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Abstract

Background: Thoracic bioreactance (TB), a noninvasive method for the measurement of cardiac output (CO), shows
good test-retest reliability in healthy adults examined under research and resting conditions.

Obijective: In this study, we evaluate the test-retest reliability of CO and cardiac power (CPO) output assessment during
exercise assessed by TB in healthy adults under routine clinical conditions.

Methods: 25 test persons performed a symptom-limited graded cycling test in an outpatient office on two different
days separated by one week. Cardiorespiratory (power output, VO, ) and hemodynamic parameters (heart rate,
stroke volume, CO, mean arterial pressure, CPO) were measured at rest and continuously under exercise using a
spiroergometric system and bioreactance cardiograph (NICOM, Cheetah Medical).

Results: After 8 participants were excluded due to measurement errors (outliers), there was no systematic bias in all
parameters under all conditions (effect size: 0.2-0.6). We found that all noninvasively measured CO showed acceptable
test-retest-reliability (intraclass correlation coefficient: 0.59-0.98; typical error: 0.3-1.8). Moreover, peak CPO showed
better reliability (intraclass correlation coefficient: 0.80-0.85; effect size: 0.9-1.1) then the TB CO, thanks only to the
superior reliability of MAP (intraclass correlation coefficient: 0.59-0.98; effect size: 0.3-1.8).

Conclusion: Our findings preclude the clinical use of TB in healthy subject population when outliers are not identified.
(Arq Bras Cardiol. 2019; 113(2):231-239)

Keywords: Cardiac Output; Cardiography, Impedance/methods; Exercise; Exercise Test/methods; Echocardiography/
methods; Reproducibility of Results; Adult.

Introduction exercise capacity.'®'" But, estimation of VO, is influenced
by several non-cardiac factors,*'? and can, therefore, be
misleading.”">' Furthermore, CO cannot be accurately
predicted from cardiopulmonary exercise testing.*'>

Cardiac output (CO) is an important physiological surrogate
parameter, reflecting the hemodynamic demands of the
organism. CO measuring has a wide application spectrum’
and can provide information on hemodynamic status in However, to evaluate hemodynamic status, catheter-based

patients? as well as athletes.? In chronic heart failure, CO is measuring (i.e., Fick method, the:rgodilution method) is
decreased and patients suffer from exercise intolerance.** considered as the clinical standard. Since such invasive

In contrast, the athlete s heart shows structural and functional methods are associated with high r.isk, their applicability is
adaptations due to training® resulting in a higher CO.” restricted.'®'? Therefore, noninvasive measuring methods
Interestingly altered cardiac structure and function do not ~ (i-e- transoesophageal echocardiography, lithium dilution CO,
predict exercise intolerance®? or CO response® in both cases. pulse contour CO, partial CO, rebreathing, thoracic electrical
o s : :
Thus, cardiopulmonary exercise testing is necessary and peak bioimpedance) were developed.”” Of the noninvasive

oxygen consumption (VO, ) is measured to determine measuring methods, especially th.e th.oramc ele?ctrlcal
pea bioimpedance was frequently used in clinical studies and

evaluated for its reliability.?* However, thoracic bioreactance
(TB) is a further promising technology to noninvasively monitor

Mailing Address: Wilfried Dinh CO.2" TB is based on the measurement of blood flow-related
Bayer Pharma AG - Drug Discovery, Clinical Sciences, Experimental Medicine phase shifts of transthoracic electric signals to monitor
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accepted November 14, 2018 several clinical settings.?"**? But, before TB can be adopted
for clinical and performance decision making, test’s quality
criteria, as the test-retest reliability, must be fulfilled.
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Jones et al.?® tested the test-retest reliability in a healthy
study population. 22 healthy adults performed twice a
symptom-limited exercise test. Standard cardiorespiratory data
were measured via spiroergometry and the hemodynamic
response was monitored via TB using the NICOM® system.
The authors state that TB allows good test-retest reliability
for hemodynamic measurement at rest as well as under
submaximal and maximal exertion. This particular study was
the first to confirm that TB might be a feasible test method.
Noteworthy, the study was performed under tightly controlled
research conditions. Overall, three visits were necessary
to determine individual cardiorespiratory capability and
to perform both exercise tests. Furthermore, to exclude
confounders, certain inclusion criteria had to be fulfilled (e.g.,
non-smokers, empty stomach for > 2 h, no vigorous exercise
24 h before testing, no alcohol or caffeine consumption). Such
scientific testing conditions are often difficult to guarantee
in daily clinical routine. Thus, it remains unclear, if TB is an
appropriate examination procedure not only in a research
setting but also in daily clinical routine.

Contrary to CO based on heart rate (HR) and stroke
volume (SV), cardiac power output (CPO) indicates the overall
function of the heart.?” CPO is the product of the CO and
mean arterial pressure (MAP) and therefore is a measure of
cardiac pumping.*® Peak cardiac power output (CPO__,), the
CPO achieved during maximal stress, is a major determinant
of exercise intolerance and performance in cardiac patients
and healthy persons, respectively.?*

Worth mentioning, CPO measuring can improve medical
management®'? and risk stratification®*° in cardiac patients.
In chronic heart failure, CPO is a powerful and independent
predictor of survival outcome.?* CPO also reflects cardiovascular
adaptions and training status in athletes.® In fact, compared to
non-athletes,** CPO is higher in athletes.>*” Thus, CPO might
be an additive performance diagnostic parameter, which could
help to guide training modalities.>”3® Like other established
measures of exercise capacity, CPO cannot be predicted from
resting cardiac parameters.

Under this background, the aims of the present study
were: 1) to evaluate the test-retest reliability of TB in healthy
adults during the daily clinical routine, and 2) to assess the
relationships between CPO and resting measures of cardiac
structure and function as well as traditional cardiopulmonary
exercise parameters. Here, we applied a progressive statistic
approach to provide thresholds above which effects might be
meaningful and to present CO and CPO values that may be
used as reference values in future studies.

Methods

Participants

In the study, 25 test persons were included into the
study. All participants had no history of cardiovascular or
pulmonary diseases, no cardioactive medication, a blood
pressure of < 140/90 mmHg, a body mass index < 25, a
normal electrocardiogram, and a normal echocardiogram at
the time of inclusion.

Study design

This study is a prospective non-interventional diagnostic
single-center study. Participants were recruited in a
cardiologic and internal medicine facility. The study was
approved by the ethics committee of the University Witten/
Herdecke and written informed consent was obtained.
A standard echocardiogram was performed to exclude
structural heart diseases and to investigate the relationships
between established echocardiographic parameters and
cardiopulmonary and hemodynamic values. Heart size,
wall thickness, systolic, and diastolic function were all
in physiological limits. All participants underwent two
cardiopulmonary exercise tests separated by on week.
During testing, TB using the NICOM™ device was applied.

Transthoracic echocardiography

Echocardiography was performed to assess cardiac
structure and function using a standard ultrasound system
(Vivid 7, General Electric, Milwaukee, Wisconsin). A complete
transthoracic study was performed, including 2D, M-mode,
spectral, and color Doppler techniques according to current
recommendations and guidelines.3#*® Standard parameters
were: interventricular septal wall thickness in diastole, left
ventricle end-diastolic diameter, left ventricular posterior wall
thickness in diastole, and fractional shortening. Left ventricular
ejection fraction was measured by means of modified biplane
Simpson s method. Doppler tissue imaging was performed at
the junction of the septal and lateral mitral annulus in apical
4-chamber view to determine peak mitral annular velocity
during early filling (E*) and the ratio between early mitral
inflow velocity and mitral annular early diastolic velocity (V).

Cardiopulmonary exercise testing

A symptom-limited incremental exercise test was performed
in a seated position on a cycling ergometer (ec-3000, customed
GmbH, Germany). The tests were performed by trained personal.
After 5 min of rest, participants started at 0 W and the workload
increased every 2 min by 25 W (standard WHO protocol).
HR, blood pressure on the right arm using a sphygmomanometer,
and a 12-lead electrocardiogram were obtained at rest and
each stage as well as for 3 min post-exercise. The respiratory gas
analysis was performed using a spiroergometry system (Cortex
Metalyzer® 3B, Leipzig, Germany, software Metasoft studio 5.1.2
SR1). Ventilatory oxygen consumption and standard gas exchange
data were measured breath-by-breath and averaged over 30 s.
The following standard parameters were measured: Time to
exhaustion, maximum workload, ventilatory anaerobic threshold
(VAT) and peak oxygen uptake (VO,__,). The anaerobic threshold
was determined using the V-slope method.*" The submaximal
load was determined as the second last completed incremental.
VO, was defined as the highest VO, observed during testing.

Thoracic bioreactance

TB (NICOM®, Cheetah Medical, Portland, Oregon, USA)
was added for noninvasive hemodynamic monitoring during
rest and exercise. The examination was performed according
to the manufacturer's protocol, as described previously.2?'42
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Table 1 shows the parameters that were calculated by the Cheetah
NICOM® system. The NICOM® system uses four sensors applied
to the right and left sides of the chest. Each sensor consists of an
outer transmitting electrode and an inner receiving electrode.
The outer electrodes transmit a low amplitude alternating
electrical current with a frequency of 75 kHz to the thoracic cavity.
The electrical properties of the thorax cyclically change due to the
pulsatile volume of blood ejected from the heart. The pulsatile
blood flow in the large thoracic arteries causes time delays (phase
shifts) between the applied alternating electrical current and the
thoracic voltage measured by the inner electrodes. Based on the
measured phase shift the maximum aortic flow (dX/dtmax) and
the ventricular ejection time (time from aortic valve opening to
aortic valve closure, VET) were measured. Finally, the SV was
obtained as SV = DX/DT X VET. Thereon, the CO, and finally the
CPO, was derived.** The SV data were measured beat-by-beat
and averaged over 60 s.

Statistical analysis

In a first step, participants were excluded from statistical
analyses due to measurement errors (outliers), which were
defined as =mean = twofold pooled standard deviation.*

The test-retest reliability of cardiopulmonary and hemodynamic
parameters was analyzed by (1) the difference in means to detect
systematic bias, (2) intraclass correlation coefficients (ICC) to
examine the relative reliability, and (3) typical error (TE) of
measurements to quantify the absolute reliability.* To examine
the difference in means, a progressive statistical approach using
magnitude-based inferences for practical significance were
computed.* Compared to traditional null-hypothesis testing, that
is influenced by the sample size, magnitude-based inferences
ground an analysis, how big the observed effect is, and if the
effect is lower, similar, or higher than the smallest worthwhile
difference (SWD).* Therefore, means and 90% confidence
intervals (Cls) was computed first. Then, the disposition of the
mean differences in relation to the SDWs were investigated.
While the SDW for the maximal workload was calculated from
the pooled standard deviation muiltiplied by 0.2, the SWD for
all other physiological variables were calculated from the pooled
standard deviations multiplied by 0.6, because it is well known
that physiological variables showed a clearly higher spontaneous
variability than biomechanical measures.*” Finally, the likelihoods
for test 2 showing “true” higher, similar, or lower values than test 1
were determined and qualitatively described using the following

Table 1 - Parameters calculated by the Cheetah NICOM® system

probabilistic scale: <1%, most unlikely; 1 to <5%, very unlikely;
5 to <25%, unlikely; 25 to <75%, possibly; 75 to <95%, likely;
95 to <99%, very likely, and =99%, most likely. If the likelihoods
for having both higher and lower values were =5%, the
differences were described as unclear. Otherwise, the differences
were interpreted according to the observed likelihoods. To clarify
the meaningfulness of the differences, standardized differences
labeled as effect sizes (ESs) were calculated and interpreted
accordingly: 0.2 to <0.6, small; 0.6 to <1.2, moderate; 1.2 to
<2.0, large; 2.0to <4.0, very large; and =4.0, extreme large. To
express the relative reliability, ICCS and 90% Cls were computed.
The coefficients were described as follows: <0.20, very low;
0.20 to <0.50, low; 0.50 to <0.75, moderate; 0.75 to <0.90,
high; 0.90 to <0.99, very high; and =0.99, extremely high.
To quantify the absolute reliability, TEs and 90% Cls were
calculated. The meaningfulness of the TEs was expressed
via standardization for which the aforementioned scale for
standardized differences was applied.*”

The relationships between the CPO and measures
of cardiac structure and function as well as traditional
cardiopulmonary exercise parameters were investigated
using Pearson correlation coefficients (r) that were interpreted
accordingly: <0.1, trivial; 0.1 to <0.3, small, 0.3 to <0.5,
moderate; 0.5 to <0.7, large; 0.7 to <0.9, very large; 0.9
to 1.0, almost perfect.*” Lastly, common variances from
coefficients of determinations (R?) were computed. Thereby, a
cutting-off value of 50% was defined to clarify, if two variables
are dependent or independent from each other.*

Results

25 participants completed both exercise tests. 17 participants
(10 male, 7 female) were finally included. 8 participants
were excluded due to measurement errors (outliers).
Anthropometric, echocardiographic, and spiroergometric data
of the participants are presented in Table 2.

Reliability

Data concerning systematic bias are presented in Table 3.
It shows the differences in means between test 1 and test 2 for
all hemodynamic and cardiopulmonary parameters measured
at rest and during submaximal and peak exercise conditions.
For all parameters, there were unclear to very likely trivial
differences with small to moderate ESs (ES: 0.2-0.6).

Parameter Equation measuring unit
Stroke Volume (SV) CO/HR x 1000 mi/beat
Stroke Volume Index SV/BSA ml/m?/beat
Cardiac Output (CO) HR x SV/1000 I/min
Cardiac Index (CI) CO/BSA I/min/m?
Mean arterial pressure (MAP) (SBP + (2 x DBP))/3 mmHg

Total Peripheral Resistance 80 x (MAP)/CO dynes x sec/cm®
Total Peripheral Resistance Index 80 x (MAP)/CI dynes x sec/cm®/m?

HR: heart rate; BSA: body surface area; SBP: systolic blood pressure; DBP: diastolic blood pressure.
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Table 2 - Anthropometric, echocardiographic, and maximal exercise
characteristics of the participants (male: n = 10; female: n =7)

Variable Mean % 90% CI
Age (years) 46 1
BMI (kg/m?) 239+09
[VSd (mm) 96+05
LVed (mm) 469+1.8
PLWd (mm) 99+05
FS (%) 269+2.0
EF (%) 66.0 +2.2
E" (cm/s) 9.9+1.1
E/E’ 85+£13
Tlim (min:s) 19:42 +4:39
Pmax (W) 187 £23
VO,,, (mi/min/kg) 33+4
VAT (%VO,,.,) 60.7 £4.0

Cl: confidence interval; BMI: body mass index; IVSd: interventricular septal
diastole; LVed: left ventricle end-diastolic diameter; PLWd: left ventricular
posterior wall thickness; FS: fractional shortening; EF: ejection fraction;
E': peak mitral annular velocity during early filling; E/E " ratio between early
mitral inflow velocity and mitral annular early diastolic velocity; Tlim: time
to exhaustion; Pmax: maximum workload; VO, . peak oxygen uptake;
VAT: ventilatory anaerobic threshold.

2peal

Table 4 summarizes the relative and absolute reliability
expressed by ICCs and TEs, respectively, for all measured
parameters. The ICCS ranged from moderate (ICC: 0.59) to
very high (ICC: 0.98), whereas the TEs ranged from small
(ES: 0.3) to large (ES: 1.8). CPO demonstrated superior
relative and absolute reliability under all measurement
conditions (ICC: 0.80-0.85; ES: 0.9-1.1) than its underlying
parameters (ICC: 0.59-0.98; ES: 0.3-1.8).

Relationships

Figure 1 shows the relationships between echocardiographic
measures of cardiac structure and function, traditional
cardiopulmonary exercise parameters, and peak CPO.
The peak CPO correlated moderately with VO, (Figure TA:
r=0.68; R* = 0.47) and VAT (Figure 1B: r = 0.55; R? = 0.31),
but only small with left ventricular wall thickness (Figure 1E:
r = 0.33; R?= 0.11), left ventricular end-diastolic diameter
(Figure 1F: r = 0.38; R? = 0.14), and systolic (Figure 1C:
r=-0.32; R? = 0.11) as well as trivial with diastolic function
(Figure 1D: r = 0.20; R? = 0.04).

Discussion

Our main findings were: (1) there were no systematic
bias for all measured parameters during all conditions, (2) all
noninvasively measured hemodynamic parameters showed

Table 3 - Changes in means of the resting, submaximal and maximal hemodynamic and cardiorespiratory characteristics

Test 1 Test 2 Bias

Likelihood (%) for Bias beeing

Variable Mean % 90% CI Mean % 90% CI Mean % 90% CI SwD higheritrivialllower than SWD ES:90%Cl
Rest

CPO (W) 12+01 12+01 0.0+£0.1 0.1 11.3/77.4/11.3 (unclear) 0.2 0.3 (small)
CO (l/min) 5.61+0.30 6.04 £0.31 +0.43 +£0.19 0.47 43.6/56.4/0.0 (possibly trivial) 0.6 + 0.3 (moderate)
SV (ml) 83+6 877 +4+£3 10 13.2/86.2/0.6 (likely trivial) 0.3+ 0.2 (small)
HR (1/min) 71+4 74£5 +3+2 7 15.1/84.4/0.5 (likely trivial) 0.3+ 0.2 (small)
MAP (mmHg) 9% +4 92+4 4+3 6 8.5/53/38.5 (unclear) 0.2 0.2 (small)
Submaximal

CPO (W) 36+05 34£04 0.2+03 0.7 9.1/89.9/1.0 (likely trivial) 0.2 £0.3 (small)
CO (l/min) 13.95+1.23 13.66 + 1.04 0.29+1.07 1.77 1.6/92.5/5.9 (likely trivial) 0.1+ 0.5 (small)
SV (ml) 1007 1008 146 12 2.9/94.2/2.9 (likely trivial) 0.1+ 0.4 (small)
HR (1/min) 13310 13110 32 15 2.4191.1/6.5 (likely trivial) 0.1 +0.1 (small)
MAP (mmHg) 15+6 1246 31 9 0.8/90.7/8.5 (likely trivial) 0.2+0.1 (small)
Maximal

CPO (W) 44+05 42+05 0203 0.7 11.3/87.0/1.7 (likely trivial) 0.2£0.3 (small)
CO (I/min) 16.09 £ 1.31 15.51+1.28 -0.58 + 1.01 2.01 1.0/89.9/9.1 (likely trivial) 0.2+ 0.4 (small)
SV (ml) 98+9 95+ 10 37 14 1.7/90.1/8.2 (likely trivial) 0.2 0.4 (small)
HR (1/min) 164 +7 16147 3+3 1 1.0/89.9/9.1 (likely trivial) 0.2+0.2 (small)
MAP (mmHg) 123 £6 122+6 1+4 9 1.8/94.2/4.0 (likely trivial) 0.1+ 0.3 (small)
P (W) 187 £ 23 190 + 25 +3+6 38 3.2/95.0/1.8 (very likely trivial) 0.1£0.1 (small)
VO, (I/min) 240+0.27 2394029 -0.01+£0.07 0.43 3.1/93.2/3.7 (likely trivial) 0.0 £0.1 (small)

Cl: confidence interval; SWD: smallest worthwhile differences; ES: effect size; CPO: cardiac power output; CO: cardiac output; SV: stroke volume; HR: heart rate;

MAP: mean aterial pressure; P: workload; VO, oxygen uptake.
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Table 4 - Relative (ICC) and absolute reliability (TE) of the resting, submaximal, and maximal cardiorespiratory and hemodynamic characteristics

Relative Reliability

Absolute Reliability (SI)

Variable

ICC £90% CI TE £90% CI ES £90% CI
Rest
CPO (W) 0.80 + 0.16 (high) 0.1+0.0 1.1 £ 0.3 (moderate)
CO (I/min) 0.83 + 0.14 (high) 0.33+0.11 1.0 £ 0.3 (moderate)
SV (ml) 0.92 + 0.07 (very high) 5+1 0.6 £ 0.2 (moderate)
HR (1/min) 0.91 + 0.08 (very high) 41 0.7 £ 0.2 (moderate)
MAP (mmHg) 0.91 + 0.08 (very high) 62 0.7 £ 0.2 (moderate)
Submaximal
CPO (W) 0.85 +0.13 (high) 05+0.1 0.9 + 0.3 (moderate)
CO (I/min) 0.59 + 0.28 (moderate) 1.89 £ 0.60 1.8 £ 0.6 (large)
SV (ml) 0.75 £ 0.19 (high) 10+3 1.2 £ 0.4(large)
HR (1/min) 0.97 + 0.03 (very high) 4+1 0.4 0.1 (small)
MAP (mmHg) 0.98 £ 0.02 (very high) 2+1 0.3 £ 0.1(small)
Maximal
CPO (W) 0.82 +0.15 (high) 05+0.2 1.0 + 0.3 (moderate)
CO (I/min) 0.73 £ 0.20 (moderate) 1.78 £0.57 1.3+0.4 (large)
SV (ml) 0.75 £ 0.19 (high) 1214 1.2+ 0.4 (large)
HR (1/min) 0.91 £ 0.08 (very high) 612 0.7 £ 0.2 (moderate)
MAP (mmHg) 0.82 + 0.15 (high) 612 1.0 + 0.3 (moderate)
P (W) 0.97 £ 0.03 (very high) 11.2+3.6 0.4 +0.1 (small)
VO, (I/min) 0.97 £ 0.03 (very high) 0.13+0.04 0.4 £0.1 (small)

ICC: intraclass correlation coefficient; Cl: confidence interval; TE: typical error; ES: effect size; CV: coefficient of variation; CPO: cardiac power output; CO: cardiac
output; SV: stroke volume; HR: heart rate; MAP: mean arterial pressure; P: workload; VOZ_ oxygen uptake.

small to large test-retest-reliability, whereas the CPO__,
demonstrated a superior reliability than its underlying
parameters, and (3) CPO was independent of measures
of cardiac structure and function as well as traditional
cardiopulmonary exercise parameters.

Our first finding was that there was no systematic bias
during all examination conditions. These outcomes are in
line with further studies, investigating hemodynamic and
cardiopulmonary exercise parameters.?*** Overall, in our
study, systematic bias due to learning, subject motivation, and
fatiguing effects as well as errors in calibration procedures can
be excluded.**° This assumption supports our research design.

The second major finding was that all noninvasively
measured hemodynamic parameters showed an acceptable
test-retest reliability during rest, submaximal, and maximal
exertion. Jones et al.? first showed a good test-retest reliability
of TB in a healthy population at rest as well as during
submaximal and maximal exertion. However, acceptable
test-retest reliability was impacted by the fact that we have
previously excluded a significant number of outliers (n = 8)
due to measurement errors. It is further noteworthy that
the reliability of our TB measurements was to some degree
inferior compared to a previous study in which the reliability
of a comparable technology (beat by beat signal morphology

Arq Bras Cardiol. 2019; 113(2):231-239

impedance cardiography) to evaluate the hemodynamic
response was assessed.?® One possible explanation for the
differences may be that we investigated the reliability under
less standardized conditions, another one could be related to
significant technological differences.

Overall, when outliers are excluded, TB can be considered
as an appropriate technology to not only assess hemodynamic
status in a research setting but also in everyday practice.

The central task of the heart is to produce a sufficient CO and
maintain an adequate MAP. Therefore, cardiac performance can
be best explained by CPO, because it takes both the flow- and
pressure-generating capacities of the heart into account.?

In chronic heart failure, the application of hemodynamic
measuring to standard cardiopulmonary exercise testing
may help to explain the underlying mechanism of exercise
intolerance with impact on clinical decision making,*' therapy
planning, and performance® as well as risk stratification.”’
Chomsky et al.*' showed that CO respond to exercise is
a strong predictor of mortality in cardiac transplantation
candidates. In addition, Lang et al.>> demonstrated CPO as the
most powerful and independent predictor of survival chronic
heart failure outcome in patients with chronic heart failure
and that may enhance the prognostic power of traditional
cardiopulmonary exercise testing.
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Figure 1 — Relationships between the CPO and established cardiorespiratory and echocardiographic characteristics. CPO: cardiac power output; VO,
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uptake; VAT: ventilatory anaerobic threshold; EF: ejection fraction; E/E": ratio between early mitral inflow velocity and mitral annular early diastolic velocity; r: Pearson

correlation coefficient; R?: coefficient of determination.

In sports medicine, monitoring of the training status
is essential to guide the training process. Training leads
to significant structural and functional changes of the
cardiovascular system.® In a randomized cross-over study,
Marshall et al.*® assessed the effect of moderate exercise
training on cardiac performance in non-athletic adults. Due
to training, the CPO__, increased by 16%, whereas the CPO
at rest remained unchanged. In highly trained endurance
athletes, Schlader et al.’” found double CPOpeak values
compared to non-athletes. These results have been confirmed
by Klasnja et al.? in football and basketball players.

In our study, the CPO__, showed superior reliability
than the underlying physiological single parameters.
However, it should be noted that the reliability of the CPO
was potentially influenced by the reliability of the MAP (which
was higher) rather than that of the SV and CO (which were
lower). Thus, CPO measuring by TB seems to be feasible due
to its surrogate character. It is, however, important to mention
that we have averaged all our beat-by-beat measured TB
data, including the CPO, over 60 s, which might have also
artificially improved our statistical outcomes. The reason for
our data processing method was that we aimed to investigate
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the global cardiac performance. Such a data processing
proceed is of course inadequately, when aiming to assess
transient cardiac abnormalities during exercise like ischemia.
Since the beat-by-beat reliability of our TB based measures
remains unknown, we recommend other impedance-based
technologies, which offer a reliable beat-by-beat analysis of
hemodynamic parameters during exercise.?

The third major finding was that CPO was found to be
independent of cardiac structure and function at rest as
well as to traditional cardiopulmonary exercise parameters.
Klasnja et al.> previously demonstrated a weak correlation
between CPO_, and resting parameters of left ventricular
morphology and function.* We also did not find a strong relation
between CPO,__, and echocardiographic findings at rest.
Our findings show once again that resting parameters cannot
be used to estimate maximal cardiovascular performance.

For the first time driven by our progressive statistics,” we
report the SWDs for all investigated TB parameters. From a
practical point of view, the provided thresholds can be used
as a framework to judge in healthy adults, whether observed
differences in the analyzed parameters should be interpreted
or not in a daily medical routine. Further, it is promising to
use these thresholds as cutting-off values for minimal required
effects detected by longitudinal or cross-sectional studies using
the here investigated TB measures in the future. For example,
in healthy adults, the calculated SWD of the CPO was 0.7 W,
meaning that longitudinal or cross-sectional differences should
only be interpreted, when this cut-off value is exceeded.

The major limitation of our study is the high dropout
rate (n=8). However, to detect outliers, we objectively
defined them as those values, which were greater than the
pooled standard deviation. Based on this approach and our
recruited healthy adults, it can be assumed that the detected
outliers had not a physiological cause. Contrary, it is more
likely that the identified outliers had rather an underlying
technical reason. Therefore, further improvements in
TB, for example, regarding the application and quality of
electrodes are required. Consequently, technical errors
must be executed by proprietary algorithms, before valid
decisions are possible. When taken these aspects together,
our findings indicate that TB can only be considered as a
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