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Summary. Background: Non-invasive evaluation of haemo-

dynamic variables remains a preferable and attractive op-

tion in both pharmacologic research and clinical cardiology.

Objectives: The objective of this study was to evaluate

the correlation, feasibility and diagnostic value of haemody-

namic measurements by ICG with the thermodilution (TD)

method at rest and during exercise testing.

Methods: We measured stroke volume (SV) and cardiac

output (CO) with both methods in 20 patients with sus-

pected coronary artery disease (CAD). All measurements

were performed simultaneously at rest and during bicycle

exercise.

Results: There was a highly significant correlation (p <
0.001) for measurements of SV between both methods at

rest (r = 0.83) and during exercise (r = 0.85–0.87) with

50–100 watts. For measurements of CO, the respective cor-

relations were r = 0.85 at rest and r = 0.92–0.94 during

exercise. The mean difference for measurements of SV were

3.8 ± 12.6 ml at rest and 6.5 ± 11.4 ml during exercise.

For measurements of CO, the mean difference between both

methods was 0.9 ± 1.0 l/min at rest and 1.0 ± 0.8 l/min dur-

ing exercise. Compared to TD measurements, ICG had a bias

to overestimate SV and CO of approximately by 5–10%. One

patient had to be excluded because of inappropriate quality

of the ICG signals during exercise.

Conclusions: ICG is a feasible and accurate method for

non-invasive measurements of SV and CO. Haemodynamic

measurements by ICG were correlated highly significant to

simultaneous measurements by the TD method.
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Introduction

Non-invasive and continuous evaluation of
haemodynamic variables such as stroke volume
and cardiac output is a preferable and attractive option
in both pharmacologic research and clinical cardiol-
ogy. Impedance cardiography allows (ICG) allows
non-invasive monitoring of cardiac function by mea-
suring pulse-synchrone changes in thoracic electrical
bioimpedance via simple surface electrodes together
with a conventional electrocardiogram (ECG). Derived
from the first derivative of the thoracical bioimpedance

curve, the impedance cardiogramme (ICG), stroke
volume (SV) and cardiac output (CO) can be calculated
via various formula [1–4]. In comparison to other non-
invasive methods for monitoring cardiac function and
haemodynamics such as Doppler-echocardiography
which demands highly skilled investigators [5–7], ICG
has the advantage of being an user-independent and
less time consuming method with a portable device
which can therefore be simply applied in cardiovascular
research and clinical routine. Compared to invasive
methods for measuring cardiac function and output
such as the thermodilution (TD) method or the direct
Fick-method, ICG has the inherent advantages of
any non-invasive method, namely of being free of any
typical potential risks and complications associated
with an interventional procedure i.e. right heart
catheterization [8].

Due to substantial progress in the development of
computerized, ICG systems which provide online and
continuous availability of various haemodynamic pa-
rameters, ICG has recently regained attention. The va-
lidity and reliability of impedance cardiography (ICG)
has been reviewed by several authors [9–11]. ICG
was reported as a reliable and accurate method for
non-invasive measurement of SV and CO. The cor-
relation of ICG versus standard invasive methods
at rest has been extensively studied in healthy vol-
unteers, pharmacologic research and various clinical
settings including applications in the intensive care
unit [12,13], the intra- and peripostoperative setting
[14,15] and pharmacologic stress testing [16,17]. The
largest meta-analysis including 27 studies comparing
ICG versus the TD method [10] reported a correla-
tion of r = 0.81 between both methods. However,
only one study [20] examined the validity and corre-
lation of ICG versus the TD during exercise testing
in patients with cardiac disease. All other available
validation studies of ICG during exercise have been
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conducted versus the direct or indirect Fick method
which has several methodological limitations for its use
during exercise [18,19–24]. In addition, there are no
data on the diagnostic value of ICG in patients with
left ventricular dysfunction during exercise, a condi-
tion which is kown to reduce the accuracy of ICG.

The primary objective of our study was to evaluate
the correlation of measurements of SV and CO by ICG
versus with the respective measurements by the TD
method at rest and at various stages of bicycle exercise.
Secondary objectives were to assess the feasibility of
ICG during exercise to assess its potential value for
future applications in patients with suspected coronary
artery disease.

Patients and Methods

Patients and study protocol

We examined serial 20 patients (13 males, 7 females,
mean age 58.4 ± 6.4 years) who where referred to
our institution for cardiac catheterization. The indi-
cation for cardiac catherization was based on either
suspected CAD because of a positive exercise electro-
cardiographic (ECG) test, typical anginal symptoms,
a known history of manifest CAD (previous myocar-
dial infarction, CABG or PTCA) or atypical symptoms
including dyspnea on exertion. After selective coro-
nary angiography (Judkin’s technique) and left ven-
tricular angiography, right heart catheterization was
performed together with exercise testing. Simultane-
ous haemodynamic measurements by ICG and the TD
method were performed at rest and at the different
stages of exercise. The baseline characteristics of all
study patients are given in Table 1.

All ICG-derived haemodynamic data were evalu-
ated after completion of the invasive studies by coro-
nary angiography or right heart catheterisation by
investigators blinded to the results of the two inva-
sive methods. Informed consent for participation in the

Table 1. Baseline characteristics

Previous CV history
Hypertension (n) 16
Previous MI (n) 8
Previous CABG (n) 3
Previous PTCA (n) 4

Angiographic findings∗
LV ejection fraction 62 ± 5%
No significant CAD (n) 7
Single vessel disease (n) 6
Two vessel disease (n) 3
Three vessel disease (n) 4

CV: cardiovascular; MI: myocardial infarction; CABG: coronary artery
bypass grafting; PTCA: percutaneous transluminal coronary angioplasty;
CAD: coronary artery disease;
∗LV: left ventricular; Significant CAD was defined as more than 50 % lumen
narrowing by quantitative coronary angiography.

study was obtained from all patients. The study was
approved by the appropaite nstitutional ethical review
board.

Exercise testing

All patients underwent exercise testing in a semi-
supine position in the catherization laboratory in a
supine position after coronary angiography. Exercise
testing was routinely started at 25 watts with increas-
ing 3-minute stages of 50 watts until the age-predicted
heart rate (85% of 220 minus age) was achieved. Other
criteria for the termination of the exercise test were the
presence of angina pectoris, significant ST depression,
dyspnea, significant arrhythmias, hypertension (sys-
tolic blood pressure ≥220 mmHg, diastolic blood pres-
sure ≥110 mmHg), other cardiac or circulatory symp-
toms (palpitations) or peripheral exhaustion.

Right heart catheterization

All patients underwent right heart catherization us-
ing a conventional pulmonary artery catheter (Baxter
Inc., Irvine, California, USA) which was positioned in
the pulmonary artery. The correct position was con-
trolled by confirmation of the typical pressure curves
and radiographic control. TD measurements were ob-
tained by manual bolus injections of iced water (4–
6 degrees Celsius) independently from the respiratory
cycle into the right atrium and detection by the ther-
mistor probe at the distal end in the pulmonary artery.
The first of four consecutive measurements was rou-
tinely skipped to avoid incorrect measurements. The
thermodilution curve confirming correct injection was
visible on a control screen. The calculations of SV and
CO derived from the thermodilution curves were auto-
matically performed by the haemodynamic microcom-
puter (Edwards Laboratories Inc., Madison, Wisconsin,
USA) connected to the pulmonary catheter using the
respective standard formula.

Impedance cardiography

Continuous haemodynamic monitoring during the bicy-
cle exercise test was performed by an automated ICG
system (cardioscreen professional, Medis GmbH, Ilme-
nau, Germany). The ICG system consisted of a con-
ventional laptop computer with the ICG signal pro-
cessing software and a transmitting unit. Four pairs
of electrodes positioned (one pair at the left and right
neck in the sternocleidomastoid region, one pair at the
left and right side of the lower thoracic aperture in
the medioclavicular line) were used for recording the
thoracic bio-impedance field (“four pair method”). The
ECG was monitored by three conventional electrodes.
Correct identification of the points B (opening of the
aortic valve), P (maximum systolic flow) and X (closure
of the aortic valve) on the ICG curves were confirmed
by marker channels. The modified Bernstein formula
(4) was used for automated calculation of stroke vol-
ume (SV) and derived thereof, cardiac output (CO). The
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ICG-system was programmed to average and calculate
five consecutive beats at each prespecified timepoint
at rest and at the different exercise stages (50 watts,
75 watts, 100 watts). The system permitted continuous
on-line monitoring the ICG and ECG signals includ-
ing the programmed haemodynamic variables. All ICG
data were digitally stored and evaluated blinded to the
haemodynamic findings obtained by right heart cather-
ization.

Statistical analysis

All data are presented as mean values ± standard
deviation (SD) if not indicated otherwise. The Mann-
Whitney u-test was used for comparison of haemo-
dynamic variables between the patients groups. The
Wilcoxon test was used for comparisons within the
groups. A p-value of p < 0.05 was interpreted as signif-
icant. The Pearson method was used for calculating the
correlations between the measurements of SV and CO
by ICG versus the TD method. The accuracy of ICG
measurements versus the TD method was compared
using the Bland-Altman method [25] defining the limits
of agreement as mean ± (2SD). Despite the coefficients
of correlation all measurements were rounded to one
decimal.

Results

Exercise testing and coronary angiography

Seven of 20 patients had no significant coronary artery
disease, in 13 patients significant coronary angiogra-
phy was diagnosed (defined as ≥50% lumen narrowing
by quantitative coronary angiography). The results of
coronary angiography are included in Table 1 (baseline
characterictics). All patients had a normal left ventric-
ular ejection fraction at baseline was (mean 62 ± 5%).
An exercise level of 50 watts was achieved by all pa-
tients, 18 of 20 patients achieved 75 watts. Eleven of 20
patients were able to achieve 100 watts of exercise for

Table 2. Results and correlation of simultaneous measurements of stroke volume (SV) and cardiac output (CO) by either the
thermodilution method (TD) or impedance cardiography (ICG). The last column gives the coefficient of correlation (r) between the two
methods. Significant differences versus measurements at rest of p ≤ 0.01 are indicated by ∗

� mean
difference P (TD vs Coefficient of

Parameter TD ICG (ICG-TD) ICG) correlation (r)

Stroke volume (SV)
Rest (ml) 97.0 ± 20.8 98.5 ± 22.2 3.8 ± 12.6 n.s. 0.83
50 Watt (ml) 103.3 ± 13.1∗ 110.6 ± 18.8∗ 7.4 ± 9.8 n.s. 0.85
75 Watt (ml) 113.6 ± 16.3∗ 119.8 ± 21.5∗ 8.3 ± 11.6 n.s. 0.82
100 Watt (ml) 119.8 ± 18.2∗ 120.1 ± 27.9∗ 6.5 ± 11.4 n.s. 0.87

Cardiac output (CO)
Rest (l/min) 6.4 ± 1.1 7.3 ± 1.7 0.9 ± 0.9 n.s. 0.85
50 Watt (l/min) 9.6 ± 1.8∗ 10.7 ± 2.3∗ 1.1 ± 0.8 n.s. 0.94
75 Watt (l/min) 11.4 ± 2.3∗ 12.2 ± 2.4∗ 0.8 ± 1.2 n.s. ∗0.93
100 Watt (l/min) 13.2 ± 2.6∗ 13.7 ± 2.8∗ 0.5 ± 1.6 n.s. 0.92

2 minutes before exercise testing was stopped. Only 7
of 20 patients were able to achieve the age-predicted
target heart rate. In the remaining 13 patients, the ex-
ercise test was stopped either due to dyspnea (n = 7),
anginal symptoms (n = 3) or a typical pathologic ST-
depression in the ECG (n = 3).

Comparison of stroke volume and cardiac

output by thermodilution and impedance

cardiography

One patient had to be excluded from automated
ICG-analysis because of inappropriate quality of the
recorded ICG-curves. The results of 19 patients in
whom simultaneous measurements of SV and CO by
either TD or ICG were compared at rest (baseline) and
at each exercise stage are given in Table 2. Bicycle
exercise resulted in an significant increase of SV and
CO versus baseline starting already at 50 watts in all
patients (p < 0.01). There were no significant differ-
ences between the TD and ICG measurements of SV
and CO at the different stages (50, 75 and 100 watts,
respectively) of exercise (Figs. 1 and 2). There was
a highly significant correlation between both methods
(p < 0.0001) for measurements of SV and CO at rest
(r = 0.83 and r = 0.85) and at each stage of exercise
(r = 0.82 − −0.87 and r = 0.85–0.92). Regression plots
of SV and CO by ICG versus the TD method at baseline
and 100 watts are depicted in Figures 3–6. The compar-
ison of both methods using the Bland-Altmann method
showed a total mean difference for measurements of
SV of 3.8 ± 12.6 ml (95% limits of agreement −20.9 ml,
± 28.6 ml) at rest and 6.5±11.4 ml (95% limits of agree-
ment −15.8 ml, +28.9 ml) during exercise. This corre-
sponded to an average difference of 4.7 ± 13.6% at rest
and 9.8±10.2% during exercise between both methods.
For measurements of CO, the total mean difference be-
tween both methods was 0.9 ± 1.0 l/min at rest (95 %
limits of agreement −1.0 ml, +2.7 l/min) and 1.0 ± 0.8
l/min (95% limits of agreement −2.6 ml, +3.6 l/min) dur-
ing exercise corresponding to an average difference of
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(Fig. 1)

(Fig. 2)

Figs. 1 and 2. Comparison of stroke volume (SV) and cardiac
output (CO) at baseline and 50, 75 and 100 watts of bicycle
exercise by either the thermodilution method (TD) or impedance
cardiography (ICG). There were no significant differences
between both methods at baseline and the various exercise stages
(compare Table 2).

6.4 ± 8.8% at rest and 11.4 ± 14.8% during exercise.
Systematically higher values for SV and CO were cal-
culated by ICG as compared to TD.

Discussion

The results of this study demonstrate that ICG is an ac-
curate and feasible method for non-invasive haemody-
namic evaluation not only at rest but also during exer-
cise testing. There was a highly significant correlation
(p < 0.001) for measurements of both SV and CO mea-
sured by either ICG or the TD method at rest and at var-
ious stages of bicycle exercise. This is of particular im-
portance since the correlation of both methods and thus
the validity of ICG for haemodynamic evaluation dur-
ing exercise has so far been only poorly studied [18–24].
In contrast to all other previous studies which despite

(Fig. 3)

(Fig. 4)

(Fig. 5)

Figs. 3 to 6. Regression plots of stroke volume (SV) and
cardiac output (CO) at baseline and 100 watts of bicycle exercise
by either the thermodilution method (TD) or impedance
cardiography (ICG). (Continued on next page.)
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(Fig. 6)

Figs. 3 to 6. (Continued).

one study [20] included only healthy volunteers or pa-
tients without cardiac disease, all patients in our study
underwent coronary catheterization to assess coronary
status including left ventricular angiography. The pres-
ence or absence of significant coronary artery disease
becomes important when the correlation and validity
of ICG measurements during exercise versus another
standard method should be assessed since left ventric-
ular dysfunction may reduce the accuracy of ICG mea-
surements due to difficulties in the automated identifi-
cation of aortic closure [11,26]. Therefore, correlations
reported for ICG versus other standard methods re-
sulting from comparative studies with healthy volun-
teers cannot regarded applicable and valid for assessing
the accuracy of ICG in clinical situations or pharmaco-
logic studies in with exercised-induced left ventricular
dysfunction might occur.

Comparison with previous studies examining

impedance cardiography during exercise

The reported correlation between ICG and the direct
Fick method used in previous exercise studies ranged
fromr = 0.82–94 at rest andr =0.85–95 during exercise
[18–24]. In the first study comparing haemodynamic
measurements by ICG with the Fick method during ex-
ercise, 6 healthy males and 20 patients with suspected
CAD were studied by Teo and collegues [18]. The au-
thors reported no significant differences for between
both methods but highly significant correlations. ICG,
the TD method and measurements obtained by the Fick
method were compared in a study by Belardinelli and
collegues [20] in a series of 25 consecutive patients with
coronary artery disease. Consistent with the results of
our study, no significant differences between measure-
ments of SV and CO by TD or ICG were found. The
correlation of ICG versus TD was reported high at rest

(r = 0.94–0.98) and during exercise (r = 0.90). The
results of our study confirm that ICG-based calcula-
tions seem to have a tendency to slightly overestimate
SV and CO compared to other standard methods such
as the TD- or the Fick method [5,9–11,20,24,25]. How-
ever, importantly, this trend towards an overestimation
does not increase during exercise and a stable correla-
tion between both methods was maintained until 100
watts (Table 2, Figs. 1 and 2). When interpreting re-
sults of comparative studies on haemodynamic param-
eters such as SV and CO it has also to be considered
that the “true” SV “true” CO can in fact never be—
and will never be—measured by any of the currently
available or future methods but all respective data rep-
resent rather an estimated by method-specific formu-
las based on certain physiological and mathematical as-
sumptions. From this perspective, a relative mean dif-
ference between 5–10% for ICG-based measurements
of SV and CO versus the respective TD-based mea-
surements (which usually have a variability of at least
this size as well) as shown in this study together with
a highly statistically significant and stable correlation
between ICG- and TD-based measurements represents
a rather assuring and encouraging finding for future
applications in both pharmacologic studies and clinical
routine.

Clinical implications

A valid and feasible method for evaluation of left ven-
tricular function in patients with suspected or previous
history of coronary artery disease would not only allow
reliable and accurate haemodynamic measurements at
rest and during exercise, but should also be simple to
use, cost-effective and be suited for serial evaluations.
In this context, the major finding of this study com-
paring ICG versus TD is that we demonstrated that
the previously reported high and significant correlation
between ICG- and TD based measurements of SV and
CO at rest can be maintained not only in healthy volun-
teers but also in patients with a high prevalence of coro-
nary artery disease and exercise-induced ischaemia
(p < 0.001) together with a high feasibility of ICG.
In contrast to other studies, by the design of our study,
we clearly differentiated between resting and exercise
measurements and the respective correlations at each
exercise stage in order to exclude a progressive loss
of correlation between both methods during increasing
stages of exercise. Our results are therefore important
for both cardiovascular research and clinical cardiology
and because they extend the potential for future ap-
plications of the new generation of ICG systems from
measurements at rest towards their use during exer-
cise testing.

Study limitations

The conduct of left and right heart catheterization in
the catherization laboratory required exercise test-
ing in a semi-supine position. This might, due to the
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increased venous return and consecutively increase
thoracic blood volume, have resulted in a different tho-
racical bioimpedance at baseline as compared to exer-
cise testing in an upright position since posture has been
shown to have an impact on form and detection of the
ICG signal. Applying other formula than the Bernstein
formula [4] we used for calculating SV or other elec-
trode positions than in the present study might also
impact results of ICG [31]. However, comparing differ-
ent mathematical approaches for calculating estimates
of SV and CO were not the objective of the present
study.

Conclusions

The results of our study demonstrate that ICG is ac-
curate and feasible method for non-invasive measure-
ments of SV and CO not only at rest but also during bi-
cycle which is highly and significantly correlated with
invasive measurements by the TD. There was a non-
significant but systematic overestimation of SV and CO
by ICG compared to the TD method. Our results sup-
port the use of ICG in both pharmacologic and clini-
cal research in exercise studies in which non-invasive
haemodynamic monitoring is desired.
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