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Abstract

Aim. This study aimed to investigate the correlation between seismocardiographic and echocardio-
graphic systolic variables and whether a decrease in preload could be detected by the seismocardio-
graphy (SCG). Methods. This study included a total of 34 subjects. SCG and electrocardiography were
recorded simultaneously followed by echocardiography (echo) in both supine and 30° head-up tilted
position. The SCG signals was segmented into individual heartbeats and systolic fiducial points were
defined using a detection algorithm. Statistical analysis included correlation coefficient calculations
and paired sample tests. Results. SCG was able to measure a decrease in preload by almost all of the
examined systolic SCG variables. It was possible to correlate certain echo variables to SCG time
intervals, amplitudes, and peak to peak intervals. Also, changes between supineand tilted position of
some SCG variables were possible to correlate to changes in echo variables. LVET, IVCT, S’, strain, SR,
SV, and LVEF were significantly correlated to relevant SCG variables. Conclusion. This study showed a

moderate correlation, between systolic echo and systolic SCG variables. Additionally, systolic SCG

variables were able to detect a decrease in preload.

Introduction

In 2019 cardiovascular diseases represented 32% of
global deaths, which makes it the leading cause of
deaths worldwide [1]. In the United States, the costs of
heart failure are almost 31 billion dollars annually [2].
Currently, electrocardiography (ECG) and echocar-
diography (echo) are some of the most applied non-
invasive point-of-care diagnostic methods, of cardio-
vascular diseases [3, 4]. Echo is a time-consuming
examination that requires training and special staff to
provide reliable data [5]. Moreover, there is an
observer variability even in the hands of experienced
operators [6].

Prevalent cases of cardiovascular diseases in the US
have almost doubled during the past two decades [7].
As a consequence, the number of echo exams has
increased accordingly with the number of referrals for
suspected heart diseases [8, 9]. For this reason, it

would be relevant to implement seismocardiography
(SCG) as it offers potential practical advantages to
examine the hemodynamic and mechanical perfor-
mance. SCG could be a fast and easily manageable sup-
plement to echo. This could potentially reduce
examining waiting times, inter-observer variability
and have economic advantages.

SCG is a potential non-invasive measure of cardiac
function. It uses an accelerometer that measures vibra-
tions from the chest, produced by the beating heart,
valve movements, and blood flow. The use of an accel-
erometer as a tool for measuring cardiac performance
and health status has been improved since Patrick
Mounsey reported one of the earliest SCG measure-
ments in 1957 [10, 11]. The seismocardiogram dis-
plays different amplitude deflections, including a low-
frequency wave in atrial systole, a high-frequency wave
in ventricular systole, a second wave in early ven-
tricular filling and some relatively high frequency

© 2024 The Author(s). Published by IOP Publishing Ltd
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Figure 1. SCG data were recorded in a supine- and a tilted position. The seismocardiograms display the mean curve from subject
number nine. Fiducial points of SCG were placed by an algorithm, representing cardiac events as seen in the right column.

waves similar to the heart sounds S1 and S2 [12]. It is
considered that SCG signals are produced by mechan-
ical processes including myocardial contraction, valve
opening and closing, and hemodynamics [12, 13].
SCG can be acquired at high frequency, stored digi-
tally, and may supplement auscultation.

The correlation between SCG and cardiac func-
tion is not fully understood. The findings in the litera-
ture are characterized by a lack of consensus on the
management, signal processing, and analysis of the
SCG [12]. Furthermore, SCG has shown an extensive
inter-individual variation, and even more consider-
able variations are observed in patients with cardiac
diseases such as heart failure and aortic stenosis
[12, 14]. Even though, as stated in the literature SCG
has shown promising usability in the detection of sev-
eral pathological cardiovascular conditions [15-17].
For example the study by Johnson et al [15] indicates
that the changes in SCG has promising usability in the
detection of coronary artery disease and reduced left
ventricular function.

A study by Serensen et al [18] defined fiducial
points based on a correlation between SCG deflections
and physiological cardiac events displayed on echo. A
study by Agam et al [19] has demonstrated a correla-
tion between echo variables and SCG in the diastole,
using diastolic SCG fiducial points defined by Seren-
sen et al [18]. By investigating the correlation in the
systolic function with echo and the preload sensitivity
of SCG in the systole, it might be possible to contribute
to an enhanced understanding of the diagnostic value
of SCG.

The golden standard for evaluation of the systolic
function is an echo examination, both in the general
assessment of the overall heart function and in follow-
up examinations of patients with heart diseases [20].
Systolic dysfunction is a measure of several pathological

effects of the heart [21], which substantiates the physio-
logical relevance of investigating the systolic complex in
SCG. Aortic stenosis is an example of a pathological
condition that impacts the systole. A clinical sign is a
systolic murmur detected during auscultation. The cur-
rent monitoring and quantification of the stenosis
requires echo or MRI. The SCG could potentially make
the monitoring possible at home or in general practice.

This study aimed to investigate a potential correla-
tion between systolic variables of SCG and echo. Addi-
tionally, it was aimed to investigate if a decrease in
preload, in 30° head-up tilted position, would be
detected by SCG.

Methods

This study included 45 healthy subjects where ECG,
SCG and echo data were obtained in both supine and
30° head-up tilted position, as illustrated in figure 1.
SCG and ECG were recorded simultaneously and
afterwards, an echo was obtained. All the SCG and echo
data were analyzed, focusing on the systolic complex.
The data in this study is extracted from the same
echo’s, ECG’s, and SCG’s that Serensen et al [18] and
Agam et al [19] also extracted data from. The exper-
imental protocol was approved by The Scientific Ethical
Committee of Northern Jutland (N-20120069). Fur-
thermore, informed written consent was gathered from
each subject in advance of the participation and publica-
tion. The research was conducted in accordance with
the principles embodied in the Declaration of Helsinki
and in accordance with local statutory requirements.

Study population
To gather subjects, posters were distributed both at
Aalborg University (Aalborg, Denmark) and at local

2



10P Publishing

Biomed. Phys. Eng. Express 10 (2024) 055025

CMKolind etal

@ = SCG accelerometer
O=ECG electrode

iWorx 228

Figure 2. [llustration of the experimental setup including the placement of the SCG accelerometers and the ECG electrodes.

supermarkets. 45 healthy subjects without any known
cardiovascular diseases volunteered. The subjects
included 17 females and 17 males aged 20-80 years.
Subjects diagnosed with any cardiovascular disease,
any use of cardiac-related medication or devices, and/
or any type of inability to collaborate were excluded.

Experimental design

Demographic data were collected from each subject
including height, weight, age, and sex. The subjects
were positioned on the back in a supine position,
before the attachment of ECG electrodes and SCG
accelerometers. Three accelerometers (model 1521,
Silicon Designs) were each placed in a 3D-printed
plastic housing (19 mm wide, 21 mm long, and 11 mm
high, weighing 5 grams) and were attached to the skin
using double adhesive tape. One accelerometer was
placed respectively at the xiphoid process, one at the
left 4 th intercostal space, and one at the right carotid
artery, as seen in figure 2. All accelerometers were
single-access accelerometers measuring the dorsoven-
tral axis (the z-axis). The further analysis of this study
only included SCG data recorded at the xiphoid
process. To perform the ECG four electrodes were
placed on respectively the right and left shoulder and
on the right and left iliac crest. The ECG electrodes and
accelerometers were connected to an iWorx 228 data
acquisition system. The signal was sampled at 5000 Hz
using LabScribe software.

Immediately after collecting data from ECG and
SCG, the echo was performed with the subjects lying
on their side. The Vivid E9 (GE Healthcare, Milwau-
kee) was used to record the ultrasound images and
ECG with electrodes corresponding to the ECG recor-
ded with iWorx 228. The echo was recorded using the
following setups: Pulsed Wave Tissue Doppler Ima-
ging (PW TDI) of the lateral mitral annulus and
respectively apical two, three and four chamber views.
The echo data were assessed manually using the pro-
gram Viewpoint. All examinations were performed in
a supine position and afterwards repeated in a 30°

head-up tilted position, to decrease cardiac preload.
Great care was taken to ensure that the seismocardio-
graphic and echocardiographic recordings were
obtained at identical heart rates to ensure comparable
timing. Due to the positioning of the patient during
echocardiography and the interference caused by the
echo-probe the two measurements are performed in
continuation and not simultaneously.

Signal processing

The program MATLAB (Mathworks, USA) was used
to process the ECG and SCG data recorded by iWorx
228. The data were recorded continuously during the
experiment, and the intervals for respectively supine
and tilted position were chosen for the analysis, based
on visual inspection whereby intervals without noise
contamination were selected. After processing data,
different numbers of heartbeats for each subject were
able to be detected and thereby included in the data.

A duration-dependent hidden Markow Model
(DHMM) described by Schmidt ef al [22] was used to
segment the individual heartbeats. Before the segmen-
tation with the DHMM, the SCG output was high pass
filtered (>15 Hz) since the model initially was devel-
oped to segment heart sounds. Following the segmen-
tation, the entire SCG-signal of each heartbeat was
analysed in MATLAB.

The onset of the first heart sound defined the onset
of the systole and the second heart sound the onset of
the diastole. To avoid an exchange of the systole and
diastole, DHMM segmentation was compared to the
ECG signal, and no cases of exchanged values were
detected.

The systolic and diastolic segments were aligned
and averaged to produce a low noise mean SCG beat
for each subject in each position as described by
Serensen et al [18]. While some studies choose to low-
pass filter the SCG-signal to suppress the components
of the SCG signals above 20 to 40 Hz, we chose not to
filter to avoid smearing of the fiducial points, thus
ensuring more prominant fiducial points. By utilizing
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Table 1. The division of the systolic SCG variables into three periods.
Division of the systole
Period Amplitudes Amplitude intervals Time intervals
Early systole Fq F,to Gg Esto G
G, Esto F
F,to G
Late systole K Ggto K G to Ky GstoBy
L Lito K, G,to L K toBy
By K, toL, L,to By
Entire systole E to By E to L
F to By F to K,
E to K, FitoLs

a costume-developed fiducial point detection algo-
rithm the systolic fiducial points Eg, F,, G, K, L and
By were identified as by Sererensen et al [18] were
identified. In order to validate the fiducial points, they
were manually corrected in MATLAB (Mathworks,
USA) if a point were not placed equivalent according
to the study by Serensen et al [18]. The mean SCG
curves with the fiducial points are seen in Supplemen-
tary Material 3, where corrected and excluded curves
are marked.

Systolic seismocardiographic variables

The parameters included in the study were based on
the fiducial points detected by the algorithm by
Serensen et al [18], and the systolic time interval was
defined as the closure of the mitral valve (E,) until the
closure of the aortic valve (Bg). The systolic SCG
variables were divided into three periods, respectively
early systole from E; to G, late systole from G, to By,
and the entire systole including overlapping time
intervals, as seen in table 1. All periods included
amplitudes, time intervals and peak to peak intervals.
SCG data detection relies on the mean of multiple
measurements of heartbeats for each subject during
the same recording session.

Systolic echocardiographic variables

The included echo parameters indicative of the systolic
function in this study are respectively; stroke volume
(SV), left ventricular ejection fraction (LVEF), peak
systolic velocity (S’), strain, strain rate (SR), left
ventricular ejection time (LVET), isovolumetric con-
traction time (IVCT) and early ejection time (EET).
EET is included as a relevant time interval of the
systolic function, defined as the time from the opening
of the aortic valve until the systolic peak velocity S’.
The echo was performed and analyzed by an experi-
enced echo specialist (P.S.) [18, 21, 23]. All the
parameters mentioned above were assessed manually:
LV volumes and LVEF by the echo-application Auto
Ejection Fraction, strain and SR by speckle tracking,
and the time intervals as well as S’ by analyzing PW
TDI. The echo parameters were detected through a
single measurement for each parameter in all subjects.

Statistical analysis

All data were plotted as histograms and QQ-plots and
tested for normality using the Sharpiro Wilk test.
Furthermore, Levene’s test of homogeneity was per-
formed. A Pearson’s Correlation Coefficient test or a
Spearman’s Rho Correlation Coefficient test was used
to investigate the correlation between the systolic SCG
and echo variables. Beforehand, scatter plots were
performed to test for outliers.

A paired sample t-test or a paired sample Wil-
coxon test was applied to test if SCG and echo variables
were significantly affected by a decrease in preload. All
statistical analyses were considered significant at
p < 0.05 and the correlation coefficients were con-
sidered relevant atr > 0.3 or r < —0,3 [24]. The corre-
lations had to be significant in both supine and tilted
position to be considered relevant. The statistical ana-
lysis of this study was performed in IBM SPSS Statistics
for Mac, version 28 (IBM Corp., Armonk, NY, USA).

Results

A total of 45 subjects were recruited. One subject
withdrew in advance of the examination. In the
collection of the SCG data, some of the fiducial points
in the systole were not able to be determined in either
the supine or tilted position due to limitations of the
applied algorithm. Seven subjects were excluded, due
to non-available SCG data in either supine or tilted
position. Three subjects were excluded based on
inconclusive echo data. In total 11 subjects were
excluded, resulting in a total sample size of 34 subjects
equally distributed between sex. The mean age was
45.4 years (£17.5), the mean height was 175.3 cm
(£8.3), the mean weight was 74 kg (£12.7) and the
mean BMI was 24 (£2.6).

The SCG data are for each subject based on the
mean of heartbeats, detected by the algorithm. A box-
plot illustrating the distribution of included heartbeats
can be seen in Supplementary Material 2.

Changes in preload
The results of the paired samples test, comparing data
of subjects in supine and tilted position, are
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Table 2. The SCG variables and the difference between measurements of the supine- and tilted position.
Paired sample test of SCG-data in supine and tilted position
Supine Tilted Supine versus Tilted

Mean SD 95% CI Mean SD 95% CI Test Mean Diff SD P-value
Time Intervals (ms)
E to G 34.0 9.2 [30.8;37.2] 35.9 8.00 [33.0;38.6] W 1.9 8.8 149
Esto K 87.6 16.4 [81.7;93.5] 97.6 16.9 [91.7;103.5] T 10.0 13.3 .001*
Esto L 126.5 17.2 [120.5;132.5] 134.4 17.6 [128.2;140.5] W 7.9 15.9 .005"
Esto Fg 10.9 3.8 [9.6;12.2] 12.1 6.0 [10.1;14.2] W 1.2 5.7 918
Fsto G 23.1 7.8 [20.4;25.8] 23.7 6.4 [21.4;25.9] T 0.6 6.3 595
Fsto K 76.7 15.6 [71.2;82.1] 85.4 15.2 [80.1;90.7] W 8.7 11.6 .001*
Fsto L 115.6 15.7 [110.1;121.1] 122.2 15.8 [116.7;127.7] W 6.6 12.5 .003*
G to K 53.6 15.2 [48.3;58.9] 61.7 15.5 [56.3;67.1] T 8.1 10.0 .001*
GgtoLg 92.5 14.5 [87.4;97.6] 98.5 15.9 [93.0;104.1] T 6.0 11.9 .006"
Ksto L 37.9 9.7 [34.5;41.2] 36.9 10.6 [33.2;40.6] W —-1.0 12.6 871
Esto By 326.3 24.6 [317.7;334.8] 309.3 32.5 [298.0;320.6] W —17.0 21.2 .001*
Fsto By 315.4 24.7 [306.8;324.0] 297.1 32.1 [285.9;308.3] W —18.3 21.7 .001*
Gsto By 291.4 25.4 [282.5;300.2] 273.4 34.5 [261.4;285.5] T —18 22.9 .001*
Ksto By 238.7 23.8 [230.4;247.0] 210.0 31.1 [199.1;220.9] W —28.7 24.4 .001*
LitoBy 199.7 26.3 [190.6;208.9] 177.0 36.2 [164.4;189.6] W —22.7 29.5 .001*
Amplitudes and Amplitude Intervals (g)
Gy .0202 .0139 [.0153;.025] .0187 .0099 [.0153;.0222] W —.0015 .0086 .602
Fs —.0254 .0142 [—.03;—.02] —.0199 .0105 [—.024;—.016] W —.0055 .0077 .001*
K —.0095 .0060 [—.012;—.007] —.0097 .0056 [—.012;—.009] T .0002 .0047 .76
L .0071 .0037 [.006;.008] .0045 .0035 [.003;.006] T —.0026 .0035 .001*
By .0002 .0018 [—.0005;.0008] .0009 .0028 [—.0001;.002] W .0007 .0021 .039*
Fsto G .0455 .0260 [.0364;.0546] .0386 .0184 [.0322;.0451] W —.0069 .0141 .031*
G to K .0292 .0184 [.0228;.0356] .0284 .0134 [.0238;.0331] W —.0008 .0109 .98
Lito K .0165 .0081 [.01365.0193] .0142 .0078 [.0114;.0169 W —.0022 .0067 .023"
W = Wilcoxon paired sample test, T = paired sample t-test, “p < 0.05 were considered significant.
Table 3. The echo variables and the difference between measurements of the supine- and tilted position.

Paired sample test for echo-data in supine and tilted position
Supine Tilted Supine versus Tilted
Mean SD 95% CI Mean SD 95% CI Test ~ Mean Diff SD P-value

IVCT (ms) 78.9 20.0 [71.9;85.8] 74.4 14.6 [69.3;79.5] T —4.5 18.2 164
LVET (ms) 303.6 30.2 [293.1;314.2] 283.2 34.7 [271.8;295.3] T -20.5 44.5 .012*
S (cm/s) 10.8 2.3 [10.0;11.6] 10.4 2.4 [9.6;11.2] T 4 1.9 194
SV (mL/beat) 60.4 18.8 [53.8;66.9] 52.6 17.1 [46.7;58.6] T —7.8 6.1 .001*
LVEF (%) 61.4 3.2 [60.3;62.5] 61.1 3.8 [59.8;62.4] T -3 3.6 671
EET (ms) 46.8 12.7 [42.4;51.3] 47.0 13.4 [42.3;51.7] w —2 16.2 549
Strain (%) —16.9 2.8 [—17.8;—15.9] —14.4 2.6 [—15.3;—13.5] W —2.4 2.8 .001*
SR(s™ ") —.883 1841 [—.947;—.819] —.866 121 [—.909;—.824] W —.017 0.16 .203
HR (BPM) 66.5 11.9 [62.3;70.6] 67.5 10.5 [63.8;71.1] T 1 8.8 514

W = Wilcoxon paired sample test, T = paired sample t-test, “p < 0.05 were considered significant.

represented respectively in table 3 for echo measure-
ments and table 2 for SCG measurements. LVET, SV,
and strain, were able to detect a significant decrease in
preload when tilting the subjects. Almost all the
examined systolic SCG variables, were able to measure
a change in preload, including variables from both the
early, late, and entire systole. Six of the SCG time
intervals are significantly increasing and five time
intervals are significantly decreasing after a 30° head-
up tilted position. The amplitude By increased sig-
nificantly after the tilt, whereas the amplitudes F; and

L, and the peak to peak intervals Fi-G, and L-K; are
significantly decreased by tilting.

Correlation between SCG and echo

Correlations between the systolic variables from SCG
and echo are illustrated in figure 3. Significant correla-
tions are demonstrated between SCG time intervals,
including both intervals of the early, the late and the
entire systole, and the echo variable LVET and IVCT
both in supine and tilted position. Also, IVCT shows
correlations to SCG amplitudes in the early systole and
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peak to peak intervals in both the early and late systole
in both positions. Furthermore, significant correla-
tions are seen between S’ and wide SCG time intervals
of respectively the late systole and the entire systole in
both positions. S’ also correlates low and moderate
with the amplitudes of K, and the peak to peakinterval
G;-K; in both supine and tilted position.

The changes in supine and tilted positions of SV
correlates with the changes in the SCG time interval
K;-Ls in the late systole. For the change in LVET, there
are low and moderate correlations with the change in
SCG time intervals in the entire and late systole.
Regarding the change in strain, there are low correla-
tions with the change in SCG time intervals of the late
and early systole and with the change of the amplitude
K, in the late systole. Change in SR shows significant
low and moderate correlations with the change in time
intervals in the early and entire systole, and the ampl-
itude F; in the early systole. Regarding the change in
LVEF, significant low and moderate correlations are
detected in the comparison with the change in SCG
time intervals in the entire and late systole. Correlation
plots visualizing the correlations between selected
SCG and echo variables are seen in figure 4.

Discussion

In this study, the systolic fiducial points were utilized,
leading to an investigation of systolic SCG variables as
well as systolic echocardiography variables. Thereby,
an attempt is made to achieve a more comprehensive
understanding of the correlation between SCG and
echocardiography, as well as the sensitivity to preload
changes in both assessment methods.

Changes in preload
Most of the SCG time intervals in the entire systole, as
seen in table 2, exhibited a significant increase when
decreasing preload. Particularly, the time intervals that
initiate in the early systole (E;-Kj, Es-Lg, Fi-K, Fg -Lg)
and end at the beginning of the late systole (Gs-Ks,
Gs-Lg) are significantly prolonged, which which
reflects a prolonged time to ejection [25]. In the late
systole a shortening of the ejection period was
expected [26]. This aligns with the results of a
significant decrease of the late systole time intervals, as
seen in table 2. The time intervals at the beginning of
the late systole (G,-By, K¢-Bg, Lg-By) were significantly
increased. This could potentially be related to a
prolonged contraction time required to achieve peak
systolic outflow. All the significant altered amplitudes
(Fs, Ly), except By, and all the significant altered peak to
peakintervals (F-G,, Li-K), exhibit a significant
decrease, as seen in table 2, which aligns with reduced
contractility caused by the preload reduction [27].

A study by Shandhi et al [28] also confirms that
SCG parameters are sensitive to preload reductions.
However, Agam et al [19] found that only the diastolic

CMKolind etal

amplitude E 4 were significantly altered when decreas-
ing the preload. This may indicate that more systolic
variables are affected by changes in preload compared
to the diastolic variables. Further investigation is
highly relevant to confirm the sensitivity towards pre-
load and enhance the understanding of SCG as a diag-
nostic tool. An increased preload is associated with
various pathological conditions, such as heart failure,
and therefore a preload detection tool is highly rele-
vant [29].

As seen in table 3, regarding echo only LVET, SV
and strain were significantly altered by a decrease in
preload, even though various echo variables have
shown to be sensitive towards preload changes
[30, 31]. The results of this study indicate that systolic
SCG variables are more sensitive to preload alterations
than systolic echo variables. SCG could potentially be a
diagnostic tool, for early discovery of pathological
conditions with preload impacts, such as heart failure
and fluid monitoring in patients with edema. Along
with the easy manageability, this substantiates the
potential of SCG as a future home monitoring device.
On the other hand, the lack of affected echo variables
could be because the 30° tilting may not generate a suf-
ficient preload change. This study used the change
from supine to 30° head-up tilted position to create
changes in preload. This experimental design pre-
sumably creates a minor haemodynamic change com-
pared to other methods. In other studies, different
hemodynamic manoeuvres, such as lower body nega-
tive pressure as used in the study by Tavakolian et al
[32], are applied to create changes in hemodynamic
parameters. These manoeuvres would probably
induce greater hemodynamic changes, which theoreti-
cally would induce more impact on the SCG-para-
meters. In future studies, it would be relevant to
investigate the influence of SCG-parameters under
greater changes in the haemodynamics, to support the
theory of SCG’s ability to detect these changes in
preload.

Correlation between seismocardiography and
echocardiography
LVET shows a correlation with several SCG time
intervals as seen in figures 3(Al), (A2), including a
moderate and a low correlation with the interval
G,-Bg, that corresponds to the definition of LVET
[18, 33]. This correlation between SCG and LVET is
also demonstrated in a study by Rienzo et al [34]. There
is also demonstrated a moderately significant correla-
tion between the change in G,-By4 and the change in
LVET, seen in figure 3(C), indicating sensitivity to a
decrease in preload of both variables. It is suggested by
the paired samples test in table 2 and table 3 and by the
correlation in changes in figures 3(Al), (A2), (C), that
SCG and LVET are able to detect a decrease in preload.
Regarding IVCT a significant correlation with
the time interval E-F;, in the early systole was
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Figure 4. Correlation plots for certain SCG- and echo variables in respectively supine- and tilted position and the difference between

SR (s")

demonstrated, as seen in figures 3(A1), (A2). This cor-
responds to the expected physiological appearance of
IVCT. A significant low and moderate correlation was
observed in the early systole, respectively to the

amplitudes F; and G, and to the peak to peak interval
F;-Gs. The negative correlation to G, and F,-G; could
indicate a lower acceleration results in prolonged
IVCT. Further investigation into these parameters
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could be relevant, since IVCT is a relevant and infor-
mative parameter for the function of the heart. Under-
standing how IVCT relates to SCG, there is a potential
to utilize SCG as a mean to offer diagnostic and prog-
nostic information about the heart.

As seen in figures 3(Al), (A2), a significant moder-
ate and low correlation has been demonstrated
between S” and a SCG time interval (E¢-By), equalling
the entire systole, which has a low correspondence. S’
has also been demonstrated to correlate respectively
low and moderate with the amplitude K, and the peak
to peak interval G;-K; in the late systole, as seen in
figures 3(B1), (B2). S’ likely occurs around these points
in the cardiac cycle, which makes this area of the SCG
interesting to further investigate. In the clinical use, S’
can be useful in detecting patients with LV systolic
dysfunction [35-37].

The changes in strain have a low correlation with
the changes in the late amplitude K, and the change of
two SCG time intervals (E,-G,, G4-Bg), representing
respectively the early and the late systole, as seen in
figures 3(C), (D). Further investigations are relevant
regarding K and the systolic time intervals. On the
other hand, no relevant correlations between strain in
supine or tilted position and any of the fiducial points
were found, as demonstrated in figures 3(Al), (A2),
(B1), (B2). This indicates strain does not correspond to
specific fiducial points but is still able to detect a change
in preload in correlation with SCG variables, which also
is supported by Grund et al [38] who suggested that
strain correlates with preload. This is also supported by
the paired sample test, seen in table 3, where strain sig-
nificantly changed after tilting the subjects.

Change in SR shows moderate and low significant
correlations with the change in time intervals in the
early and entire systole (Es-Gs = 0,529, Es-Lg = 0,351,
Fs-Ls = 0,388), as seen in figure 3(C). The highest cor-
relation is seen to the change in the time interval E,-G;.
Furthermore, the change in SR displays a low correla-
tion to the amplitude F; in the early systole, seen in
figure 3(D). This indicates a possible correlation of
changes in the early systole. Both strain and SR display
the highest correlation to the time interval E,-Gg, indi-
cating the expected relation between these echo para-
meters [39].

A low significant correlation between the change
in SCG time interval K¢-Lg (r = 0,372) and the change
in SV was demonstrated, seen in figure 3(C). This
would be a relevant correlation since the time interval
approximately represents the time from the peak sys-
tolic outflow until the next positive deflection in the
SCG curve [18, 40]. In addition, there were no sig-
nificant correlations found between the SCG variables
and SV. This indicates that SV cannot be estimated
using single SCG fiducial points, but potentially it can
be used to estimate the changes in SV.

The changes in LVEF significantly correlate low
and moderately to the changes in one time interval of
the entire systole (Fs-Bg, r = 0,45) and two late time
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intervals (G,-B4 (r = 0,505), K-Bg4 (r = 0,447)), as seen
in figure 3(C), which indicates that the SCG may be
able to detect the changes in LVEF when decreasing
preload. The time interval changes that correlated with
LVEF changes are all represented in the periode from
the closure of the mitral valve until the closure of the
aortic valve, which is in physiological consistency with
the occurence of blood ejection and thereby LVEF
[18, 33]. The highest correlation is seen with the
change of the late systolic time interval G4-Bg. There
were only correlations between the changes in the
LVEF and the time interval G4-By. Theoretically, LVEF
should be affected by preload [31], but the echo data
show no significant difference comparing supine and
tilted position, as demonstrated in table 3. In this case,
it could impair the basis of comparison.

Study limitations

A limitation of this study is the small number of
included subjects. Furthermore, this study has an
exploratory approach, and therefore requires further
verification. The applications of the SCG as a measure-
ment may be affected by confounders, such as skin
impedance, BMI and sex, as demonstrated in a study
by Serensen et al [41]. It would be relevant in future
studies to explore the influence of these potential
confounders to enable appropriate adjustments. This
study only included healthy subjects, which reduces
the transferability of the results, to patients with
cardiovascular diseases. The application and analysis
of SCG remain challenging due to the lack of
consensus on methods, analysis tools, and algorithms
[12, 14, 42]. To gain more consensus Sgrensen et al
[18] attempted to make a general approach to SCG by
defining fiducial points. In addition, inter-observer
variability can occur in both the performance and the
interpretation of echo [6]. Furthermore, the auto-
nomic nervous system can possibly influence the
results. In particular, the echo results that were obtains
after the SCG recordings are at risk of being affected, as
normalization of preload may occur before the
transducer is placed.

Conclusion

SCG is able to detect a change in systolic variables
when preload is decreased. Several moderate correla-
tions are detected between systolic echo variables and
selected systolic SCG variables. The findings in this
study demonstrates the potential of SCG as a clinical
supplement in the examination of the systolic
mechanical function of the heart.

Data availability statement

All data that support the findings of this study are
included within the article (and any supplemen-
tary files).
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