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Abstract: Takotsubo syndrome is a serious complication of labor. Although the pathophysiologic role
of excessive sympathetic activation is established in this process, concurrent vagal responses have not
been adequately described. Moreover, it remains unclear whether autonomic activity depends on the
mode of delivery. Here, we explored the hypothesis that the different management of cesarean and
vaginal delivery may elicit diverse responses affecting both autonomic arms. For this aim, continuous
electrocardiographic recording was performed in 20 women during labor, and non-invasive indices
of sympathetic and vagal activity were compared between the two modes of delivery. We report
sympathetic prevalence during cesarean delivery, caused by marked vagal withdrawal, whereas
autonomic activity was rather stable during vaginal delivery. These differences may be attributed
to the effects of anesthesia during cesarean delivery, along with the protective effects of oxytocin
administration during vaginal delivery. Our results provide further insights on autonomic responses
during labor that may prove useful in the prevention of complications, such as takotsubo syndrome.

Keywords: sympathetic responses; vagal responses; cesarean delivery; vaginal delivery

1. Introduction

Labor elicits autonomic responses that regulate uterine contractions and local blood
flow. During this process, excessive sympathetic activation has been increasingly reported,
leading to maternal cardiac complications, such as takotsubo syndrome [1]. Although
uncommon, its clinical manifestations resemble acute coronary syndromes and carry
substantial morbidity and mortality. Most of the cases occur after cesarean delivery,
but apparently only rarely after vaginal delivery. For instance, out of 16 cases of labor-
induced takotsubo syndrome, 13 (81%) were associated with cesarean delivery, performed
under neuraxial or general anesthesia [2]. Similarly, seven cases were identified after
vaginal delivery in a recent systematic review of the literature, as opposed to 28 after
cesarean section [3]. The explanation for this observation is uncertain, with differences in
pharmacologic regimens brought forward as potential causative factors [4].

Regional ventricular wall motion abnormalities, unattributable to coronary artery
disease, are the hallmark of takotsubo syndrome. In this process, the catecholamine surge
caused by stress appears to play a central role [5]. A recent evaluation of triggering events
highlights the need for a broader definition of stress, to include a wide variety of emotions,
encompassing even feelings of extreme happiness [6]. In addition to sympathetic activation,
vagal responses are considered a key-element of autonomic activity accompanying various
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emotions [7]. These considerations apply particularly to women in labor, a period charac-
terized by mixed feelings of anxious coping and fear for potential complications, coupled
with joy for the imminent birth [8]. However, little is known on maternal sympathetic
and vagal activity during labor and their possible dependence on the mode of delivery.
This knowledge is essential since it has the prospect of aiding the prompt management of
excessive autonomic responses.

In the present study, we explored the hypothesis that the mode of delivery affects
sympathetic and vagal responses. For this aim, we prospectively compared noninvasive
autonomic indices during cesarean versus vaginal delivery in a cross-sectional study.

2. Materials and Methods
2.1. Patient Population

During the recruitment period (November 2020 to March 2021), elective admissions
at the obstetrics department of our Institution were screened daily, and women with
unremarkable past medical history were considered eligible for the study. Particular
attention was paid to valvular heart disease, hypertension, and diabetes mellitus. Moreover,
high-risk pregnancies such as diabetes, preeclampsia or eclampsia were excluded, as were
women on (3-adrenergic blockers or other cardio-active medications. The study protocol
conforms to the principles described in the Declaration of Helsinki and was approved by
the Institutional Review Board. All of the participants gave a written informed consent
prior to the study entry.

The study population consisted of 20 successive women that fulfilled the entry crite-
ria, allocated into two equally sized groups. This sample size provides over 90% power
for detecting a (clinically meaningful) 30% difference in autonomic variables (assum-
ing a two-tailed hypothesis). The mean age was comparable between the two groups,
i.e., 32 + 5 years in women undergoing vaginal delivery group and 33 =+ 4 years in women
undergoing planned cesarean delivery. The mode of delivery was based on clinical grounds
and on patient preference. The electrocardiogram was continuously recorded with a Schiller
Medilog AR12 Plus device (Jaken Medical Inc., CA, USA), ensuring good contact of the
electrode-patches to the skin. The device was removed 3045 min after delivery of the new-
born and the placenta. After direct questioning on the following day, all of the participants
reported the absence of psychological distress caused by the recording procedure.

2.2. Delivery

Delivery followed clinically indicated protocols at our Institution. In brief, the cesarean
section was performed under general anesthesia, induced with propofol (2-2.5 mg kg 1)
and maintained with sevoflurane (at 0.5 minimum alveolar concentration), as shown
in Figure 1. Vaginal delivery, performed under neuraxial anesthesia, was preceded by
continuous intravenous administration of oxytocin (~4 milli-units min~!), as shown in
Figure 2.
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Figure 1. Cesarean delivery protocol at our Institution.
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Figure 2. Vaginal delivery protocol at our Institution.

2.3. Observation Time-Points

In view of previous data describing the onset of symptoms and signs of takotsubo
syndrome shortly before or after delivery [2-4], we focused on the 1-h time-frame around
delivery, by selecting the following time-points: 30 (t_3) and 15 (t_15) min prior to delivery,
at delivery (tp), as well as 15 (t;15) and 30 (t,3p) min after delivery. At each specific time-
point, the reported values represent the average from the preceding 2-min recordings.

2.4. Heart Rate Variability Analysis

The analysis of the stored electrocardiograms was carried out with the use of the
Medilog Darwin 2 software (Lifeline Medical Inc., FL, USA). We utilized indices derived
from the heart rate variability analysis in the time- and frequency-domain. As no single
variable offers a reliable description of each autonomic arm, particularly in short-term
recordings [9,10], we opted for an integrated assessment using a combination of variables,
describing separately sympathetic and vagal activity, as well as their balance [11].
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2.5. Assessment of Sympathetic and Vagal Activity

Sympathetic activity was assessed with the low-frequency (LF) band (0.04-0.15Hz) in
the frequency-domain, expressed as the percent value of the total power and as the natural
logarithm of the spectral power. The latter transformation was used to avoid a skewed
distribution [12]. Vagal activity was assessed in the time-domain with the root mean square
of successive differences between sinus inter-beat intervals (RMSSD) and with the percent
of differences of adjacent sinus inter-beat intervals >50 msec (pNN50). In the frequency
domain, we report the high-frequency (HF) band (0.15-0.40 Hz), expressed as the percent
value of the total power and as the natural logarithm of the spectral power. As previously
mentioned [10], the simultaneous presence of pNN50 < 3%, RMSSD < 25 ms, and heart
rate > 65 beats per min was taken as an index of extremely low vagal activity.

In addjition to heart rate, sympatho-vagal balance was assessed with the LF/HF ratio.
Moreover, to overcome the limitations associated with the latter variable [13], we opted to
include the standard deviation of consecutive sinus inter-beat intervals (SDNN) after the
time-domain analysis. As both autonomic arms contribute to SDNN, it is considered of
value in assessing their balance, particularly in short-term recordings [14].

2.6. Statistics

Variables, reported as the mean =+ standard error of the mean, were assessed with the
analysis of variance for repeated measures, and with mode of delivery and time as between-
and within-groups factors, respectively. In the presence of variance, further comparisons
were made with the post-hoc Duncan’s multi-stage test. Categorical variables were assessed
with the x? test. For all of the comparisons, statistical significance was defined at p < 0.05.

3. Results

Labor and delivery were uneventful in all of the cases, with respect to women and
fetuses. Continuous intravenous administration of oxytocin was commenced 6.2 + 1.3 h
prior to vaginal delivery, whereas the duration of cesarean delivery from the induction of
anesthesia to extubation was 55 & 4 min.

3.1. Sympatho-Vagal Balance

Figure 3 depicts the temporal pattern of indices describing sympatho-vagal balance.
Heart rate was similar in the two groups, except from the 15th-min post-delivery, when
it was higher in the vaginal than in the cesarean group. No significant differences were
observed between groups in the LF/HF ratio. During cesarean delivery, SDNN decreased
over time, with lower values indicating vagal withdrawal. In this group, lower values were
seen at ty, t,15, and t,3p (as compared to t_3g), whereas no significant variance over time
was noted during vaginal delivery. A between-groups comparison revealed lower SDNN
during cesarean than during vaginal delivery at the time-points ty and t,;5.



J. Cardiovasc. Dev. Dis. 2021, 8, 152

50f11

120 |
A E100 | g *
S g0 [
% 60
R zz ‘ . ¥ (Ovaginal
£ 100
B g gg ] é::::--u::::::gi:-:li: """ Qs § ........... % .Cesarean
% 25 | i ............. e
»n 0
6 .
C 2 5]
LE 4 % ------
3] & T
I .....
= o1 g fﬁiiiiﬁ::z:
B :

: : o~ : : ‘
30 -15 § 15 30 minutes

Figure 3. Sympatho-vagal balance; (A) except from the 15th minute post-delivery (asterisk), heart
rate (HR, in beats per minute) was similar in the two groups; (B) the standard deviation of consecu-
tive sinus inter-beat intervals (SDNN) was lower around cesarean delivery and 15 min thereafter
(asterisks); (C) the low (LF) to high (HF) frequency band was similar in the two groups. Asterisks
denote significant (p < 0.05) differences between groups.

3.2. Sympathetic Response
The power of the LF band in the frequency-domain analysis is depicted in Figure 4.
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Figure 4. Sympathetic response, described by the low-frequency (LF) band in the frequency domain;
(A) the percent (of the total) power was lower at the 15th minute post-cesarean delivery (asterisk);
(B) the natural logarithm was lower around cesarean delivery as well as 15 and 30 min thereafter
(asterisks). Asterisks denote significant (p < 0.05) differences between groups.
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The LF band, expressed as the percent value of the total power or as the natural
logarithm, remained stable along the observation period in women undergoing vaginal
delivery. By contrast, the LF power decreased in women undergoing cesarean section, as
compared to values at t_3g. Specifically, the LF power (as percent of total power) decreased
at t_15 and remained low in this group until t,39. The pattern of the natural logarithm of
LF power was similar, with lower values recorded around cesarean delivery, persisting
until the end of the observational period.

3.3. Vagal Response

The variables describing vagal response are shown in Figure 5.
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Figure 5. Vagal response, depicted as (A) the root mean square of successive differences between
sinus inter-beat intervals (RMSSD); (B) the percent of differences of adjacent sinus inter-beat intervals
>50 ms (pNN50); and (C) the natural logarithm of the high-frequency (HF) band in the frequency
domain analysis. These variables indicate vagal withdrawal, evident around cesarean delivery,
as well as 15 and 30 min thereafter (asterisks). Asterisks denote significant (p < 0.05) differences
between groups.

During cesarean delivery, RMSSD decreased over time, indicating lower vagal activity.
Specifically, lower values were seen at ty and t.15, as compared to t_3p. This trend was
less pronounced during vaginal delivery, with differences seen only between t_;5 and
t_30. A between-groups comparison revealed lower RMSSD during cesarean than during
vaginal delivery, at the time-points tg, t,15, and t,39. The pattern of pPNN50 was similar,
with decreased values (compared to t_szp) observed at ty during cesarean and at t_;5
during vaginal delivery. A between-groups comparison revealed lower pNN50 during
cesarean than during vaginal delivery at the time-points ty, t,15, and t,3¢. Finally, the
natural logarithm of the HF power remained stable during vaginal delivery. By contrast,
it decreased (from values at t_3¢) during cesarean delivery and remained low during the
remaining period of observation. A between-groups comparison revealed lower values
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during cesarean delivery at the time-points ty, t,15, and t,3p. More women had extremely
low vagal activity (based on pNN50, RMSSD, and heart rate) around cesarean (8 out of 10)
than around vaginal (3 out of 10) delivery (Figure 6).
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Figure 6. More women had extremely low vagal activity at the time of cesarean than vaginal delivery
(asterisk, denoting significant (p < 0.05) difference between groups.).

4. Discussion

Autonomic responses during labor are clinically important, as they may herald takot-
subo syndrome, a rare but serious condition. Hitherto research has focused on sympathetic
activation, but less is known on concurrent vagal responses and their dependence on
the mode of delivery. In the present study, we provide further insights, by comparing
sympathetic and vagal activity between the two modes of delivery. Autonomic parameters
were derived non-invasively, without psychological burden to the participants (imposed
by the recording procedure) that could have interfered with the assessment. Our results
were based on heart rate variability analysis in the time- and frequency-domain, using
well-established methods [10].

4.1. Main Findings

We observed different responses between the two modes of delivery, affecting both
autonomic arms. Compared to vaginal, cesarean delivery was associated with lower
sympathetic activity, but was also characterized by prominent vagal withdrawal. As a
result, the sympatho-vagal balance tilted towards sympathetic prevalence in this group,
evident mainly around the time of delivery and persisting for the succeeding 15-30 min.

4.2. Autonomic Responses during Cesarean Delivery

We report lower sympathetic activity in women undergoing cesarean section, as
compared to those undergoing vaginal delivery, in agreement with earlier findings of
corresponding differences in maternal plasma norepinephrine levels [15]. More specifically,
this study [15] reported lower norepinephrine levels after cesarean than after vaginal
delivery (without oxytocin stimulation), whereas epinephrine levels were almost identical.
An important additional finding in our study was the concurrent low vagal activity in
this group, with 80% of women displaying marked vagal withdrawal (as opposed to only
30% of women undergoing vaginal delivery). These responses can be attributed to the
previously described effects of propofol, used for the induction of general anesthesia in
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our study. In this regard, propofol has been previously shown to exert potent vagolytic
effects, evidenced by reduced HF power in the range of 20-50%, depending on the depth
of anesthesia [16]. These effects are thought to be mediated by lower systemic vascular
resistance and hypotension, whereas the absence of reflex sympathetic activation can be
explained by the simultaneous direct sympatholytic effects of propofol [17]. Moreover,
sevoflurane, used for anesthesia maintenance in our population, exerts direct sympatholytic
effects at multiple levels [18].

A noteworthy finding in our study was the poor correlation between autonomic
alterations and heart rate. Based on the marked vagal withdrawal (leading to sympathetic
prevalence) during cesarean delivery, heart rate, reflecting sympatho-vagal balance, would
have been expected to be higher. However, this finding was not only absent, but, in fact,
heart rate was lower at the 15th minute post-cesarean delivery. This observation can be
attributed to the direct pharmacologic action of propofol on the sinus node, which accounts
for its well-described bradycardic effects [19]. Despite the low dosages used only for
anesthesia induction, these effects appeared long-lasting, most likely attributed to the
relatively long half-life (40 min) of propofol [20].

4.3. Autonomic Responses during Vaginal Delivery

We report relatively stable indices of sympathetic and vagal activity during vaginal
delivery, in keeping with previous reports [21,22]. In addition to the effects of analgesia,
continuous oxytocin administration (for ~6 h prior to vaginal delivery) may have con-
tributed to the observed autonomic responses in this group. Indeed, amidst the pleiotropic
actions of this peptide-hormone, its anxiolytic properties [23] and the modulation of the
autonomic nervous system have attracted substantial research interest [24]. Several lines
of evidence indicate potent vagal activation by oxytocin [25], although the concurrent
amelioration of sympathetic responses is still questionable. Moreover, differences in en-
dogenous oxytocin have been reported between the two modes of delivery, likely caused
by additional surges during vaginal delivery [26]. Finally, our findings may relate to the
previously noted complex emotional profile of women in labor, characterized by disparate
feelings of stress and satisfaction for a joyful event [8]. Furthermore, marked differences
have been reported in the two modes of delivery, consisting of positive emotions immedi-
ately after vaginal delivery, as opposed to occasional disappointment and sense of failure
after cesarean delivery [27]. Therefore, our study calls for additional investigation on the
impact of emotions on the autonomic status during labor.

4.4. Implications for Takotsubo Syndrome

Our findings provide further insights on the pathophysiology of labor-induced takot-
subo syndrome. The diverse responses, depending on the delivery mode, may aid in the
explanation for the previously reported higher incidence during cesarean section [2—4].
Moreover, the swift autonomic alterations observed in the latter group are in keeping
with clinical data indicating that the onset of takotsubo invariably occurs shortly after or
even during surgery [2]. Therefore, a high index of suspicion should be exercised for early
identification of excessive autonomic responses.

Our study provides support to the hypothesis of autonomic imbalance underlying
takotsubo syndrome. In this regard, Akashi et al. [28] reported sympathetic activation and
vagal withdrawal in 10 patients during the acute phase. This concept was further explored
in a cohort of 10 women with remote history of takotsubo syndrome [29]. These patients
displayed high sympathetic and low vagal responses during Valsalva maneuver and tilt
testing, as well as during cognitive and emotional stimulation.

Contrary to prior understanding, rich cholinergic innervation has been demonstrated
in the ventricular myocardium [30], although many aspects of its significance on electrical
and mechanical function remain unclear. Nonetheless, earlier [31] and more recent [32]
evidence indicates that regional vagal activation in the left ventricle not only modulates
inotropic responses, but can also exert cardioprotective actions during myocardial ischemia.
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These actions appear to be mediated via suppression of ischemia-induced local nore-
pinephrine release, as shown in an in vivo animal model, where interstitial norepinephrine
levels were decreased by 70% after electrical stimulation of the vagus nerve [33]. Whether
similar actions occur also during takotsubo syndrome remains to be examined in future
research. To this end, the investigation of regional anatomic and/or functional differences
in sympathetic and vagal nerve terminals is required, as a potential explanation for the
corresponding wall motion abnormalities.

4.5. Implications for Other Clinical Conditions beyond Takotsubo Syndrome

Autonomic responses during delivery are clinically important in various other con-
ditions. For instance, hypertrophic cardiomyopathy, increasingly diagnosed in pregnant
women, is known to add a risk. Excessive sympathetic activation during delivery may
trigger ventricular arrhythmias in this condition, whereas acute pulmonary edema may
occur in the presence of severe left ventricular outflow tract obstruction [34]. In addition,
mitral regurgitation, although invariably well tolerated, poses an increased risk during
delivery, if complicated by left ventricular dysfunction or pulmonary hypertension [35].

4.6. Excessive Autonomic Changes Caused by Pharmacologic Agents

Our results emphasize the need for clinical assessment of the potential impact on the
autonomic status of medications administered during labor. However, this task is often
difficult, given the long list of candidate pharmacologic agents. For instance, potential
triggers include medications used during neuraxial anesthesia, as well as sympathomimetic
and vagolytic agents, antihistamines, tricyclic antidepressants, and levothyroxine [36]. The
variety of agents commonly used for induction and maintenance of general anesthesia
increases the complexity of this matter [37]. The proper management of each individual
case is required, including prompt treatment when excessive sympathetic prevalence
is suspected.

4.7. Strengths and Limitations

The present study offers a temporal description of sympathetic and vagal responses
during labor, focusing on their dependence on the delivery mode. Our study is sufficiently
powered for detecting clinically pertinent changes in autonomic variables. We focused on
the time-frame around delivery, during which autonomic indices were reported at dense
time-points, based on previous reports emphasizing the high rate of complications during
this period [2—4]. The selection of this protocol is further supported by earlier clinical
results, demonstrating a rapid (within minutes) decline of epinephrine levels after vaginal
delivery, whereas norepinephrine rise displayed a more prolonged course [38]. Therefore,
our results may have potential clinical implications in the prevention of complications
during delivery.

Despite these merits, two limitations should be acknowledged: First, a larger cohort
could have enabled the detection of more subtle, but still clinically relevant, changes in
variables describing the autonomic status. Second, general anesthesia is part of the cesarean
protocol in our Institution, based on data ascertaining its safety [39]. Nonetheless, our
results cannot be extrapolated to caesarean section under neuraxial anesthesia, thus calling
for further data in this regard.

5. Conclusions

In this prospective cross-sectional observational study, we examined autonomic activ-
ity during uncomplicated labor. We found disparate responses, depending on the mode
of delivery, with vagal withdrawal characterizing cesarean delivery. Our study reinforces
previous observations on the effects of anesthesia and draws attention to positive aspects
of oxytocin administration. Further studies are expected to deepen our knowledge on the
autonomic responses during labor.
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