
rest using the IGR method against the other currently available
methods, which could subsequently prove the reliability of
such measurement at peak exercise. In addition, the presence
of lung disease may cause errors in CO measurement using
IGR because of ventilation perfusion mismatch36; however,
moderate decreases in diffusing capacity do not significantly
invalidate the IGR method in patients with HF.31 Finally, the
presence of significant intrapulmonary shunt may underestimate CO measurement using the IGR method.

Conclusions
Inert gas rebreathing method is a simple, accurate, and
reproducible noninvasive method for measurement of CO in
patients with advanced heart failure. The prognostic value of
this simple measurement needs to be studied prospectively.

Acknowledgments
We would like to acknowledge the two heart failure specialist nurses
(Hader Abdelmenaem and Saber Mostafa) for their great contribution
in conducting the study and data collection.

Disclosures
None.

References
1. Mullens W, Abrahams Z, Skouri HN, Taylor DO, Starling RC, Francis
GS, Young JB, Tang WH. Prognostic evaluation of ambulatory patients
with advanced heart failure. Am J Cardiol. 2008;101:1297–1302. doi:
10.1016/j.amjcard.2007.12.031.
2. Peyton PJ, Chong SW. Minimally invasive measurement of cardiac
output during surgery and critical care: a meta-analysis of accuracy
and precision. Anesthesiology. 2010;113:1220–1235. doi: 10.1097/
ALN.0b013e3181ee3130.
3. Geerts BF, Aarts LP, Jansen JR. Methods in pharmacology: measurement of cardiac output. Br J Clin Pharmacol. 2011;71:316–330. doi:
10.1111/j.1365-2125.2010.03798.x.
4. Fakler U, Pauli C, Hennig M, Sebening W, Hess J. Assumed oxygen consumption frequently results in large errors in the determination of cardiac
output. J Thorac Cardiovasc Surg. 2005;130:272–276. doi: 10.1016/j.
jtcvs.2005.02.048.
5. Carlsson M, Andersson R, Bloch KM, Steding-Ehrenborg K, Mosén H,
Stahlberg F, Ekmehag B, Arheden H. Cardiac output and cardiac index
measured with cardiovascular magnetic resonance in healthy subjects,
elite athletes and patients with congestive heart failure. J Cardiovasc
Magn Reson. 2012;14:51. doi: 10.1186/1532-429X-14-51.

6. Lewis JF, Kuo LC, Nelson JG, Limacher MC, Quinones MA. Pulsed
Doppler echocardiographic determination of stroke volume and cardiac
output: clinical validation of two new methods using the apical window.
Circulation. 1984;70:425–431.
7. Critchley LA, Critchley JA. A meta-analysis of studies using bias and
precision statistics to compare cardiac output measurement techniques. J
Clin Monit Comput. 1999;15:85–91.
8. Doddamani S, Bello R, Friedman MA, Banerjee A, Bowers JH Jr,
Kim B, Vennalaganti PR, Ostfeld RJ, Gordon GM, Malhotra D,
Spevack DM. Demonstration of left ventricular outflow tract eccentricity by real time 3D echocardiography: implications for the determination of aortic valve area. Echocardiography. 2007;24:860–866. doi:
10.1111/j.1540-8175.2007.00479.x.
9. Lang CC, Karlin P, Haythe J, Lim TK, Mancini DM. Peak cardiac power output, measured noninvasively, is a powerful predictor of outcome
in chronic heart failure. Circ Heart Fail. 2009;2:33–38. doi: 10.1161/
CIRCHEARTFAILURE.108.798611.
10. Sobański P, Sinkiewicz W, Kubica J, Błazejewski J, Bujak R. The reliability of noninvasive cardiac output measurement using the inert gas
rebreathing method in patients with advanced heart failure. Cardiol J.
2008;15:63–70.
11. Jakovljevic DG, Nunan D, Donovan G, Hodges LD, Sandercock GR,
Brodie DA. Comparison of cardiac output determined by different rebreathing methods at rest and at peak exercise. Eur J Appl Physiol.
2008;102:593–599. doi: 10.1007/s00421-007-0631-4.
12. Agostoni P, Cattadori G, Apostolo A, Contini M, Palermo P, Marenzi
G, Wasserman K. Noninvasive measurement of cardiac output during
exercise by inert gas rebreathing technique: a new tool for heart failure evaluation. J Am Coll Cardiol. 2005;46:1779–1781. doi: 10.1016/j.
jacc.2005.08.005.
13. Contijoch F, Rogers K, Rears H, Shahid M, Kellman P, Gorman J
3rd, Gorman RC, Yushkevich P, Zado ES, Supple GE, Marchlinski
FE, Witschey WR, Han Y. Quantification of left ventricular function
with premature ventricular complexes reveals variable hemodynamics. Circ Arrhythm Electrophysiol. 2016;9:e003520. doi: 10.1161/
CIRCEP.115.003520.
14. Mosteller RD. Simplified calculation of body-surface area. N Engl J
Med. 1987;317:1098. doi: 10.1056/NEJM198710223171717.
15. ATS Committee on Proficiency Standards for Clinical Pulmonary
Function Laboratories. ATS statement: guidelines for the six-minute
walk test. Am J Respir Crit Care Med 2002;166:111–117.
16. Willenheimer R, Erhardt LR. Value of 6-min-walk test for assessment of
severity and prognosis of heart failure. Lancet. 2000;355:515–516. doi:
10.1016/S0140-6736(99)00445-6.
17. Guazzi M, Adams V, Conraads V, Halle M, Mezzani A, Vanhees L, Arena
R, Fletcher GF, Forman DE, Kitzman DW, Lavie CJ, Myers J; EACPR;
AHA. EACPR/AHA Joint Scientific Statement. Clinical recommendations for cardiopulmonary exercise testing data assessment in specific
patient populations. Eur Heart J. 2012;33:2917–2927. doi: 10.1093/
eurheartj/ehs221.
18. Fagard R, Conway J. Measurement of cardiac output: Fick principle using catheterization. Eur Heart J. 1990;11(suppl I):1–5.
19. Hundley WG, Li HF, Hillis LD, Meshack BM, Lange RA, Willard JE,
Landau C, Peshock RM. Quantitation of cardiac output with velocityencoded, phase-difference magnetic resonance imaging. Am J Cardiol.
1995;75:1250–1255.
20. Quiñones MA, Otto CM, Stoddard M, Waggoner A, Zoghbi WA; Doppler
Quantification Task Force of the Nomenclature and Standards Committee
of the American Society of Echocardiography. Recommendations for
quantification of Doppler echocardiography: a report from the Doppler
Quantification Task Force of the Nomenclature and Standards Committee
of the American Society of Echocardiography. J Am Soc Echocardiogr.
2002;15:167–184.
21. Chan YH. Biostatistics 101: data presentation. Singapore Med J.
2003;44:280–285.
22. Chan YH. Biostatistics 104: correlational analysis. Singapore Med J.
2003;44:614–619.
23. Bland JM, Altman DG. Measuring agreement in method comparison studies. Stat Methods Med Res. 1999;8:135–160. doi:
10.1177/096228029900800204.
24. Pavlicek M, Wahl A, Rutz T, de Marchi SF, Hille R, Wustmann K, Steck
H, Eigenmann C, Schwerzmann M, Seiler C. Right ventricular systolic
function assessment: rank of echocardiographic methods vs. cardiac
magnetic resonance imaging. Eur J Echocardiogr. 2011;12:871–880.
doi: 10.1093/ejechocard/jer138.

8   Hassan et al   Validation of Inert Gas Rebreathing

Downloaded from http://circheartfailure.ahajournals.org/ by guest on November 21, 2017

25. Shrout PE, Fleiss JL. Intraclass correlations: uses in assessing rater reliability. Psychol Bull. 1979;86:420–428.
26. Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JG, Coats AJ,
Falk V, González-Juanatey JR, Harjola VP, Jankowska EA, Jessup M,
Linde C, Nihoyannopoulos P, Parissis JT, Pieske B, Riley JP, Rosano
GM, Ruilope LM, Ruschitzka F, Rutten FH, van der Meer P; Authors/
Task Force Members. 2016 ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure: The Task Force for the diagnosis
and treatment of acute and chronic heart failure of the European Society
of Cardiology (ESC)Developed with the special contribution of the Heart
Failure Association (HFA) of the ESC. Eur Heart J. 2016;37:2129–2200.
doi: 10.1093/eurheartj/ehw128.
27. Powell AJ, Maier SE, Chung T, Geva T. Phase-velocity cine magnetic resonance imaging measurement of pulsatile blood flow in children and young adults: in vitro and in vivo validation. Pediatr Cardiol.
2000;21:104–110. doi: 10.1007/s002469910014.
28. Arheden H, Saeed M, Törnqvist E, Lund G, Wendland MF, Higgins CB,
Ståhlberg F. Accuracy of segmented MR velocity mapping to measure
small vessel pulsatile flow in a phantom simulating cardiac motion. J
Magn Reson Imaging. 2001;13:722–728.
29. Gatehouse PD, Rolf MP, Graves MJ, Hofman MB, Totman J, Werner B,
Quest RA, Liu Y, von Spiczak J, Dieringer M, Firmin DN, van Rossum
A, Lombardi M, Schwitter J, Schulz-Menger J, Kilner PJ. Flow measurement by cardiovascular magnetic resonance: a multi-centre multi-vendor
study of background phase offset errors that can compromise the accuracy of derived regurgitant or shunt flow measurements. J Cardiovasc
Magn Reson. 2010;12:5. doi: 10.1186/1532-429X-12-5.
30. Rolf MP, Hofman MB, Gatehouse PD, Markenroth-Bloch K, Heymans
MW, Ebbers T, Graves MJ, Totman JJ, Werner B, van Rossum AC,

31.

32.

33.
34.

35.

36.

Kilner PJ, Heethaar RM. Sequence optimization to reduce velocity offsets in cardiovascular magnetic resonance volume flow quantification–
a multi-vendor study. J Cardiovasc Magn Reson. 2011;13:18. doi:
10.1186/1532-429X-13-18.
Gabrielsen A, Videbaek R, Schou M, Damgaard M, Kastrup J, Norsk
P. Non-invasive measurement of cardiac output in heart failure patients using a new foreign gas rebreathing technique. Clin Sci (Lond).
2002;102:247–252.
Saur J, Fluechter S, Trinkmann F, Papavassiliu T, Schoenberg S,
Weissmann J, Haghi D, Borggrefe M, Kaden JJ. Noninvasive determination of cardiac output by the inert-gas-rebreathing method–comparison with cardiovascular magnetic resonance imaging. Cardiology.
2009;114:247–254. doi: 10.1159/000232407.
Laszlo G. Respiratory measurements of cardiac output: from elegant idea
to useful test. J Appl Physiol (1985). 2004;96:428–437. doi: 10.1152/
japplphysiol.01074.2001.
Binanay C, Califf RM, Hasselblad V, O’Connor CM, Shah MR,
Sopko G, Stevenson LW, Francis GS, Leier CV, Miller LW; ESCAPE
Investigators and ESCAPE Study Coordinators. Evaluation study of
congestive heart failure and pulmonary artery catheterization effectiveness: the ESCAPE trial. JAMA. 2005;294:1625–1633. doi: 10.1001/
jama.294.13.1625.
Jakovljevic DG, Nunan D, Donovan G, Hodges LD, Sandercock
GR, Brodie DA. Lack of agreement between gas exchange variables measured by two metabolic systems. J Sports Sci Med. 2008;
7:15–22.
Petrini MF, Peterson BT, Hyde RW. Lung tissue volume and blood flow
by rebreathing theory. J Appl Physiol Respir Environ Exerc Physiol.
1978;44:795–802.

CLINICAL PERSPECTIVE
To date, there is no universal agreement on what constitutes the best noninvasive method for measuring cardiac output (CO).
All available methods—even the gold-standard Fick method—rely on various assumptions and hence are subject to low
accuracy and precision. Inert gas rebreathing method is a simple, accurate, nonintrusive, reproducible, and cost-effective
method for noninvasive measurement of CO, which showed good correlation and relatively narrow limits of agreement with
CO measured using the gold-standard invasive (cardiac catheterization) and noninvasive (magnetic resonance imaging)
methods. Inert gas rebreathing may allow periodic measurement of CO, which could reveal occult deterioration of cardiac
function and, thus, provide a rationale for the intensification of pharmacological therapy or for more intensive therapy (heart
transplantation or mechanical assist devices). The findings of our study may act to spur several other studies; this could
include, for example, sequential CO measurement in follow-up of heart failure patients during ventricular assist device support (which may be a criterion for explantation and detecting changes after explantation) and studying the prognostic value
of inert gas rebreathing–derived CO in patients with heart failure and preserved ejection fraction or any other group.
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