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Abstract

Aims The kinocardiograph (KCG) is an unobtrusive device, consisting of a chest sensor, which records local thoracic
vibrations produced in result of cardiac contraction and ejection of blood into the great vessels [seismocardiography
(SCG)], and a lower back sensor, which records micromovements of the body in reaction to blood flowing through the
vasculature [ballistocardiography (BCG)]. SCG and BCG signals are translated to the integral of cardiac kinetic energy (iK)
and cardiac maximum power (Pmax), which might be promising metrics for future telemonitoring purposes in heart failure
(HF). As a first step of validation, this study aimed to determine whether iK and Pmax are responsive to exercise-induced
changes in the haemodynamic load of the heart in HF patients.
Methods and results Fifteen patients with stable HF with reduced ejection fraction performed a submaximal exercise
protocol. KCG and cardiac ultrasound measurements were obtained both at rest and at submaximal exercise. BCG iK over
the cardiac cycle (CC) increased significantly (0.0026 ± 0.0017 to 0.0052 ± 0.0061 mJ.s.; P = 0.01) during exercise, in contrast
to a non-significant increase in SCG iK CC. BCG Pmax CC increased significantly (0.92 ± 0.89 to 2.03 ± 1.95 mJ/s; P = 0.02), in
contrast to a non-significant increase in SCG Pmax CC. When analysing the systolic phase of the CC, similar patterns were
found. Cardiac output (CO) ratio (i.e. CO exercise/CO rest) showed a moderate, significant correlation with BCG Pmax CC ratio
(r = +0.65; P = 0.008) and with SCG Pmax CC ratio (r = +0.54; P = 0.04).
Conclusions iK and Pmax measured with the KCG, preferentially using BCG, are responsive to changes in the haemodynamic
load of the heart in HF patients. The combination of the BCG and SCG sensor might be of added value to fully understand
changes in haemodynamics and to discriminate between an HF patient and a healthy individual.
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Introduction

Heart failure (HF) is a major healthcare problem, affecting
over 26 million people worldwide.1 The prevalence is increas-
ing because of ageing of the population. HF is characterized
by a chronic and progressive course, with frequent exacerba-
tions and hospital admissions, resulting in an impaired quality
of life and posing a major economic burden.2 Remote moni-
toring solutions have been proposed to improve HF care

efficacy and to reduce HF readmissions.3,4 Typically,
telemonitoring services consist of a set of monitoring tech-
niques to assess changes in vital signs and physical com-
plaints related to HF decompensation. However, as these
parameters change relatively late in the cascade of patho-
physiological events leading to decompensated HF, there is
a need for monitoring techniques, which are more closely
related to cardiac function and intracardiac filling pressures,
such as invasive monitoring of pulmonary artery pressures,
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which already proved to be successful for prevention of hos-
pital admissions.5 Despite the rapid evolution of telemedical
services, accurate non-invasive methods for monitoring of
cardiac function and filling pressures are not yet available.

Seismocardiography (SCG) and ballistocardiography (BCG)
are non-invasive techniques for cardio-mechanical assess-
ment, which have the potential to be used in a remote
setting. SCG measures local thoracic vibrations produced in
result of cardiac contraction and ejection of blood into the
great vessels, while BCG measures micromovements of the
body in reaction to blood flowing through the vasculature.6

Preliminary studies with wearable SCG and BCG systems
showed the potential of these techniques for application in
patients with cardiovascular diseases. In HF, a triaxial (linear
accelerations) SCG patch placed on the sternum was able to
estimate clinical status in HF patients; however, this method
requires patients to perform a 6 min walk test on a daily ba-
sis, which is less feasible for remote monitoring of patients
with severe HF.7 Another study using a modified weighing
scale-based BCG system (head-to-foot axis) also showed
promising results in differentiating decompensated from
compensated HF patients.8,9

In the present study, we introduce the kinocardiograph
(KCG), an unobtrusive wearable device, which combines
SCG and BCG. Unique to this device is that it records triaxial
SCG and BCG signals (i.e. dorsoventral, lateral, and head-to-
foot) in both the linear and rotational dimensions rather than
using single-dimension measurements. In this way, accelera-
tions produced by cardiac contraction and flowing blood are
not limited to a single direction or angle, thereby potentially
improving its responsiveness to changes in cardiac function
and filling pressures. The KCG measurements are translated
to cardiac kinetic energy and its temporal integration (iK) as
well as cardiac maximum power (Pmax). Both are indicators
of cardiac function, where iK represents the integral of kinetic
energy during the cardiac cycle (CC) and Pmax represents the
maximum power generated by the myocardium mainly linked
to the systolic phase of the CC. An important step for valida-
tion of the KCG is to evaluate whether the parameters mea-
sured with the KCG are responsive to changes in cardiac
haemodynamic load (e.g. exercise or inotropic agents) in HF
patients. In healthy individuals, iK showed a high correlation
with dobutamine-induced changes in stroke volume (SV)
and cardiac output (CO).10 Moreover, cardiovascular
deconditioning in healthy people, resulting from long-term
head-down bed rest, was made visible using KCG metrics.11

In particular, the evolution of BCG metrics followed changes
in SV. However, it is not known whether these results can
be applied to HF patients. A study in patients with HF with re-
duced ejection fraction (HFrEF) showed that the average sys-
tolic cardiac kinetic energy, measured with magnetic
resonance imaging, is higher in these patients as compared
with healthy subjects, suggesting an altered blood flow.12

Moreover, exercise haemodynamics are altered in patients

with HFrEF as compared with healthy subjects, being charac-
terized by an impaired increase in SV caused by a dilated left
ventricle with impaired intrinsic contractility, a lower
maximum heart rate (HR), and higher systemic vascular
resistance.13

The aim of the present study was to determine whether iK
and Pmax, measured with the KCG, are responsive to
exercise-induced changes in the haemodynamic load of the
heart in patients with stable HFrEF.

Methods

Study population

Patients (age ≥16 years), diagnosed with HFrEF regardless of
aetiology, were included. HFrEF was defined in line with the
European Society of Cardiology guidelines as a condition with
HF symptoms (with or without signs) and a left ventricular
(LV) ejection fraction of <40%.14 Additional inclusion criteria
were optimal medical treatment and a stable clinical
condition.

Exclusion criteria were permanent atrial heart rhythm dis-
turbances; haemodynamic significant valvular disease; docu-
mented cardiac ischaemia or chest pain when performing
submaximal exercise; and neurological, orthopaedic, or
vascular conditions preventing the patient from performing
exercise. Patients were recruited at the outpatient cardiology
clinic of Máxima Medical Centre, the Netherlands. All partic-
ipants provided written informed consent. The study protocol
was reviewed by the medical ethics committee of Máxima
Medical Centre and received a waiver for formal ethical
approval. The study conforms to the principles outlined in
the Declaration of Helsinki and was registered in the
Netherlands Trial Register (NL9101).

Protocol

Each participant underwent cardiac ultrasound and KCG mea-
surements both on a bicycle in the left supine position with a
30° angle (Lode BV, Groningen, the Netherlands). KCG and
cardiac ultrasound measurements were obtained simulta-
neously, both before and directly after exercise. The submax-
imal exercise protocol consisted of cycling at a workload of
50 W for 5 min with a pedalling frequency of 60–80 rotations
per minute.

Cardiac ultrasound measurements

Cardiac ultrasound measurements were performed by a car-
diologist (R. F. S.), experienced in stress echocardiography,
who was blinded for the KCG measurements. Ultrasound

4926 C. Herkert et al.

ESC Heart Failure 2021; 8: 4925–4932
DOI: 10.1002/ehf2.13522



measurements were performed with a Philips Epiq 7C US
machine and a Philips X5-1 transducer (Eindhoven, the
Netherlands). LV outflow tract diameter was obtained in the
parasternal long-axis view during systole. The LV outflow
tract velocity time integral was measured in the apical
five-chamber view, using the pulsed-wave Doppler signal. SV
was calculated using the following equation15:

SV ¼ π
LVOT diameter

2

� �2

� VTI:

Cardiac output was calculated by multiplying HR by SV.

Kinocardiograph measurements

Kinocardiograph measurements were performed by the local
investigator (C. H.), who was blinded for the cardiac ultra-
sound measurements. The KCG is an unobtrusive device
consisting of two sensors placed at the body surface with
standard electrocardiogram (ECG) patches (Figure 1). The first
sensor (64 cm2, 104 g) was placed on the sternum right below
the insertion of the clavicle to the sternum recording the SCG
signal. The second sensor (24 cm2, 64 g) was placed at the
middle of the lower back recording the BCG signal. Both
sensors contain a three-axis MEMS accelerometer and a
three-axis gyroscope. The sensors were connected with each
other via two cables. The KCG was controlled with a tablet
containing the corresponding software (via Bluetooth). The
following KCG data were collected during a 90 s recording:
three-degree-of-freedom accelerations (sampling frequency
50 Hz) in the linear and rotational angle, measured both at
the sternum (SCG) and at the lumbar region (BCG), and a
single-lead ECG measurement.

Kinocardiograph data processing

The aim of the KCG processing is to extract only a few scalar
metrics from the 12 temporal signals of accelerations and
angular rates acquired by the chest and lower back sensors.
To do so, an ensemble average is performed for each signal
to obtain the signal of a single heartbeat. This single heart-
beat acts as a representative for all the heartbeats that hap-
pened during the record. The ensemble average method is
described in a previous publication.16 From the linear acceler-
ations and angular rates average on one heartbeat, Newto-
nian laws are used to compute the instantaneous kinetic
energies (K) and power (P) transmitted to the sensors by
the cardiac activity.10

The BCG sensor can therefore provide the linear kinetic en-
ergy (BCG KLin), the linear power (BCG PLin), the rotational ki-
netic energy (BCG KRot), and the rotational power (BCG PRot).
In the same way, the SCG sensor can provide the linear
kinetic energy (SCG KLin), the linear power (SCG PLin), the
rotational kinetic energy (SCG KRot), and the rotational power
(SCG PRot). These still are temporal signals. To obtain scalar
metrics, the integral of a kinetic energy on a given CC interval
(CCI) and the maximum of power on a given CCI respectively
are computed as follows:

iK CCI ¼ ∫CCIK tð Þ dt;
Pmax CCI ¼ maxCCI P tð Þð Þ;

where CCI can be the whole CC and the systolic or diastolic
phase. These phases are defined based on the
ensemble-averaged ECG signal: the systolic phase starts at
the Q wave and finishes at the end of the T wave, while the
diastolic phase corresponds to the rest of the heartbeat, from
the end of the T wave until the next P wave. ECG is used to

Figure 1 Localization of the seismocardiography (SCG) and ballistocardiography (BCG) sensor on the sternum and the lower back, respectively. ECG,
electrocardiogram.
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determine the systolic and diastolic periods, rather mechani-
cal periods estimated from the SCG and BCG signal, to create
more certainty as the SCG and BCG are still in research state.
The delimitation of the systolic/diastolic phases has been
both checked visually and corrected when needed.

The total iK and total Pmax were computed as the sum of
the linear and rotational parts:

iKtotal ¼ iKLin þ iKRot;

Pmaxtotal ¼ PmaxLin þ PmaxRot:

In the remainder of the article, the notation of iK repre-
sents iKtotal, and the notation of Pmax represents Pmaxtotal.

Moreover, SCG iK and BCG iK were multiplied by HR, to
compute two additional parameters, which correspond to
the total kinetic energy generated by the heart per time unit.
These better relate to CO, which is the volume of blood
ejected by the heart per time unit.

The first 20 s of the KCG recordings was used to compute
these metrics for both the baseline and the after-exercise re-
cords, as this matches the time needed to obtain the cardiac
ultrasound measurements.

The computing of KCG parameters was performed using
a software toolbox in MATLAB (2019b, MathWorks, Natick,
MA, USA). More detailed information on the signal

processing of multidimensional BCG and SCG records has
been described previously.10 An example of SCG and BCG sig-
nals before and after exercise can be found in Figure 2.

Statistical analysis

Descriptive statistics were used to describe the studied
population regarding the patient characteristics, cardiac
ultrasound measurements, and KCG measurements during
rest and exercise. Because of the small sample size,
non-parametric tests were used. The Wilcoxon signed-rank
test was used to compare differences in SV, HR, CO, iK, and
Pmax before and after exercise. In addition, effect sizes were
calculated using the following standard response mean

equation17: ES ¼ Z score

√N
.

The Z score was based on the Wilcoxon signed-rank test.
An effect size of <0.2 represents a trivial effect, a value of
≥0.2 to <0.5 is considered a small effect, a value of ≥0.5 to
<0.8 represents a moderate effect, and a value of ≥0.8
represents a large effect.

Ratios of SV, CO and iK, and Pmax were calculated (i.e.

SVratio =
SV exercise

SV rest
). Correlation coefficients between SV

Figure 2 Ensemble-averaged waveforms of (from top to bottom) seismocardiography (SCG) linear kinetic energy, SCG linear power,
ballistocardiography (BCG) linear kinetic energy, and BCG linear power for a representative patient at baseline (left) and after exercise (right). ECG,
electrocardiogram.
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and CO ratio and iK and Pmax ratio were calculated using
the Spearman rank correlation statistic. Statistical analysis
was performed using SPSS software (Version 22, SPSS
Inc.®). For all analyses, the significance level was set at
P < 0.05.

Results

Patient characteristics

A total of 15 patients diagnosed with HFrEF completed the
study protocol (age 67.4 ± 4.8 years; LV ejection fraction
29.2 ± 4.5%). Patient characteristics are summarized in
Table 1.

Haemodynamic and iK parameters

Table 2 shows the changes in SV, HR, CO, and iK parameters
during submaximal exercise. SV, HR, and CO all significantly
increased during exercise (SV 62.8 ± 18.8 to 75.5 ± 20.5 mL,
P = 0.009; HR 73 ± 14 to 94 ± 21 b.p.m., P = 0.001; and CO
4.4 ± 1.2 to 6.9 ± 1.8 L/min, P = 0.001).

Ballistocardiography iK over the CC increased significantly
(0.0026 ± 0.0017 to 0.0052 ± 0.0061 mJ.s; P = 0.01), in con-
trast to a non-significant increase of SCG iK CC. The effect size
of BCG iK CC was moderate (0.65). Moreover, BCG iK * HR
also increased significantly (0.18 ± 0.10 to 0.48 ± 0.63 mJ.s;
P = 0.001), in contrast to a non-significant increase of SCG
iK * HR.

A similar pattern was observed when analysing the systolic
phase separately: BCG systolic iK increased significantly
(0.0014 ± 0.0012 to 0.0030 ± 0.0032 mJ.s; P = 0.01), whereas
SCG systolic iK showed a non-significant increase. BCG

systolic iK showed a moderate effect size (0.66). iK in the
diastolic phase did not show a significant change during
submaximal exercise (BCG diastolic iK: 0.0011 ± 0.0007 to
0.0022 ± 0.0030 mJ.s, P = 0.29; SCG diastolic iK: 0.16 ± 0.15
to 0.15 ± 0.09 mJ.s., P = 0.07).

iK ratios did not show a significant correlation with SV
ratio, assessed over the total CC and in the systolic phase.
Moreover, the linear and the rotational parts of both the
SCG and BCG sensors were analysed separately. None of
these iK parameter ratios showed a significant correlation
with SV ratio.

Cardiac output ratio did not show a significant correlation
with BCG iK * HR ratio (r = +0.51; P = 0.05) and with SCG
iK * HR ratio (r = +0.47; P = 0.08).

Pmax parameters

Ballistocardiography Pmax CC increased significantly during
submaximal exercise (0.92 ± 0.89 to 2.03 ± 1.95 mJ/s;
P = 0.02), in contrast to a non-significant increase of SCG
Pmax CC. When splitting BCG Pmax in its linear and rotational
component, BCG Pmaxlinear showed a large effect size
(0.84). When analysing the systolic phase of the CC, a similar
pattern is found. BCG systolic Pmax significantly increased
(0.89 ± 0.90 to 1.98 ± 1.98 mJ/s; P = 0.01), in contrast to a
non-significant increase of SCG systolic Pmax. BCG
Pmaxlinear in the systolic phase showed a large effect size
(0.84). BCG Pmax and SCG Pmax in the diastolic phase both
did not show significant differences during submaximal exer-
cise (BCG Pmax: 0.03 ± 0.07 to 0.04 ± 0.10 mJ/s, P = 1.0; SCG
Pmax: 11.2 ± 35.3 to 2.1 ± 3.6 mJ/s, P = 0.26). The Pmax
results are summarized in Table 3.

We did not find a significant correlation between SV ratio
and Pmax ratio. However, CO ratio showed a moderate and
significant correlation with BCG Pmax CC ratio (r = +0.65;
P = 0.008). CO ratio also showed a moderate, significant cor-
relation with SCG Pmax CC ratio (r = +0.54; P = 0.04). More-
over, a moderate but significant correlation was found
between CO ratio and BCG Pmax ratio in the systolic phase
(r = +0.5, P = 0.04). SCG Pmax ratio in the systolic phase did
not correlate with CO ratio.

Discussion

This study demonstrates that the iK and Pmax measured with
the KCG, both during the total CC and the systolic phase, are
responsive to changes in the haemodynamic load of the heart
in patients with HFrEF. To our knowledge, this is the first
study showing that multidimensional BCG and SCG are prom-
ising mobile and non-invasive techniques for monitoring
changes in haemodynamics in patients with HF.

Table 1 Patient characteristics (n = 15)

Age (years) 67.4 ± 4.8
Gender

Male 10 (66.7)
Female 5 (33.3)

Height (m) 1.75 ± 0.08
Weight (kg) 84.3 ± 12.7
BMI (kg/m2) 27.6 ± 3.8
LVEF (%) 29.2 ± 4.5
HF aetiology

Ischaemic 4 (26.7)
Non-ischaemic 11 (73.3)

NYHA classification
I 3 (20.0)
II 7 (46.7)
III 1 (6.7)
IV 0 (0)
Unknown 4 (26.7)

BMI, body mass index; HF, heart failure; LVEF, left ventricular ejec-
tion fraction; NYHA, New York Heart Association; SD, standard
deviation.
Values are presented as number (%) or mean ± SD.
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A previous study using the same device in healthy individ-
uals observed a significant increase of iK and Pmax in re-
sponse to incremental doses of dobutamine, for both the
SCG and BCG sensors.10 This was in contrast to our study,
which found that iK and Pmax measured with the BCG sensor
showed better responsiveness than the SCG sensor, which
can be expected based on HF pathology. This difference
might be explained by the fact that HF is characterized by
an attenuated cardiac power output (in Watts), which is de-
fined as the energy generated by the heart to maintain the
continuous circulation of blood.18 Because SCG measures lo-
cal thoracic vibrations due to myocardial contraction, an im-
paired cardiac power output in HF will likely result in a
reduced kinetic energy amplitude assessed by SCG. On the
other hand, BCG measures micromovements of the body in
reaction to blood flowing to the vasculature (mainly the
aorta). The exact physiological origin of the BCG signal is
not fully understood, but it is generally regarded as an inte-
gration of forces produced not only by the heart but also
by the motion of blood in the great vasculature.19 In young

and healthy people, the vascular adaptations to exercise
include an increased rate of skeletal blood flow in expense
of blood flow to the viscera.20,21 The local aortic response
to exercise includes a significant decrease of compliance
and distensibility of the aorta, in correlation with an increase
of pulse wave velocity.22 In (elderly) patients with HF, the
vascular response to exercise is altered. This results in an in-
creased leg vascular resistance and decreased leg blood flow,
although central arterial blood flow and its changes during
exercise are maintained and comparable with healthy
subjects.23,24 These considerations might explain that BCG
changes are significantly more pronounced than SCG changes
in HF patients. However, the two sensors together can be
used to fully understand haemodynamic status and thereby
discriminate between an HF patient and a healthy person,
which might not be doable with BCG alone.

A second remarkable finding of this study is that iK and
Pmax measured by BCG changed significantly in reaction to
changes in the haemodynamic load only when measured dur-
ing the total cardiac and the systolic phase. These findings are

Table 3 Pmax measurements before and after submaximal exercise

Rest Exercise P-value Effect size

Cardiac cycle (mJ/s)
Pmax BCG 0.92 ± 0.89 2.03 ± 1.95 0.02 0.63
Pmax BCG linear 0.16 ± 0.11 0.39 ± 0.28 0.001 0.84
Pmax BCG rotational 0.76 ± 0.82 1.64 ± 1.73 0.02 0.60

Pmax SCG 104.8 ± 85.9 134.9 ± 125.2 0.19 0.34
Systolic phase (mJ/s)

Pmax BCG 0.89 ± 0.90 1.98 ± 1.98 0.01 0.65
Pmax BCG linear 0.16 ± 0.11 0.38 ± 0.28 0.001 0.84
Pmax BCG rotational 0.73 ± 0.83 1.61 ± 1.76 0.02 0.60

Pmax SCG 93.6 ± 85.7 132.8 ± 126.6 0.07 0.47
Diastolic phase (mJ/s)

Pmax BCG 0.03 ± 0.07 0.04 ± 0.10 1.0 0.0
Pmax SCG 11.2 ± 35.3 2.1 ± 3.6 0.31 0.26

BCG, ballistocardiography; Pmax, maximum power; SCG, seismocardiography; SD, standard deviation.
Values are presented as mean ± SD.

Table 2 Cardiac ultrasound and iK measurements before and after submaximal exercise

Rest Exercise P-value Effect size

SV (mL) 62.8 ± 18.8 75.5 ± 20.5 0.009 0.68
HR (b.p.m.) 73 ± 14 94 ± 21 0.001 0.88
CO (L/min) 4.4 ± 1.2 6.9 ± 1.8 0.001 0.87
Cardiac cycle (mJ.s)

iK BCG 0.0026 ± 0.0017 0.0052 ± 0.0061 0.01 0.65
iK SCG 0.32 ± 0.22 0.42 ± 0.39 0.31 0.26
iK BCG * HR 0.18 ± 0.10 0.48 ± 0.63 0.001 0.84
iK SCG * HR 24.2 ± 17.8 44.3 ± 56.0 0.07 0.47

Systolic phase (mJ.s)
iK BCG 0.0014 ± 0.0012 0.0030 ± 0.0032 0.01 0.66
iK SCG 0.16 ± 0.12 0.27 ± 0.30 0.13 0.40

Diastolic phase (mJ.s)
iK BCG total 0.0011 ± 0.0007 0.0022 ± 0.0030 0.26 0.29
iK SCG total 0.16 ± 0.15 0.15 ± 0.09 0.78 0.07

BCG, ballistocardiography; CO, cardiac output; HR, heart rate; iK, integrated kinetic energy; SCG, seismocardiography; SD, standard devi-
ation; SV, stroke volume.
Values are presented as mean ± SD.
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in contrast with a study in healthy people, which showed an
increase in both systolic and diastolic kinetics in healthy sub-
jects during an exercise protocol on a supine bicycle.25 That
study also revealed that the LV apex contributed to a greater
extend to diastolic KE during exercise, while the LV base con-
tributed more to systolic KE. The fact that diastolic KE did not
change significantly during exercise in HF patients might
therefore be explained by regional wall motion disturbances,
which are often more prominent in the LV apex in HF
patients. In fact, Sunnerhagen et al. showed that diastolic
basal wall motion is relatively preserved as compared with
apical wall motion in these patients.26 Therefore, we recom-
mend monitoring iK and Pmax using the systolic phase or the
total CC in future studies, with a slight preference for using
the entire cycle because of practical advantages (e.g. no need
for dividing the systolic and diastolic phase in case of
bad-quality ECG reading).

A third finding of this study is that we found a moderate,
but significant correlation between exercise-induced changes
in CO and BCG Pmax CC. Similar results were found for
changes in CO and SCG Pmax CC. However, we did not ob-
serve correlations between exercise-induced changes in SV
and CO and changes in iK and iK * HR, respectively, which is
in contrast with a study in healthy individuals receiving incre-
mental doses of dobutamine.10 These differences might be
explained by the fact that kinetic energy (and thus iK) de-
pends not only on CO but also on mean arterial pressure
and that both parameters are not affected in the same way
in HF patients. In fact, Sullivan et al. showed that although
CO is lower in patients with HF as compared with healthy
subjects, both at rest and at submaximal exercise, mean arte-
rial pressure was comparable between HF patients and
healthy persons at rest and during submaximal exercise.23

Also, resting HR can be increased in HF patients and reaches
a lower maximum value upon exercise.

Strengths and limitations

This is the first study to evaluate the responsiveness of kinetic
energy parameters obtained by multidimensional SCG and
BCG, in response to changes in the haemodynamic load of
the heart due to exercise in HF patients. By using a submax-
imal exercise protocol instead of infusion of inotropic agents,
we aimed to mimic daily life conditions. However, some lim-
itation should be considered. First, the exercise protocol was
not tailored to the patients’ maximal exercise capacity (i.e.
50 W for every patient). Therefore, patients exercising at a
higher relative intensity may have shown more breathing
and movement artefacts. Nevertheless, measurements were
successfully obtained in all included patients.

Second, ideally, both cardiac ultrasound and KCG measure-
ments should be performed while exercising and not directly
after, because of the expected quick haemodynamic changes

when the patient stops exercising. However, to obtain
high-quality measurements, the KCG should not be used
when the patient is extensively moving his body. Therefore,
we chose to perform both measurements simultaneously,
directly after completing the exercise protocol. As exercise
haemodynamics change quite rapid after cessation of
exercise, the actual change in SV, CO, and KCG parameters
might have been underestimated.

Finally, the results of this study are not applicable to the
entire HF population, as we included patients with HFrEF,
having sinus rhythm, and absence of significant valvular dis-
ease. The KCG signals and translation to iK and Pmax could
be influenced by heart rhythm disturbances and valvular
pathology.

Conclusions and future perspectives

This study demonstrated that Pmax and iK, measured with
the KCG, are highly responsive to changes in exercise
haemodynamics in patients with HFrEF. The measurements
are most responsive when obtained from the BCG sensor dur-
ing the systolic phase or total CC; however, the combination
of the BCG and SCG sensor is of added value to fully under-
stand changes in haemodynamics in order to discriminate
between an HF patient and a healthy individual.

This is a first step in the validation of the KCG, showing it
can serve as a non-invasive, unobtrusive device for monitor-
ing changes in the haemodynamic load of the heart in
patients with HFrEF. Further research is needed to evaluate
whether the device is responsive to changes in filling
pressures related to fluid status in these patients. Moreover,
usability and accuracy need to be evaluated in the home
environment, rather than in-hospital conditions.
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