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Abstract

The preejection period (PEP) is a valid index of myocardial contractility and beta-adrenergic
sympathetic control of the heart defined as the time between electrical systole (ECG Q wave) to
the initial opening of the aortic valve, estimated as the B point on the impedance cardiogram
(ICG). B-point detection accuracy can be severely impacted if ICG cardiac cycles corrupted by
motion artifact, noise, or electrode displacement, are included in the analyses. Here, we developed
new algorithms to detect and exclude corrupted ICG cycles by analyzing their level of activity.
PEP was then estimated and analyzed on ensemble averaged clean ICG cycles using an automatic
algorithm previously developed by the authors for the detection of B point in awake individuals
(Forouzanfar, et al., 2018). We investigated the algorithms’ performance relative to expert visual
scoring on long-duration data collected from 20 participants during overnight recordings, where
the quality of ICG could be highly affected by movement artifacts and electrode displacements,
and the signal could also vary according to sleep stage and time of night.

The artifact rejection algorithm achieved a high accuracy of 87% in detection of expert-identified
corrupted ICG cycles, including those with normal amplitude as well as out-of-range values, and
was robust to different types and levels of artifact. Intraclass correlations for concurrent validity of
the B-point detection algorithm in different sleep stages and in-bed wakefulness exceeded 0.98,
indicating excellent agreement with the expert. The algorithms show promise toward sleep
applications requiring accurate and reliable automatic measurement of cardiac hemodynamic
parameters.

1. Introduction

Preejection period (PEP) is a hemodynamic measure of myocardial contractility which is
widely used by psychophysiologists as a valid index of sympathetic beta-adrenergic
influences upon the heart (Bagley & EI-Sheikh, 2014; Cacioppo, et al., 1994; Gatzke-Kopp
& Ram, 2018; Giuliano, et al., 2018; Schachinger, Weinbacher, Kiss, Ritz, & Langewitz,
2001; Sherwood, Allen, Obrist, & Langer, 1986).
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PEP is defined as the time between the onset of ventricular depolarization (electrical systole)
to the initial point of ejection of blood from the left ventricle (mechanical opening of the
aortic valve) and can be noninvasively estimated as the time difference between the
electrocardiogram (ECG) Q wave and the impedance cardiogram (ICG) B point (Pinheiro,
Postolache, & Girdo, 2013; Sherwood, et al., 1990; Tavakolian, 2016; Visser, Mook, van der
Wall, & Zijlstra, 1993).

The reliability of PEP measurements depends on the accurate detection of B point on ICG
signal (Arbol, et al., 2017; Cieslak, et al., 2017; Debski, et al., 1991; Debski, Zhang,
Jennings, & Kamarck, 1993; Ermishkin, Kolesnikov, & Lukoshkova, 2014; Lozano, et al.,
2007; Miller & Horvath, 1978; Sherwood, et al., 1990; Stern, Wolf, & Belz, 1985; van Lien,
Schutte, Meijer, & de Geus, 2013). However, the detection of B point, defined as a reversal,
inflection, or rapid slope change on the ICG signal rise, can be challenging as it can be
easily affected by noise and artifacts mainly caused by body movements and electrode
displacements. The problem can be even more critical in long-duration measurements such
as during overnight recordings when subject movements are not controlled and electrodes
could be easily displaced or lose contact (see Figure 1) (Altshuler & Brebbia, 1967). Such
data usually need to be visually inspected by an expert and the portions of data that contain
no valid information discarded from further analysis (Debski, et al., 1991; Sherwood, Allen,
Obrist, & Langer, 1986; van Lien, Schutte, Meijer, & de Geus, 2013). Visual inspection is
however time consuming and inefficient when analyzing data collected over extended time
periods.

Automatic algorithms based on ensemble averaging (Cieslak, et al., 2015; Kelsey &
Guethlein, 1990; Muzi, et al., 1985; Qu, Zhang, Webster, & Tompkins, 1986; Riese, et al.,
2003; Shoemaker, Appel, Kram, Nathan, & Thompson, 1988) and digital filtering (Bagal,
Pandey, Naidu, & Hardas, 2018; Chabchoub, Mansouri, & Salah, 2016; Nagel, et al., 1989;
Wang, Sun, & Van de Water, 1995; Yamamoto, et al., 1988) have been used to reduce the
effect of noise and artifacts on the ICG signal. However, such algorithms are only applicable
at moderate levels of noise and artifacts when valid ICG cycles still exist and are
recoverable. Automatic algorithms based on post-hoc outlier detection from estimated
hemodynamic parameters such as PEP, ejection time, or beat-to-beat time interval have been
used for identifying artifacts (Berntson, Quigley, Jang, & Boysen, 1990; Cybulski, et al.,
2017; Forouzanfar, et al., 2018). However, the hemodynamic parameters that show within-
range values could still be invalid if estimated from highly corrupted ICG cycles. For long
datasets, automatic algorithms are therefore needed to identify highly corrupted portions of
data and exclude them before application of any algorithm to detect the B point. Here, we
therefore aimed to develop automatic algorithms for the detection and exclusion of corrupted
ICG cardiac cycles prior to B-point detection. Following the application of these algorithms,
we investigated the performance of our newly-proposed algorithm for the detection of B
point, which was previously shown to be robust to ICG signal morphology variations and
noise and artifacts in short-duration data (~2 minutes) in awake individuals, at rest and post-
exercise (Forouzanfar, et al., 2018). We hypothesized that the algorithm should be valid even
for prolonged datasets. Thus, in the current work, we evaluated its performance on overnight
datasets that were several hours in duration. Since PEP can vary according to wake or sleep
stage and time of night (Burgess, Penev, Schneider, & Van Cauter, 2004; de Zambotti, et al.,
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2014; de Zambotti, et al., 2012; de Zambotti, et al., 2013; Trinder, et al., 2001), we also
considered the performance of the algorithm in different sleep states and times.

2. Method

2.1. Experimental Design

Twenty healthy adults were recruited from the San Francisco Bay Area and underwent
standard polysomnography (PSG) recordings at the SRI Human Sleep Research Laboratory,
as part of a study investigating the acute effect of alcohol on sleep and the cardiovascular
system. Only data from non-alcohol nights were used in this study. Participants had no
current mental or medical conditions, and were not taking medication affecting sleep or
cardiovascular functioning. The study was reviewed and approved by the SRI International
Institutional Review Board, and all participants provided written informed consent.
Participants characteristics are provided in Table 1.

Participants arrived about 4 hours before their desired bedtime to allow electrode attachment
and routine lab procedures. They self-selected lights-off and lights-on times. They slept in
sound attenuated and temperature-controlled rooms.

Standard PSG was performed using EEG (F3, F4, C3, C4, 01, 02, referenced to the
contralateral mastoid; 256 Hz sampled and 0.3-35 Hz filtered), bilateral EOG and submental
EMG recordings using Compumedics amplifiers (Compumedics, Abbotsford, Victoria,
Australia), following the American Academy of Sleep Medicine (AASM) guidelines (Iber,
Ancoli-Israel, Chesson, & Quan, 2007). Sleep stages (wake, N1, N2, N3, and REM sleep)
were visually scored in 30-s epochs by experts following the AASM rules.

ECG signal was collected via a dedicated channel in the PSG system. ECG was recorded in
modified D2 Einthoven configuration via Ag/AgCl Meditrace surface spot electrodes and
sampled at 512Hz. ICG dZ/dt signal, representing the rate of change in the impedance
waveform on a given beat, was recorded via HIC-4000 Bioelectric impedance cardiography
(Bio-Impedance Technology, Inc., Chapel Hill, NC). The dZ/dt output signal was interfaced
and acquired within the PSG recording system. ICG was recorded using a 4-lead 8-point
connection arrangement in which a 4mA AC 100 kHz was transmitted in the outer
electrodes and the output voltage recorded by the inner electrodes.

2.2. Preprocessing

A block diagram representation of the processing of the data and application of algorithms is
presented in Figure 2. Simultaneously recorded ICG and ECG signals were digitally filtered
with a 4th-order Butterworth bandpass filter to remove the high frequency noise and artifacts
and low-frequency drift. The lower and upper cutoff frequencies were set to 0.5 Hz and 35
Hz, and 0.5 and 25 Hz for ECG and ICG, respectively. The ICG bandpass filter cutoff
frequencies are commonly used in the literature to remove respiration and low-frequency
movement artifacts (Raza, Patterson, & Wang, 1992), and power-line and high frequency
noise (de Geus & van Doornen, 1996; Debski, et al., 1991; Hu, et al., 2014a; Shi, Heinig, &
Kanoun, 2011) while leaving ICG distinct features (B, Z, and X point) unaltered. The filter
was applied in both forward and backward directions to avoid any phase shift.
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2.3. R-peak Detection

ECG signal samples with a value more than ten standard deviations away from the mean
were identified as outliers and were replaced by interpolating the remainder of ECG
samples. Average R-R interval was then estimated using power spectral analysis. An
automatic peak detection algorithm available in MATLAB R2018a software was adopted to
detect the ECG R peaks using half of the average R-R interval as the minimum distance
criterion between two successive peaks. To intensify the R peaks and minimize the effect of
T waves with amplitudes higher than normal, the automatic peak detection algorithm was
applied on the ECG signal derivative. R-R intervals with a value more than ten standard
deviations away from their mean were identified as outliers. The out-of-range R-R intervals
are mainly due to inaccurate R-peak detection caused by noise and artifacts corrupting the
ECG signal. Those cardiac cycles that happen to have an out-of-range ECG signal level or
R-R value were excluded from further analysis.

2.4. ICG Artifact Rejection

Noise and movement artifacts usually affect the ICG signal by increasing its variations in
time (see Figure 1, insets b and d). On the other hand, high-level movements may loosen the
electrodes contact, resulting in an almost constant signal mainly carrying noise (see Figure
1, inset ). These artifacts lead to an imprecise detection of B point and inaccurate
measurement of PEP. Having a measure of ICG signal activity, corrupted ICG cycles can be
identified and excluded from further analysis.

ICG cardiac cycles were identified using the ECG R peaks as the reference. Every portion of
the 1CG signal located between two successive ECG R peaks was marked as an ICG cardiac
cycle. Data collected from three individuals (not included in the rest of the analysis) that
contained different artifact types including movement and electrode displacement were used
to design the algorithms and find their parameters.

An activity index (Al) was defined to measure the ICG signal variations over each cardiac
cycle, as follows:

N
1~ (dZ(j)/dt 2
j=1
Where
N;
1 dZ(j)/dt
m= N2 (T) @
ijf=1
and
C = median(max(dZ,/dt) — min(dZ,/d1)); _ | 5 ®)
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Aljis the jth ICG cardiac cycle activity index, dZ(j)/dtis the jth ICG cycle sample, Njis
the total number of ICG signal samples over /-th cardiac cycle, and M is the total number of
ICG cycles. The activity index is in fact the standard deviation of normalized ICG signal in
each cardiac cycle. To obtain a valid activity index robust to signal level variations between
and within individuals, ICG signal variations over each cardiac cycle were normalized by the
median of the ICG cycles amplitude. The ICG cycle amplitude was defined as the difference
between the ICG maximum (Z point) and minimum (X point) over each cardiac cycle.

In order to obtain a reliable measure of the normalizing factor C, the unnormalized activity
index, i.e. equation (1) with C = 1, was first calculated. Two low sensitivity thresholds, set at
0.02 and 2, were applied to detect and reject those ICG cycles with too low (such as no data
segments where the electrodes are detached) or too high (such as sharp spikes due to rapid
movements) activity, respectively. This step is required to obtain a reliable estimate of the
normalizing factor in cases where majority of the ICG cycles are corrupted.

Having excluded the highly corrupted ICG cycles, the normalizing factor was calculated
according to equation (3). The activity index was then calculated and two higher sensitivity
thresholds, set at 0.1 and 0.4, were applied to detect and reject those ICG cycles with low or
high activity, respectively.

An outlier detection algorithm was then developed to remove any further ICG cycles that
appear to be inconsistent with the remainder of cycles. Outliers were defined as those ICG
cycles with an activity index of more than four scaled median absolute deviation (MADN)
away from the median, as follows:

Al - median(AL)|;_ | , | >4xMADN, )

where

MADN, = 1.48 X median(|AIi - median(AIi)L. 1.2, M|)|z —12.M 5)

The proposed artifact rejection algorithm based on the defined activity index can be
summarized as follows:

1 Calculate the unnormalized ICG activity index (C = 1) using Eq. (1)

2 Remove those corrupted ICG cycles with activity index Al > 2 or < 0.02.
3 Calculate the normalization factor C using Eqg. (3).

4. Remove those corrupted ICG cycles with activity index Al > 0.4 or < 0.1.
5

Remove outlier ICG cycles using Egs. (4) and (5).

2.5. Ensemble averaging

The artifact free ICG cycles were ensemble averaged over 30-sec time intervals
corresponding to the scored PSG. ECG R peaks were used as the time markers for ensemble
averaging.
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2.6. B-point Detection Algorithm

A B-point detection algorithm was developed in (Forouzanfar, et al., 2018) that was robust
to the variations of ICG signal and outperformed the conventional algorithms. The algorithm
was customized for B-point detection from individual ensemble averaged ICG cycles in the
current dataset as follows:

1 Detect the main ICG peak (C-point).

2. Find the main local minimum (A-point) between the first ICG cycle sample (R-
peak location) and the C-point.

3. Calculate the ICG height (H) as the amplitude difference between the detected
A-point and C-point.

4, Find all the monotonically increasing segments between A-point and C-point and
select the one with the highest height that starts from at least %5 of the C-point
amplitude and reaches at least 3/4 of C-point amplitude. If no such segment is
found, relax the second condition to 1/2 of C-point amplitude. If no such
segment is found, select the last monotonically increasing segment.

5. Find all the d3Z/dt2 zero-crossings over the first 2; of the most prominent
monotonically increasing segment and discard those with dZ/dt slope (d2Z/dt?)
of greater 6 x HIf;.

6. Find all the d3z/dt2 local maximums over the first 25 of the most prominent
monotonically increasing segment and discard those with d3Z/dt3 value of less
than 0.002 x HI .

7. Label the last zero-crossing or local maximum of d3Z/dt3 as the B-point. If no
zero-crossing or local maximum exists, label the first point of the segment as B-
point.

2.7. Data Analysis

In order to evaluate the performance of the ICG artifact rejection algorithm, 2000 ICG
cardiac cycles (100 per individual) were randomly selected and visually scored by an expert
(MdZ2), blinded to the algorithm scoring, as either corrupted or clean cycles. Clean cycles
were selected as those cycles that followed the general pattern of the ICG signal with B, Z,
and X points uncontaminated by artifacts (Sherwood, et al., 1990). In order to study the
performance of the algorithm at different levels of ICG signal amplitude, the expert-detected
corrupted cycles were divided into three groups: below normal, normal, and above normal
amplitude. Normal amplitude cycles for each subject were defined as those with an
amplitude of >0.5 or <2 times of the median amplitude of the clean cycles. Each cycle’s
amplitude was defined as the difference between its maximum and minimum values.

In order to evaluate the performance of the algorithm on different artifact types and levels,
three categories of artifacts including electrode detachment, low-level movement, and high-
level movement were selected by the expert based on the shape of ICG cycles and their
pattern variations over time. The accuracy of the artifact rejection algorithm was then
analyzed on each artifact category.
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True positive (TP), false positive (FP), false negative (FN), and true negative (TN) rates were
calculated according to the expert scores. The performance of the algorithm was evaluated in
terms of the overall accuracy: (TP+TN)/(TP+TN+FP+FN), overall error: (FP+FN)/(TP+TN
+FP+FN), sensitivity: TP/(TP+FN), specificity: TN/(FP+TN), positive predictive value:
TP/(TP+FP), and negative predictive value: TN/(TN+FN).

The proposed artifact rejection algorithm was run on all individual ICG cardiac cycles and
the detected corrupted cycles were excluded from further study. The algorithm-detected
clean ICG cycles were then ensemble averaged over 30-sec time intervals. The performance
of B-point detection algorithm was evaluated on 20% of the ensemble averaged ICG cycles
randomly selected for each participant in each sleep stage across the night. The location of B
point was visually marked by an expert (MdZ), blinded to the algorithm scoring. Expert had
the option to refuse to score those ICG cycles that did not have a clear B point. The 20%
selection rule resulted in a total of 14745 ensemble averaged ICG cycles out of which 929
were in N1, 7494 were in N2, 2103 were in N3, 2722 were in REM, and 1497 were in wake
stages.

PEP was calculated as the time difference between the ICG B point and the ECG Q-wave
onset. The Q wave onset was approximated as the ECG R peak time minus a constant set to
35 ms (Seery, Kondrak, Streamer, Saltsman, & Lamarche, 2016). PEP was averaged across
all cardiac cycles for each participant.

Concurrent validity was assessed in different sleep stages using intraclass correlation
coefficients (ICCs) based on a random effects model (Model 2) in (Shrout & Fleiss, 1979).
ICCs based on a random effects model provide a single index that captures both the rank
order consistency and the extent of agreement between the proposed algorithm and the
expert (Kelsey, Ornduff, & Alpert, 2007; Kelsey, et al., 1998). Mean and standard deviation
of PEP measured by the proposed method and the expert were also calculated.

Box and whisker plots were drawn to analyze the distribution and variability of PEP
estimates and their differences, and Bland-Altman plots were used to compare the
differences between the algorithm and expert estimated PEPs and analyze their potential
agreement at different PEP values across individuals.

Variations in PEP across the night were obtained by averaging the algorithm-estimated PEP
over 1-hour time intervals. Mean and standard error were then calculated each hour for the
20 individuals.

3. Results

A total of 454 out of 2000 ICG cycles were scored by the expert as corrupted cycles among
which 333 were correctly detected by the proposed algorithm (TP). The algorithm also
detected 149 cycles that were not scored by the expert as corrupted (FP). The proposed
algorithm achieved an overall accuracy of 87%, overall error of 13%, sensitivity of 73%,
specificity of 90%, positive predictive value of 69%, and negative predictive value of 92%,
which shows close agreement with the expert (see Table 2).
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Among the expert-selected corrupted ICG cycles, 9% were classified as below-normal, 54%
as normal, and 37% as above-normal amplitude. The artifact rejection algorithm detected
90%, 74%, and 100% of the corrupted cycles with amplitudes below normal, normal, and
above normal, respectively, which shows its high accuracy at different levels of ICG signal
amplitude.

The proposed artifact rejection algorithm detected 100% of the electrode detachment cases,
90% of high-level movement artifacts, and 71% of the-low level movement artifacts which
shows its robustness to different types and levels of artifact.

Results of the application of the PEP detection algorithm to the clean ensemble averaged
ICG cycles are displayed in Table 3 and Figure 3. The intraclass correlation coefficients
were uniformly high, ranging from 0.976 to 0.994, indicating excellent agreement between
the proposed algorithm and the expert for clean cycles in each sleep stage, and during in-bed
wakefulness (see Table 3). The box plots indicated that the highest variation in both expert
and algorithm estimated PEP occurred in N3 sleep stage (see Figure 3). However, the
highest variations in the estimation error occurred in N1 and wake stages following by N3.
Bland Altman plots show close agreement between the algorithm and the expert at different
PEP values across individuals (see Figure 4).

Finally, Figure 5 shows PEP values plotted hourly across the night for the group. As is
clearly evident, PEP increases, reflecting reduced sympathetic nervous system activity,
across the night.

4. Discussion

Impedance cardiography is an important noninvasive technique for the evaluation of cardiac
hemodynamic parameters such as PEP. However, the intrinsic ICG pattern variability
between and within individuals and the high sensitivity of the technique to noise and
movement artifacts may significantly degrade its accuracy and reliability, especially during
prolonged recordings.

A number of automatic algorithms have been developed for the detection and correction of B
point on the ICG signal and the estimation of the PEP. However, no fully automatic
algorithm exists that can process the simultaneously recorded ECG and ICG signals
collected in uncontrolled conditions over extended time periods to obtain a reliable measure
of PEP. Visual inspection of data is always necessary before analysis of data collected over
extended time periods to identify the corrupted portions of data and exclude them from
further analysis.

In this paper, we developed a new ICG artifact rejection technique to detect the ICG
corrupted cycles. The algorithm was applied on sleep data to remove the corrupted ICG
cycles and was found to closely match the expert visual inspection.

The developed artifact rejection algorithm worked based on measuring the activity
(variations) of the ICG signal within each cardiac cycle, where those cycles with lower or
higher than normal activity were marked as corrupted cycles. The activity was defined as the

Psychophysiology. Author manuscript; available in PMC 2020 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Forouzanfar et al.

Page 9

standard deviation of normalized ICG cycles where the normalization was performed
according to the median ICG signal height. A limitation of the proposed technique is that it
does not consider the shape of the ICG signal over each cardiac cycle, and therefore cycles
with corrupted shapes that do not have an out-of-range activity index cannot be detected.
Defining an index that quantifies the pattern similarity between the ICG cycles and a
reference template can solve such issues, and will be addressed in a future work.

Unlike artifact reduction techniques based on ensemble averaging (Cieslak, et al., 2015;
Kelsey & Guethlein, 1990; Muzi, et al., 1985; Qu, Zhang, Webster, & Tompkins, 1986;
Riese, et al., 2003; Shoemaker, Appel, Kram, Nathan, & Thompson, 1988) and digital
filtering (Bagal, Pandey, Naidu, & Hardas, 2018; Chabchoub, Mansouri, & Salah, 2016;
Wang, Sun, & Van de Water, 1995) that are based on the assumption that a valid ICG signal
always exists and is only affected by noise and artifacts to a certain extent, our proposed
artifact rejection algorithm provided a reliable measure of the level of noise and artifacts that
can be used for the detection and exclusion of highly corrupted ICG cycles that cannot be
recovered. Invalid ICG data such as those due to electrode detachment (see Figure 1, inset c)
or high levels of movement (see Figure 1, insets b and d) cannot be recovered by any artifact
reduction algorithm. Digital filtering techniques are also not very effective in suppressing
artifacts that have spectral overlap with the ICG signal. A possible solution to overcome the
limitations of conventional digital filters, is the application of adaptive filters (Barros,
Yoshizawa, & Yasuda, 1995; Hu, et al., 2014a; Mallam & Rao, 2016; Ono, et al., 2004;
Pandey & Pandey, 2005). However, adaptive filters require an independent signal or noise
reference which is not easy to obtain. An accelerometer attached to the body may provide a
reference of body movements, however, further study is required to identify if the measured
movements are correlated with the movement artifacts induced on ICG signal.

Unlike those artifact detection methods that are based on identifying corrupted cardiac
cycles as those with out-of-range parameter values (after detecting signal fiducial points in
each cardiac cycle and estimating hemodynamic parameters) (Berntson, Quigley, Jang, &
Boysen, 1990; Cybulski, et al., 2017; Forouzanfar, et al., 2018), our proposed artifact
rejection method analyzes each ICG cardiac cycle level of noise and artifacts and rejects
corrupted cycles prior to fiducial point detection and hemodynamic parameter estimation.
Methods based on the detection of hemodynamic parameter outliers can only identify those
corrupted cycles that have out-of-range parameter values disregarding those corrupted cycles
with within-range but potentially invalid values.

It was found that half of the expert-detected corrupted ICG cycles have normal amplitudes
within the clean cycles’ amplitude range. Therefore, using simple thresholding techniques
based on the amplitude of the ICG cycles are not effective in detecting corrupted cycles.
Though the accuracy of the proposed technique was higher in detecting corrupted cycles
with out-of-range values (90% in detecting below-normal and 100% in detecting above-
normal cycles), it still achieved high accuracy in detecting corrupted cycles with normal
amplitude (74% accuracy). The artifact rejection algorithm also showed high accuracy in
detecting different types and levels of artifacts: it detected all the electrode detachment cases
and achieved an excellent accuracy of 90% in detecting artifacts caused by high-level
movements. The performance of the algorithm slightly reduced to 71% for low-level

Psychophysiology. Author manuscript; available in PMC 2020 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Forouzanfar et al.

Page 10

movement artifacts. The reduction in accuracy for low-level artifacts is naturally expected
given that the criterion used to define artifacts (activity index A/) is based on measuring the
cycle variations, which has close to normal-range values at lower-level artifacts.

We previously showed that our B-point detection algorithm performed well on short-
duration data (~2 minutes) collected from participants sitting quietly (Forouzanfar, et al.,
2018). Here, we showed that the algorithm also performed well even when applied on long-
duration data collected overnight (~8 hours), during different sleep stages and wakefulness,
when it is expected that PEP will vary (Burgess, Penev, Schneider, & Van Cauter, 2004; de
Zambotti, et al., 2014; de Zambotti, et al., 2012; de Zambotti, et al., 2013; Trinder, et al.,
2001). The algorithm performed well in all sleep stages with small errors and high ICCs
against expert visual scoring (Table 3). The Bland-Altman and Box plot analyses confirmed
the close agreement between the algorithm and the expert.

There was some variability in the estimation error according to sleep stage, as shown in the
box plots, being highest in N1 and wakefulness, which could be associated with the more
unstable state of these stages. The smaller number of ICG cycles in N1 and wakefulness
datasets (due to the expected lower amount of time spent by participants in these stages
across the night) compared to the other sleep stages could also lead to a higher error
variation.

The estimated PEP patterns of variation were consistent with those previously reported
across stages of sleep (de Zambotti, et al., 2014; de Zambotti, et al., 2012; de Zambotti, et
al., 2013) and as a function of time of night (Covassin, de Zambotti, Cellini, Sarlo, &
Stegagno, 2012; Trinder, et al., 2001). As is evident from our data, the variation in PEP
across the night is greater than variation across stages of sleep. There is a progressive
lengthening of PEP with hours of sleep, reflecting a reduction in sympathetic activity, as also
shown by others (Covassin, de Zambotti, Cellini, Sarlo, & Stegagno, 2012; Trinder, et al.,
2001). This time of night dependency of PEP probably masks sleep stage-related variation in
sympathetic activity. For example, it should be noted that PEP was lower during slow-wave
sleep (N3) than REM (see Table 3), which reflects the greater prevalence of slow-wave sleep
in the first part of the night compared to a greater distribution of REM sleep in the latter part
of the night.

A future application of our algorithms in the context of sleep could be to analyze changes in
PEP across the sleep onset process, across sleep stage transitions, and across the night in
individuals with and without trouble sleeping to investigate possible anomalies in
sympathetic withdrawal across sleep-wake transitions and as well as according to time of
night. It should be noted that there are other issues with the interpretation of PEP, regardless
of accuracy of measurement, such as the influence of the afterload on PEP independent of
beta-adrenergic control (Newlin & Levenson, 1979), which needs to be accounted for
(Trinder, et al., 2001).

This study was limited to 20 healthy individuals with no history of cardiovascular disease.
Further research is needed to validate the performance of algorithms on a larger number of
healthy subjects as well as patients with different cardiovascular diseases. Also, in this study,
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the ICG data were recorded using a 4-lead 8-point electrode connection arrangement and
filtered at fixed cutoff frequencies. Further research is needed to verify the performance of
the algorithms in other electrode configurations such as band electrodes and at different filter
cutoff frequencies. In such settings, the proposed method core components remain the same,
but its parameter values may need to be tuned to account for signal and noise variations. It
should be noted that the main focus of this paper was on the rejection of noise and artifacts
affecting the ICG signal. Given that ECG signal is, in general, more robust to noise and
artifacts compared to the ICG signal, and the R peak, even in a noisy ECG signal, is usually
easy to detect (compared to the B point on ICG signal which could be very challenging to
detect), the main challenge in measuring PEP is the accurate detection of B point.

Based on the Center for Disease Control and Prevention (CDC’s) definition of overweight
and obesity in adults, 35% of participants were overweight/obese (BMI > 25 kg m~2). None
of them was in the underweight range (BMI < 18.5 kg m~2). An exploratory analysis was
performed to assess the performance of the B-point detection algorithm according to BMI
categories (normal weight vs overweight/obese). The intraclass correlation of coefficient
between the algorithm and the expert was 0.997 for the normal group and 0.991 for the
overweight/obese group, showing excellent agreement between the algorithm and expert in
both weight categories.

With the advancement in sensing technology, portable wearable solutions for impedance
cardiography are quickly growing (Hafid, et al., 2018; Hu, et al., 2014b; Pinheiro,
Postolache, & Girdo, 2013; Ulbrich, et al., 2014; Weyer, Menden, Leicht, Leonhardt, &
Wartzek, 2015; Yazdanian, Mahnam, Edrisi, & Esfahani, 2016). The opportunity to collect
continuous information about electromechanical parameters of the cardiovascular system in
naturalistic settings needs automatic processing and analysis of noisy data collected over
extended time periods without the need for expert inspection and visual scoring. Our
proposed algorithms performed well in the analysis sleep data corrupted by movement
artifacts and electrode displacements. Future work will involve evaluating the performance
of the proposed algorithms in monitoring of PEP in other noisy settings such as full-day
routine activities.
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Example of ICG signal recorded overnight
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Block diagram representation of the flow of data handling and algorithms applied.
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Characteristics of participants and resting-state cardiovascular measures.

Characteristics
Total No. 20 (10 females)
Caucasian, No. 18
Age (mean(SD)), y 46.2 (8.4)
Body Mass Index (mean(SD)), Kg m™2  24.9 (3.8)

Resting state vitals (mean (SD))

Systolic blood pressure, mmHg 108 (12)
Diastolic blood pressure, mmHg 73 (5)
Heart rate, bpm 71 (14)
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Confusion table summarizing the performance of the artifact rejection algorithm versus expert.

Table 2.

Expert
N = 2000 Corrupted cycle | Clean cycle
Corrupted cycle 333 (TP) 149 (FP)
Algorithm
Clean cycle 121 (FN) 1397 (TN)
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Statistical comparison between the algorithm and expert-determined PEP values across sleep stages and

wakefulness in 20 healthy participants.

Sleep Stage | PEP Mean (ms) | SD (ms) | 1cc”
Expert 121.42 8.93

N1 0.976
Algorithm | 122.03 9.64
Expert 123.48 8.60

N2 0.992
Algorithm | 123.66 8.99
Expert 119.26 14.00

N3 0.989
Algorithm | 119.36 14.29
Expert 123.91 10.00

REM 0.994
Algorithm | 123.94 10.23
Expert 120.62 9.14

WAKE 0.983
Algorithm | 120.87 8.91

*
intraclass correlation coefficient
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