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Abstract
Objective. Appropriate adaptation of thematernal autonomic nervous system to progressing gestation
is essential to a healthy pregnancy. This is partly evidenced by the association between pregnancy
complications and autonomic dysfunction. Therefore, assessingmaternal heart rate variability (HRV)
—a proxymeasure for autonomic activity—may offer insights intomaternal health, potentially
enabling the early detection of complications. However, identifying abnormalmaternalHRV requires
a thorough understanding of normalmaternalHRV.WhileHRV inwomen of childbearing age has
been extensively investigated, less is known concerningHRVduring pregnancy. Subsequently, we
investigate the differences inHRVbetween healthy pregnantwomen and their non-pregnant
counterparts.Approach.We use a comprehensive suite ofHRV features (assessing sympathetic and
parasympathetic activity, heart rate (HR) complexity, HR fragmentation, and autonomic responsive-
ness) to quantifyHRV in large groups of healthy pregnant (n= 258) and non-pregnant women
(n= 252).We compare the statistical significance and effect size of the potential differences between
the groups.Main results.We find significantly increased sympathetic and decreased parasympathetic
activity during healthy pregnancy, alongwith significantly attenuated autonomic responsiveness,
whichwe hypothesize serves as a protectivemechanism against sympathetic overactivity. HRV
differences between these groups typically had a large effect size (Cohen’s d> 0.8), with the largest
effect accompanying the significantly reducedHR complexity and altered sympathovagal balance
observed in pregnancy (Cohen’s d> 1.2). Significance. Healthy pregnant women are autonomically
distinct from their non-pregnant counterparts. Subsequently, assumptions based onHRV research in
non-pregnant women cannot be readily translated to pregnantwomen.

Introduction

The autonomic nervous system (ANS) regulates involuntary physiological processes in the human body and
therefore plays a crucial role inmaintaining andmodulating heart rate (HR), blood pressure (BP), and
respiration (Shaffer andGinsberg 2017). During pregnancy, all these involuntary processes need to adapt to the
continuously evolving demands of thematernal-fetal pair, necessitating changes inmaternal autonomic
regulation (Fu 2018). Insufficient adaptation of thematernal ANS to pregnancy is associatedwith pregnancy
complications, such as hypertensive disorders of pregnancy and gestational diabetes, which affect over 10%of
pregnancies (Moors et al 2020, Reyes et al 2020). Consequently, assessingmaternal autonomic activity during
pregnancymay offer insights into gestational healthwhich are otherwise subclinical (Rang et al 2002, Pal et al
2009). However, to enable the identification of abnormalmaternal autonomic regulation, an in-depth
understanding isfirst needed of the normal activity of the ANS during a healthy pregnancy.
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Our current understanding of healthymaternal autonomic regulation is based on conclusions drawn from
studies using a variety ofmethods. Researchers who testedmaternal cardiovascular reflexes concluded that
activity from the parasympathetic branch of theANS is reduced (Ekholm et al 1994). Concerning the
sympathetic branch, results from studies that directlymeasured electrical activity in sympathetic nerves in the
skeletalmuscles indicated an increased sympathetic state (Reyes et al 2018). Additionally, results from
assessments of baroreflex sensitivity showed decreased autonomic regulation of BP toward the end of pregnancy
(Brooks et al 2020).

Still, while thesemethods offer valuable insights, they require controlled test setups andwould be
impractical to use as part of standard parental care. A better-suited, unobtrusivemethodwould consist of
assessing heart rate variability (HRV) since this can bemonitored longitudinally withwearable devices such as
ECG-Holtermonitors orwrist-worn photoplethysmography (Shaffer andGinsberg 2017). Given that the ANS is
responsible for regulatingHR, assessing the variation inHRoffers insight into autonomic regulation (Shaffer
andGinsberg 2017). Standard time- and frequency-domainHRV features informon the interplay of the
sympathetic and parasympathetic systems, whilemore recently developed features describe further aspects of
autonomic regulation such asHR complexity, HR responsiveness, andHR fragmentation (Bauer et al 2006a,
Shaffer andGinsberg 2017, Costa et al 2017a). HRV assessment is already used in the early detection of sepsis,
assessment of fetal health, and risk stratification of cardiac disease (Rajendra Acharya et al 2006, Ahmad et al
2009, Eick et al 2015, Ponsiglione et al 2021), to name but a few. Similarly, assessingwhenmaternalHRV
(mHRV) deviates from the expected normduring pregnancymay aid in the stratification of high-risk
pregnancies.

However, whileHRV in healthywomen has been extensively studied (Koenig andThayer 2016), less is
known about howpregnancy affectsHRV. Additionally, published studies are limited both in sample size
(typically n< 30 per group, with the largest study still involving less than 100 participants per group (Carpenter
et al 2015)) aswell as in the type ofHRV features investigated (Ekholm et al 1997, Speranza et al 1998, Voss et al
2000, Balajewicz-Nowak et al 2016, Kuo 2000). Results from these studies—typically using only standard time
and frequency domainHRV features—are at times conflicting and often fail to demonstrate clear findings
(Sharifiheris et al 2022), likely in part due to small sample sizes. A recent review on the potential ofmHRV for
assessingmaternal health confirmed that an understanding of what constitutes healthymHRV remains lacking
(Sharifiheris et al 2022). Furthermore, these researchers advocate formHRV investigations usingHRV features
outside of the standard time and frequency domain features, since features such as those capturingHR
complexitymay be better suited to reflecting the intricate physiological changes which occur during pregnancy
(Sharifiheris et al 2022).

Subsequently, to understand the potential ofmHRV in detecting deteriorations inmaternal health, a
definitive understanding is needed of howmHRV changes during a healthy pregnancy. To this end, we employ a
comprehensive set ofHRV analyses to quantify the potential differences in autonomic regulation between
healthy, non-pregnant women and healthywomen atmid-pregnancy (n> 250 per group). By analyzing the
largest dataset reported thus far in the literature, we aim to clarify howhealthy pregnancy impacts standard time
and frequency domain features. Furthermore, we investigateHRV features that captureHR complexity, HR
responsiveness, andHR fragmentation, some ofwhich are being compared between pregnant and non-pregnant
women for thefirst time. Additionally, we determine the effect size of the differences inHRV features between
these two groups to understand themagnitude of the impact of pregnancy onHRV aswell as which features are
most altered during gestation. Finally, we discuss our results in the context offindings onmaternal autonomic
regulation based on alternativemethods of autonomic assessment. Thework outlined in this paper represents
themost comprehensive assessment ofmHRV in healthy pregnancies to date and forms the basis for the
potential use ofmHRV in assessingmaternal health.

Methods

Datasets
We retrospectively analyzed two datasets. The pregnant group is comprised of abdominal ECGmeasurements
(NEMOHealthcare BV, theNetherlands) of approximately 30 min collected from492womenwith singleton
pregnancies between 18 and 24weeks of gestation (Verdurmen et al 2016). Recordings (500 Hz)were taken
while womenwere lying in a semi-recumbent position. The institutional review board at theMáximaMedical
Center, Veldhoven, theNetherlands, approved the original study (NL48535.015.14) and all participants
providedwritten informed consent. Awaiver was granted for this secondary analysis by the same review board
per theDutch law onmedical researchwith humans (reference numberN21.008). The study protocol for the
original study, which ran from2014 to 2017, is described elsewhere (Verdurmen et al 2016).
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Womenwith a bodymass index (BMI) over 30 kg m−2 were excluded (n= 67), as well as thosewhowere
recorded outside of the gestational age of 18–24weeks of pregnancy (n= 53), as specified in the original protocol
(Verdurmen et al 2016). Furthermore,maternal HRV is known to vary across pregnancy (Balajewicz-Nowak
et al 2016, Garg et al 2020, Bester et al 2022), hence the gestational age is limited towithin this range. Thereafter,
thosewith pre-existing health conditions such as diabetes,maternal pregnancy complications such as
hypertensive disorders of pregnancy, or thosewhowere takingmedications other than vitamins (n= 106), were
also excluded fromour analysis. A further twowomen are excluded owing to known atrialfibrillation.
Furthermore, eight were excluded during data preprocessing (see next section). In total, we included 252
participants. Of these, 68 had fetuseswith fetal congenital heart disease (CHD). However, it has been
demonstrated that fetal CHDdoes not affectmHRVBester et al (2022) and, therefore, they are not excluded
here. Patient characteristics are presented in table 1. For a few patients information on age (n= 17) or BMI
(n= 5) ismissing; thesewomen are assigned themean age andBMI.

The non-pregnant control group consists of participants from theAutonomic Aging dataset which is openly
available fromPhysionet (Goldberger et al 2000, Schumann andBär 2022). ECGdatawere collected from1121
participants in a resting, supine position. Participants were screened for anymedical condition, use of illegal
drugs or anymedications potentially influencing cardiovascular function. All participants were at least 18 years
old. Recordings were done at a sampling frequency of 1000 Hz using either aMP150 (ECG100C, BIOPAC
systems inc., Golata, CA,USA) or a Task ForceMonitor system (CNSystemsMedizintechnikGmbH,Graz,
AUT). These recordings varied considerably in length; subsequently, recordings of lengths between 20 and
40 minwere included (n= 468).We excluded allmen (n= 165) andwomen 45 years old or older (n= 27).
Furthermore, we excludedwomenwith a BMI over 30 kg m−2 (n= 15). Tenwomenwere excluded during data
preprocessing (see next section),finally resulting in the inclusion of 252 non-pregnant women. Participant
characteristics are outlined in table 1. The ages of the non-pregnant group are only available as grouped data, e.g.
participant 1 is between 20 and 24 years old, participant 2 is between 40 and 44 years old, etc. For seven
participants, no age datawas available.While precise values are not available, we can estimate themean and
standard deviation of such grouped data. Subsequently, all data in table 1 are reported asmean and standard
deviation, where applicable.

Preprocessing
While abdominal ECGmeasurements are typically acquired to obtain fetal ECG information, the amplitude of
thematernal ECG signal far exceeds that of the fetal ECG. In fact, extracting fetal information fromabdominal
ECGmeasurements is a persistent challenge (Jaros et al 2018, Fotiadou et al 2021).While preprocessing of these
abdominal ECGmeasurements is done to improve the quality of themeasurement, as detailed below, it is
important to note that the fetal information does not pose an obstacle in detectingmaternal R-peaks, as can be
seen infigure 1. Figure 1(A) is a representation of a typical abdominal ECGmeasurement; the fetal information
is not visible. Figure 1(B) is a rarer example, where fetal peaks are visible. Still, the amplitude of thematernal
R-peak dwarfs that of the fetal peak.

Themultichannel abdominal ECGmeasurements from the pregnant group are filtered by applying a 4th
order Butterworth bandpass filter of 1–70 Hz to suppress out-of-band noise and artifacts. Next, a notch filter is
applied at 50 Hz to suppress powerline interference and afixed linear combination of the various abdominal
channels is applied to enhancematernal QRS peaks (Rooijakkers et al 2014).

The processing ofmaternalRR intervals from fetal ECGmeasurements was done inMATLAB (MathWorks,
USA). All further processing, analyses, and generating of figureswere done in Python (PSF,USA).

For both datasets, a previously published peak detector is used to detect the R-peaks (Rooijakkers et al 2012,
Bester et al 2022) and generate the corresponding tachograms.RR-intervals that are physiologically improbable
(shorter than 0.4 s or longer than 2 s) or that differ from the preceding interval bymore than 20%are rejected
(Campana et al 2010, Peters et al 2008, 2011). Furthermore,missingRR-values are interpolated using cubic

Table 1.Characteristics of the datasets. Data on age, BMI, andmeasurement length are presented asmean and standard deviation.

Characteristic Pregnant group Non-pregnant group

Number of included participants 258 252

Age 30.8 (4.1) years 24.6 (4.8) years
BMI (before pregnancy) 23.9 (4.3) kgm−2 21.9 (2.3) kgm−2

GA atmeasurement 20weeks 4 d (9 d)
Nulliparous 53.1%

Fetal CHD 68 cases (26.4%)
Measurement length 29.9 (5.0)min 22.4 (4.2)min
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spline in cases where theHRV features require a continual time series (specifically, frequency domain and
complexityHRV features). Since interpolation is known to influenceHRV results, signals which requiredmore
than 1% interpolation across the entire recording are excludedwhen calculating theseHRV features. This results
in a comparison between 163 non-pregnant and 182 pregnant participants. For the remainingHRV features, all
signals for which less than 15%ofRR-intervals needed to be removed are included in the analysis. Subsequently,
data from258 pregnant and 252 non-pregnant women are used.

HRV features
Standard time- and frequency-domain features
ThemeanHR is calculated in beats perminute alongwith the standard deviation of theRR-intervals (SDNN) to
represent overall variability. The rootmean square of the successive differences of theRR-intervals (RMSSD)
and the percentage of consecutiveRR-intervals that differ bymore than 50 ms (pNN50) are calculated as a
measure of parasympathetic activity since such short-term variations aremediated by the vagus nerve. To study
the spectral activity linked to the parasympathetic system, the power in the high frequency (HF) band of
0.15–0.40 Hz is calculated. Furthermore, the power in the low frequency (LF) band of 0.04–0.15 Hz (influenced
by both branches of theANS), as well as the LF/HF ratio, are calculated (Task Force of The European Society of
Cardiology andTheNorth American Society of Pacing and Electrophysiology 1996, Shaffer andGinsberg 2017).

For calculating these spectral features,Welch’smethod is used. Recordings are divided into five-minute
segments with 50%overlap; the features are calculated for eachfive-minute segment and subsequently, the
mean of all segments is presented as thefinal feature value for each recording. For the time-domain features as
well as all the followingHRV features, the feature is calculated across the entire recording.

Nonlinear and complexity features
Weuse a Poincaré plot—a popular geometricalmethod to evaluateHRVdynamics—inwhich eachRR-interval
is plotted against its predecessor to form a scatter plot that isfittedwith an elliptical shape. From this ellipse,
three parameters are calculated: the short- and long-termRR variability (SD1 and SD2), as well as the ratio
between them (SD1/SD2) (Khandoker et al 2013). Furthermore, we assess complexity in the tachogramswith
two features: sample entropy (SampEn) and detrended fluctuation analysis (DFA) (Peng et al 1995, Richman and
Moorman 2000). SampEnquantifies the conditional probability that two epochs which are similar within a
tolerance r for awindow lengthmwill remain similar when including the next data point (i.e. the nextRR
interval) (Richman andMoorman 2000, Bakhchina et al 2018). The parametersm and r are set to 2 and 0.2 times
the standard deviation of theRR-intervals (Richman andMoorman 2000). Lower SampEn indicates amore
regular and predictable time series (Shaffer andGinsberg 2017). Additionally, DFA is used to quantify the fractal
scaling properties of the time series to give an estimation of its long-range correlations.We calculate the short-
term fractal scaling exponentα1, which represents the correlation over 4–16 heartbeats (Peng et al 1995). A
result ofα= 0.5 andα= 1.5 represent no correlation (i.e. white noise) or a randomwalk process (i.e. Brownian

Figure 1.Examples offiltered abdominal ECGmeasurements. In panel A, no fetal information is visible, as is typically the case. In
panel B, fetal R-peaks can be observed butwith a substantially lower amplitude than that of thematernal R-peaks.
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noise), respectively. Positive correlations exist when 0.5< α< 1.5, withα≈ 1 suggesting a high level of
complexity. Values above 1 suggest that the systembecomes increasingly regular (Peng et al 1995, Yeh et al 2009).

Heart rate fragmentation
Overall, the presence of variability in the tachogram suggests healthy autonomic control. However, situations in
which there is a breakdown in the controlled physiological variation of theHR (such as aging)may also result in
higher levels of short-term variability (Costa et al 2017a). Heart rate fragmentation (HRF) features capture this
jagged type of variability which is likely a result of inadequate autonomic control, but rather of a breakdown in
the neuroautonomic-electrophysiological control systems that regulateHR (Costa et al 2017a).

Four indices were developed byCosta et al to capture this fragmentation in theHR (Costa et al 2017a):
percentage inflection points (PIP), inverse of accelerating or decelerating long segments (IALS); percentage short
segments (PSS); and percentage alternating segments (PAS). PIP captures howoften the acceleration sign of the
HR is changing. IALS represents the inverse of the average length of sustained accelerating or deceleratingRR-
intervals. PSS is the complement of the percentage ofRR-intervals with a sustained acceleration or deceleration
inHR for at least three intervals. Finally, PAS is the percentage of theRR-intervals which are continuously
alternating between accelerations and decelerations (starting from aminimumof four intervals). Note that
increases in these indices reflect increasedHR fragmentation.

Phase rectified signal averaging
Phase rectified signal averaging (PRSA) is amethod that quantifies how the tachogram responds to accelerations
and deceleration in theHR as a proxymeasure for autonomic responsiveness.We briefly describe themethod
here; for amore detailed description and visualization of this technique, please refer to the original publication
(Bauer et al 2006a). Thismethod allows us to capture the quasi-periodicities in the tachogram,which can often
be obscured by noise and non-stationarities. This is done by identifying a phase of interest, placing anchor points
(APs) everywhere this phase occurs, isolating a signal segment of length 2 L around eachAP, aligning segments
by their phase, andfinally averaging these segments.We specify two sets of APs, namely eachHRdeceleration
andHRacceleration. Furthermore, we define L as 50RR values, as is also done in the literature (Joshi et al 2018).

The resulting PRSAwaveform visualizes the behavior ofHR in response to accelerations and decelerations.
Themagnitude and speed of the response observed in thewaveform give an estimate of the robustness of the
autonomic response (Bauer et al 2006a). (Note that the PRSAwaveform’s relationship to the time domain is
units ofRR values (specified here asRRi) and not in seconds.) Features are calculated to quantify the PRSA
waveform (X). Themost established feature, deceleration capacity (DC), is calculated as follows:

X X X XDC 0 1 1 2 4, 1[ ( ) ( ) ( ) ( )] ( )/= + - - - -

withX(0) representing the AP,X(1) is the value following the AP, whileX(−1) andX(−2) precede the AP (Bauer
et al 2006a). The acceleration capacity (AC) is similarly calculated. Additionally, the difference between the
maximumandminimumRRi within the neighborhood offiveRRi preceding theAP andfive after, including the
AP, is calculated to determine the immediate deceleration response (IDR) and immediate acceleration response
(IAR). The rates corresponding to these responses are also calculatedwith the slope of the deceleration and
acceleration responses (SDR and SAR) (Joshi et al 2018).

Statistical analysis anddata representation
The normality of data was testedwithD’Agostino’s K2 test. OnlymeanHRwas normally distributed for both
groups; subsequently, a Student t-test was used to test for significance (p< 0.05) of the difference inHR,while a
non-parametric test (theMann-WhitneyU test)was performed for all other features. Corresponding effect sizes
were calculatedwithCohen’s d, where 0.2 amounts to a small effect, 0.5 to amedium effect, and 0.8 to a large
effect. However, since Cohen’s d assumes a normal distribution for the data, we perform a bootstrapping
procedure (10 000 iterations) and report the subsequentmean d-value alongwith the 95% confidence intervals
(CI), as is appropriate in non-parametric analyses (Kelley 2005). Note that d-valuesmay also be negative and that
themagnitude of the change is inferred from the absolute d-value. To further contextualize the effect sizes of the
differences between our two groups, we additionally calculated to effect sizes of the differences inHRVbetween
women (i.e. our non-pregnant control group) andmen. These two groups are known to have differences in their
autonomic regulation (Koenig andThayer 2016). The details and results of this analysis can be found in the
appendix.

Results

Wegraphically present our results alongwith the appropriate statistics. For themeanHR (the only featurewith a
normal distribution), we plot the distribution of each group; all other features are presented as boxplots. Figure 2
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shows the distribution of themeanHR for each group, clearly demonstrating a significantly increasedHR in
pregnant women (d= 1.27 (1.09–1.47). Additionally, features ofHRV (figure 3) that are linked to short-term
variation (RMSSD and pNN50) are significantly reduced (d=−1.1 (−1.28 -−0.93) and−1.15 (−1.34 -−0.98),
respectively). SDNN shows a statistically significant yet small change between groups (d=−0.35 (−0.55
-−0.16)).

In the frequency domain (figure 4)we see a similar statistically significant reduction inHF, the feature linked
to vagal activity (d=−1.03 (−1.23 to−0.83)). Low frequency (LF) is significantly elevated, while LF/HF
increases significantly with a large effect size (d= 1.2 (0.96–1.44)).

Most nonlinear features (figure 5) show large changes. SD1/SD2 is significantly decreased (d=−1.39
(−1.58 to−1.21) during pregnancy, which is driven by a large change in SD1 (d=−1.1 (−1.27 to−0.93) ). The
latter is also linked to vagal activity. DFA (α1) is increased in pregnancy with a remarkably large effect size
(d= 1.74 (1.47–2.03)), a change that signals a decrease in the complexity of theHR. Additionally, the statistically
significant and large decrease in SampEn (d=−0.89 (−1.11 to−0.68)) suggests the same.

One of theHRF features infigure 6 (IALS and PSS) similarly has a large effect size between the two groups
(d=−0.87 (−1.07 to−0.67)). This feature represents the absence of sustainedHR accelerations and
decelerations and is significantly decreased in pregnancy. Furthermore, PIP and IALS are also significantly
decreased during pregnancywith small effect sizes, while PAS is significantly increased, alsowith a small
effect size.

For the PRSA analysis, the average PRSAwaveform for each group is plotted (figure 7) in addition to the
boxplots representing the feature values (figure 8). Fromfigure 7, we can see that the autonomic response of
pregnant women is attenuatedwhen compared to non-pregnant controls. This can be seen by noting the smaller
amplitude of the bluewaveform. This is further confirmed by the statistically significant decreases in features
capturing the PRSA response for pregnant women infigure 8, overall, withmedium to large effect sizes.

Figure 2.Distribution of themeanHR values of pregnant and control groups, with peaks at approximately 70 bpm and 80 bpm for
pregnant and non-pregnant women, respectively.

Figure 3.Boxplots of time-domainHRV features with corresponding statistical significance (p-value) and effect sizes (d-value)
reportedwith 95% confidence intervals.
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Furthermore, a smoother response is observed in the PRSAwaveformof pregnant women (figure 7). This
prompted a visualization of the frequency domain of these waveforms using power spectral density (PSD). From
the PSDs, we can approximately observe the spectral activity in the areas associatedwith the traditional LF and
HF areas ofHRV. Increased activity in the LF region and decreased activity in theHF region is observed for
pregnant women, again suggesting increased sympathetic and decreased parasympathetic (or vagal) activity.

Finally, figure 9 presents the effect sizes with 95%CI for all features in descending absolutemagnitude.Most
features show changes between pregnant and non-pregnant womenwith large effect sizes (d> 0.8). DFA
(α1)—linked toHR complexity—has the largest effect size. SD1/SD2 and LF/HF also have similarly large effect
sizes; both these features relate to the balance between the sympathetic and parasympathetic systems. All the
features closely linked to vagal activity (pNN50, SD1, RMSSD, andHF) show similar effect sizes around d= 1.1.

In the appendix, a similar graph (figure A.1) can be foundwhich presents the effect sizes of the differences in
HRVbetweenwomen (i.e. the non-pregnant control group) andmen.When comparing figures 9 to A.1, it
appears that there are larger changes in autonomic regulation between non-pregnant women and pregnant
women than there are between non-pregnant women andmen.

Discussion

Dramatic changes occur inmaternal physiology during pregnancy. Not only are there substantial adaptations in
most organ systems, but large shifts also occur in autonomic regulation. In this paper, we outline the differences

Figure 4.Boxplots of frequency-domainHRV features with corresponding statistical significance (p-value) and effect sizes (d-value)
reportedwith 95% confidence intervals.

Figure 5.Boxplots of nonlinearHRV features with corresponding statistical significance (p-value) and effect sizes (d-value) reported
with 95% confidence intervals.
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in autonomic regulation as assessedwith a comprehensive set ofHRVbetween pregnant and non-pregnant
women in large cohorts.We compare features such as SampEn and those related toHRF for the first time
between pregnant and non-pregnant women, finding that lowerHR complexity andHRF are present during
pregnancy. Furthermore, we demonstrate that pregnant women have significantly reduced autonomic
responsiveness, building on preliminarywork by our group (based on only nine participants per group)which
indicated that only some PRSA features were affected by pregnancy (Bester et al 2022). Additionally, based on the
large groups assessed in this work, we find thatmHRV in pregnancy reflects reduced parasympathetic and
increased sympathetic activity, resolving the often conflictingfindings of smaller studies (Sharifiheris et al 2022).

Figure 6.Boxplots ofHRF features with corresponding statistical significance (p-value) and effect sizes (d-value) reportedwith 95%
confidence intervals.

Figure 7.Top: PRSAwaveformswithHR accelerations as anchor points (left) andHRdecelerations as anchor points (right). Bottom:
PSD plots corresponding to the PRSAwaveforms directly above.
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Moreover, we investigated the effect sizes of differences between these groups; overall, we find that healthy
women atmid-pregnancy are autonomically distinct from their non-pregnant counterparts.

Wefind thatHR complexity is remarkably reduced during pregnancy; the significantly lower SampEn in the
pregnant group suggests a large drop in complexity atmid-pregnancy (figure 5, d=−0.89 (−1.11 to−0.68)).
Furthermore, the featureα1 fromDFA,which captures short-term changes inHRovermultiple timescales,
shows a large, significantly increased in the pregnant group as compared to the non-pregnant group (d= 1.74
(1.47–2.03)), which signals reduced self-similarity in theHR signal. The latter result confirms that of a smaller
study, which found significantly elevatedα1 in late pregnancy compared to non-pregnant controls (n= 16) (Yeh
et al 2009). HR complexity and self-similarity have rarely been explored in pregnancy and, as such, there is no
knownphysiological explanation for this change.

However, recent studies have shown thatα1 is well-suited for capturing the fatigue of ultramarathon runners
(Gronwald et al 2021, Rogers et al 2021), even in cases whereHR remains steady (Rogers et al 2021) orwhen
standard features such as SDNNandRMSSD show little relation to fatigue (Gronwald et al 2021). The
researchers who performed this work suggest that during a fatigued state, the integration between the

Figure 8.Boxplots of PRSA features with corresponding statistical significance (p-value) and effect sizes (d-value) reportedwith 95%
confidence intervals.

Figure 9.Cohen’s d effect sizes with 95%CI, plotted in order of descending absolutemagnitude.
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physiological subsystems of the human body over different timescales starts to break down,manifesting as the
decoupling between systems (e.g. the cardiac and respiratory systems). Thismay act as a protectivemechanism,
ensuring that interactions between systems fail before whole systems do (Rogers et al 2021).We hypothesize a
similarmechanism to be in place during pregnancy. The increased physiological stress of pregnancy, alongwith
the added burden of the placental-fetal unit on thematernal cardiovascular system, likely results in systems
functioningmore independently, leading to a decrease inHR complexity. These results support previously
publishedwork, which found that these nonlinear features aremore sensitive toGA than standardHRV features
when tracked from15 to 41weeks of gestation (Bester et al 2022). Furthermore, these researchers found that
SampEn has a statistically significant relationshipwithGA even across the narrow range of 18–24weeks of
gestation, while SDNNandRMSSD showed no relationship (Bester et al 2022).

Additionally, we investigated the effect of pregnancy onHRF for the first time. ThreeHRF features are
significantly reduced in pregnant women (figure 6), with PSS showing a large change (d=−0.87 (−1.07 to
−0.67)). Thisfinding is somewhat surprising as it suggests that pregnancy reducesHR fragmentation.
Alternatively, an increase inHR fragmentationwould suggest a breakdown in the hierarchy of the physiological
systems regulatingHR, as is the case in older populations and thosewith coronary artery disease (Costa et al
2017a, 2017b). Since participants in the pregnant group are healthy, wewould not expect increased
fragmentation.However, it is quite remarkable thatHR fragmentation seems to reduce.We should note here
thatHRF is not yet as well established as the otherHRV features assessed in this study and that the basic
mechanisms underlying fragmentation still need to be fully explored (Costa et al 2018). However, a large
decrease in PSS in pregnant women suggests an increase in sustained accelerations and decelerations of the heart
rhythm (or conversely, a decrease in RR-intervals quickly alternating between acceleration and deceleration).

Thismay be at least partially ascribed to a state of decreased vagal activity, which regulates beat-to-beatHR
variation, in conjunctionwith the increased sympathetic activity, which is responsible for changing theHRover
longer time scales. ThemHRV studywith the largest sample size in the literature (99 pregnant women and 63
controls) found this autonomic state to be present in thefirst trimester (Carpenter et al 2015), however, other
researchers found increased vagal activity (Alam et al 2018) and decreased sympathetic activity in early
pregnancy (Stein et al 1999, Alam et al 2018). Considering analyses done onwomen inmid-pregnancy, as is also
the case for our study group, Ekholm et al found in 1992 that pregnant women have decreased parasympathetic
activity and increased sympathetic activity atmid-pregnancy (Ekholm et al 1992). These findings are also
supported by further investigations (Balajewicz-Nowak et al 2016, Garg et al 2020). However, other studies have
found sympathetic activity, as assessedwith LF, to be decreased (Ekholm et al 1997, Voss et al 2000) or not
significantly altered during pregnancy (Eneroth-Grimfors et al 1994), rather than increased. However, these
studies were performed using small sample sizes (n< 30). Furthermore, LF is known to be a sensitivemetric that
should be interpretedwith caution (Heathers 2014). Still, the results of our standardHRV features reaffirm those
of (Ekholm et al 1992, Balajewicz-Nowak et al 2016, Garg et al 2020) in that vagal activity (as assessed by RMSSD,
pNN50, andHF,figures 3 and 4) is reduced in pregnant women, while sympathetic activity—in so far as we can
infer sympathetic activity from changes in LF and LF/HF (figure 4)—is increased. The increasedHR (figure 2),
whichwe expect based on the literature (Loerup et al 2019, Green et al 2020), as well as the decreased SD1/SD2,
further suggest increased sympathetic and decreased parasympathetic activity. Furthermore, the overall findings
on vagal and sympathetic activity also alignwith the conclusions drawn from investigations using
microneurography (i.e. directmeasurement of sympathetic activity in the skeletalmuscles) and cardiovascular
reflex tests to assessmaternal autonomic tone (Rang et al 2002, Reyes et al 2018).

Results from the PRSA analysis also suggest reduced vagal activity (ACandDCare significantly reduced in
pregnancy; figure 8). This is further confirmed by the clear reduction inHF activity observed in the
corresponding PSDs infigure 7. Looking at themagnitude and rate of the responses (IAR, IDR, SAR, and SDR),
we can further conclude that autonomic responsiveness is diminished in pregnant women. This is another
notable result since reduced responsiveness is typically associatedwith states such as cardiac disease and fetal
distress (Bauer et al 2006a,Weyrich et al 2020). Yet, from visual inspection of the PRSAwaveforms, it appears
that the dampening seen in a healthy pregnancy is smaller than that seen in cases of cardiac disease (Bauer et al
2006b). However, since effect sizes are not reported for the latter, it is not possible tomake a definitive
comparison. Still, this dampened autonomic responsiveness during healthy gestation is echoed in other areas of
research. Investigators have found attenuated baroreflex sensitivity (Brooks et al 2020), reduced physiological
responsiveness to stimuli such as pain and relaxation tests (DiPietro et al 2012), and—interestingly—reduced
neurocardiovascular transduction. The latter refers to a statewhere the amount of sympathetic activity in the
body has a lower than expected effect on cardiovascular end-points, such asHR (Reyes et al 2018). The only prior
work comparing PRSAbetween pregnant (n= 9) and non-pregnant (n= 9)women is a preliminary analysis
performed by our group (Bester et al 2022); here, AC, IAR, SAR, and SDRwere significantly reduced in pregnant
women, whileDC, IDR, ADR, andAAR showed no significant changes, potentially due to the small sample sizes.
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Overall, we can infer fromour results that healthy pregnancy is indeed a state of reduced vagal activity and
overactive sympathetic activity compared to non-pregnant controls. Such an autonomic state is likely necessary
tomaintain a healthy pregnancy, for example, to ensure proper perfusion of the placenta.However, this altered
autonomic regulation is possibly dangerous, as it is similar to that found in cases of cardiac disease. To this end,
we hypothesize that the reduced autonomic responsiveness (which is reflected in our PRSA analyses as well as the
known reduced neurocardiovascular transduction in pregnancy) is amechanismbywhich themother is
protected against her autonomic state. This theory is further reflected infindings fromCasati et al (2016), who
observed increased autonomic responsiveness in womenwith pregnancy complications (such as hypertensive
disorders of pregnancy)when compared to healthy pregnant controls. Subsequently, we believe PRSA analysis
may be particularly useful in assessingmaternal health viamHRV.

It should be noted that our study is limited in terms ofmeasurement length (≈25 min). Future studies
should aim at incorporating 24 hmeasurements, whichmay offer additional information on the underlying
slower processes influencingHRV. Additionally, as themean age of the pregnant women is approximately five
years greater than that of the non-pregnant women, the results observed in this paper are potentially
exaggerated.However, based on reference ranges forHRV in the non-pregnant population as well as prior work
fromour group on the impact of age onmHRV (Sammito andBöckelmann 2016, Bester et al 2022), it is unlikely
that the differences observed between the groups are predominantly a result of their age difference.
Furthermore, recordings were acquired in different positions for the respective groups.While the supine
position is typical for restingHRV assessments in non-pregnant women, a semi-recumbent position is preferred
in the case of pregnant women since aortocaval compression can occur in the supine positionwhich is known to
affect autonomic regulation (Chen et al 1999).While the impact of this difference in positions on the results is
not known, both groups are in the preferred position forHRVmeasurements. Additionally, we could not
account for the potential impact of the different stages of themenstrual cycle which the non-pregnant women
may be in. However, the impact of these stages onHRV is small compared to the changes observed in this study
(Vallejo et al 2005, Tenan et al 2014).

Furthermore, this work is a secondary analysis of data collected to define normative fetal ECG ranges
between 18 and 24weeks of gestation; as such, only data frommid-pregnancy are analyzed for the pregnant
group. Previouswork has shown thatHRV also changes significantly with progressing pregnancy (Bester et al
2022). Therefore, further studies are needed to definitively conclude howmHRVdiffers between non-pregnant
women and those in early- and late pregnancy, respectively. However, thework presented here has several
advantages over the current state of the art in the literature, chiefly the variety ofHRV features investigated
(instead of only the standard time- and frequency-domain features) as well as the large sample groups, which
allowus to confidently draw conclusions concerningmHRV atmid-pregnancy.

Finally, to contextualize themagnitude of the changes we observe between pregnant and non-pregnant
women, we repeated our analysis to compare the group of non-pregnant women againstmen (see appendix).
We found that the effect sizes of the differences between pregnant and non-pregnant women (figure 9) are
overall larger than those of non-pregnant women compared tomen (Appendix, figure A.1).While autonomic
regulation is known to differ between the sexes (Koenig andThayer 2016), fromour analysis it appears that
women aremore autonomically different from their pregnant counterparts than they are frommen.

Conclusion

Subsequently, we conclude that healthymid-pregnant and non-pregnant women are two autonomically distinct
groups, andfindings ofHRV in non-pregnant women cannot be translated to pregnant women. Furthermore,
ourfindings onmHRVnot only alignwith results fromother areas of autonomic investigation but also provide
additional information on thematernal autonomic state. These changes often have large effect sizes, themost
remarkable of which are forDFA (α1), SD1/SD2, and LF/HF, suggesting that thesemay be particularly useful in
assessingmaternal health.
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Appendix

We repeated the analysis detailed in this paper to compareHRVbetweenwomen andmen. Thewomen in this
comparison are the same as in the non-pregnant control group. Therefore, 252womenwere includedwhen
comparingHRV features that do not require interpolation of theRR-intervals, and 166womenwere included in
comparisons that necessitate interpolation. Thesewomenwere included from theAutonomic Aging dataset
(available at Physionet)which also contained ECG recordings ofmen. Subsequently, we also obtained ourmale
group from this Autonomic Aging dataset by applying similar inclusion and exclusion criteria. Subsequently,
131menwere included in the analyses which did not require interpolation, and 78were included in the analyses
which did. Figure A.1 represents the effect sizes of the differences between each feature listed on the x-axis. Effect
sizes were calculatedwithCohen’s d, where 0.2 amounts to a small effect, 0.5 to amedium effect, and 0.8 to a
large effect.

Figure A.1.Cohen’s d effect sizes with 95%CI, plotted in order of descending absolutemagnitude, for theHRV comparison between
women andmen.
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