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Objective: Pregnancy and menopause are significant life events associated with major changes in female
hormone levels and changes in cardiovascular health. The role of estrogen in influencing cardiovascular
risk is an ongoing research topic. Many studies have provided evidence that radial pressure wave
characteristics are an important indicator to consistently and independently predict cardiovascular
events. The aim of this study was to investigate if radial pressure wave analysis provided statistical in-
sights into the physiological variations due to pregnancy and menopause. Furthermore, the study
investigated how these variations could serve as an indicator for cardiovascular risks. As the radial pulse
measurement is non-invasive and speedy, it may be helpful in evaluating cardiovascular changes and risk
during these transitions.
Materials and method: A total of 702 randomly selected female subjects (90 pregnant and 97 post-
menopausal), aged 20e59, enrolled in the study. The visit measured the subject's hemodynamic param-
eters including heart rate, systolic blood pressure (SBP), diastolic blood pressure (DBP) and radial pressure
waves. SBP and DBP were evaluated by an automatic blood pressure monitor. Radial pressure wave data
were continuously recorded for 12-s using a TD01C pulse measuring instrument. Spectrum analysis of the
radial pressure wave was performed to evaluate the first five harmonic components (C1eC5).
Results: A comparison of pregnant women to non-pregnant women showed C3 and C5 were lower. Heart
rate C2 and C4 were higher in pregnant women. A comparison of women pre-menopausal and post-
menopausal showed no significant difference in SBP or DBP. Menopause significantly changed the C1
and C4 radial pressure wave harmonics. An increase in C1 and a decrease in C4 were observed.
Conclusion and discussion: This study provided further clinical evidence to support the hemodynamic
model that describes the cardiovascular changes and risks related to the harmonic components of the
pulse spectrum. Beyond blood pressure, the effects of menopause on the radial pressure wave, especially
on hemodynamic index C4, independent of age and BMI, may explain increased post-menopausal car-
diovascular risk. This and past studies collectively suggest that radial pressure wave components may be
an indicator of a female body's ability to supply oxygen and nutrients. Harmonic analysis of the radial
pressure wave may provide additional insights into the underlying mechanism of the cardiovascular
changes over the lifespan of a woman.
© 2021 Taiwan Association of Obstetrics & Gynecology. Publishing services by Elsevier B.V. This is an
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Introduction and objectives

Cardiovascular diseases (CVD) are the leading cause of death for
women over 65 and the second leading cause of death among
women ages 45 to 64. Recently, researchers have found that age at
menopause is an important factor in risk stratification of cardio-
vascular disease for women [1]. However, the greater incidence of
cardiovascular disease in postmenopausal women could not be
explained by the influence of the menopause on the usual cardio-
vascular risk factors [2]. Pregnancy is the other important stage
associated with cardiovascular adaptation. Non-invasive moni-
toring of the hemodynamic status of pregnant womenmay provide
additional information on whether sufficient nutrients and oxygen
are provided for the developing fetus.

Pulse waveform of radial pressure wave describes the change of
the arterial pressure over time. Harmonic analysis transforms the
waveform into harmonic indexes and provides hemodynamic in-
formation of the condition of ventricular-arterial system [3e6].
Changes in blood flow [7,8] and the functioning [9] of organs will
alter the waveform of the radial pulse wave [3]. Many studies have
demonstrated that radial pulse waves provided independent pre-
dictive value for cardiovascular variations [10e13]. Our previous
studies have shown that the harmonic components of the radial
pressure wave are associated with cardiovascular events [14e16].
Specifically, decreasing of the fourth harmonic of radial pulse wave
(C4) predicts adverse cardiac events in asymptomatic patients with
type 2 diabetes [14].

The harmonic components of radial pressure waves may be a
missing piece to inform the state of the ventricular-arterial system
during pregnancy and menopause. This study aimed to investigate
the specific statistical relationship of the changes of radial pressure
wave during menopause and pregnancy. The simple radial pulse
measurement may provide additional cardiovascular insights dur-
ing these transitions.
Table 1
Method

This three-year study included 702 female subjects, aged 20e59
and without cardiovascular history or hormone replacement ther-
apy, at the Department of Gynecology and Obstetrics of the Renai
Branch of Taipei City Hospital starting from 2017. All participants
provided a written informed consent. The study protocol followed
good clinical and scientific practice. And was approved by the
Institutional Review Board of Taipei City Hospital (IRB number:
ISRCTN20480882). All population were separated to the dataset of
pregnancy group and dataset of perimenopause group, according to
age, pregnancy status and menopause status.
Correlation between age and harmonic components of radial pulse wave
(N ¼ 612).

Variables Age (20 e 59)

Pearson's
Correlation
Coefficient

95%
Confidence Interval

P

BMI (kg/m2) 0.131* (0.055, 0.206) 0.001
DBP (mmHg) 0.143* (0.048, 0.235) 0.003
SBP (mmHg) 0.270* (0.179, 0.356) <0.001
HR (beats/1 min) �0.141* (-0.216, �0.065) <0.001
C1 0.480* (0.419, 0.537) <0.001
C2 �0.307* (-0.375, �0.235) <0.001
C3 �0.356* (-0.422, �0.287) <0.001
C4 �0.109* (-0.185, �0.033) 0.005
C5 0.176* (0.101, 0.250) <0.001

SBP ¼ Systolic blood pressure, DBP ¼ Diastolic blood pressure, HR ¼ heart
rate. C1eC5 ¼ Harmonics Indexes. Asterisks indicate that the variables in
non-pregnant group are significantly correlated with age (P � 0.01).
Harmonic analysis

Each subject was asked to rest for 5 min. The radial pressure
wave was recorded on the radial artery with a pulse wave analyzer
(TD01C, MII-ANN Technology, Taiwan). The TD01C is an accurate
instrument which proved its intrinsic reliability using an artificial
pulse generator [17]. The continuous pulse data was collected in
12 s with a sampling rate of 400 data points per second. After
completing the radial pulse wave measurement, the blood pressure
and heart rate of each subject were measured using an automatic
blood pressure monitor (EASYX800R, JAWON Medical, Korea). A
trained operator conducted blood pressure measurements and in-
structions were followed to avoid the white coat effect.

Harmonic components were then calculated using the Fourier
transformation:
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Cn ¼ 1
M

XM

m¼1

An;m

A0;m

where 1 & n & 5, and Ai,m Ai;m Ai,mAi, m was the ith amplitude
coefficient of Fourier series of the mth radial pulse in one mea-
surement, A0,mA0,mA0,m is the mean value of the mth radial pulse,
and M is the total number of consecutive pulses in the 12 s mea-
surement. Finally, the result Cn. CnCn was denoted as the ith har-
monic component.

In addition to the harmonic components (Cn, n ¼ 1e5), other
demographic characteristics and hemodynamic variables were also
recorded, including age, body mass index (BMI), diastolic blood
pressure (DBP), systolic blood pressure (SBP) and heart rate (HR).

With the non-pregnancy data from 612 subjects of all ages,
harmonic components well as other hemodynamic variables have
shown the significant association with age. While the negative
relation exists between age and some harmonic components (C2,
C3 and C4), some harmonic components (C1 and C5) are positive
correlated with age (Table 1).
Analysis groups

To investigate whether the radial pressure waves are differen-
tiated and potentially provides the insight into cardiovascular
changes during pregnancy and menopause, the data was further
categorized into pregnancy and perimenopause subgroups (Fig. 1).
None of the subjects was diagnosed with cardiovascular diseases
during the study.

The pregnancy status was diagnosed by a specialist doctor and
confirmed from the ICD-10 codes [18], O, Z32.1 and Z34, on the
medical record. The dataset coded with O00 were from those
subjects who experienced complications of pregnancy, such as an
ectopic pregnancy, and these data were excluded in the analysis. In
the perimenopause group, the physician determined each subject's
menopause status and excluded pregnancy female. Student's t-test
was used to evaluate the difference of basic demographic infor-
mation and hemodynamic variables based on the status.
Pregnancy group
The pregnancy group category compared the hemodynamic

characteristics of women who were not pregnant to those who
were pregnant. The dataset for the pregnancy group was composed
of 420 subjects within the child-bearing ages of 20e44, none of



Fig. 1. Enrollment of study participants.

Table 3
Comparison of Perimenopause Group Dataset (N ¼ 282, age 45e59).

Pre-menopause (N ¼ 185) Menopause (N ¼ 97) P

Age (years) 49.08 ± 2.77 53.22 ± 4.11* <0.001
BMI (kg/m2) 22.73 ± 3.48 22.82 ± 3.57 0.85
DBP (mmHg) 74.04 ± 11.32 72.11 ± 11.18 0.29
SBP (mmHg) 122.87 ± 18.24 118.46 ± 22.3 0.17
HR (beats/1min) 76.77 ± 10.46 74.25 ± 8.85 0.04
HR_CV 0.05 ± 0.03 0.04 ± 0.02* 0.01

DBP ¼ Diastolic blood pressure, SBP ¼ Systolic blood pressure, HR ¼ heart rate,
HR_CV ¼ variance of heart rate. Asterisks indicate that the means of variables in
perimenopause group differ significantly from non-menopause group (P � 0.01).
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whom were at menopause. The pregnancy group was slightly
younger than the non-pregnancy group (Table 2).

Perimenopause group
The perimenopause group category compared the hemody-

namic characteristics of womenwhowere pre-menopause to those
who were post-menopause. None of the subjects was under hor-
mone replacement therapy during or prior to the study. The dataset
includes 282 female subjects aged 45 to 59, none of whom were
pregnant. Age was significantly different between pre-menopause
and post-menopause (Table 3). We further narrowed down the
age to between the age 45 and 49 in the perimenopause groupwith
total of 74 subjects with 13 of themwere post menopause to see if it
yields the similar results (Table 4).

Results

Pregnancy group

During the pregnancy, the subject's hemodynamic data were
measured at the first visit during the study and the subjects can be
at different stage of the pregnancy. Our preliminary publication
showed that a series of changes in maternal hemodynamic status
could be observed during the pregnancy, including lowering blood
pressure, increasing heart rate and changing harmonics of radial
pulse. Although the stage of pregnancy has effects on hemody-
namic, C4 is significantly different between pregnancy or not in
pregnant women in all three trimesters. However, C2 was only
significantly increased in second and third trimesters [19].

An increase in HR, also with a statistically significant p-value,
was also related to pregnancy. Looking at a comparison of non-
Table 2
Comparison of the pregnancy group dataset (age 20e44).

Non-pregnancy (N ¼ 330) Pregnancy (N ¼ 90) P

Age (years) 33.91 ± 6.71 32.68 ± 4.92 0.11
BMI (kg/m2) 22.15 ± 3.89 22.69 ± 3.5 0.23
DBP (mmHg) 69.44 ± 10.96 65.75 ± 9.18 0.02
SBP (mmHg) 114.21 ± 16.21 110.06 ± 10.59 0.06
HR (beats/1 min) 76.58 ± 11.45 81.9 ± 13.64* <0.001
HR_CV 0.05 ± 0.03 0.06 ± 0.03 0.10

DBP ¼ Diastolic blood pressure, SBP ¼ Systolic blood pressure, HR ¼ heart rate,
HR_CV ¼ variance of heart rate, Asterisks indicate that the means of variables in
pregnant group differ significantly from non-pregnant group (P � 0.01).
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pregnant to pregnant results of the radial pressure wave (Fig. 2),
the figure showed the mean harmonic component for C2 and C4
increased. The mean harmonic components C3 and C5 showed a
decrease in subjects who were pregnant.
Perimenopause group

Decreases in themean HR, DBP, and SBP provided no statistically
significant evidence of a connection between early onset meno-
pause and the traditionally measured hemodynamic parameters. A
comparison of the mean harmonic component premenopausal and
postmenopausal subjects (Fig. 3), showed the means of harmonic
components C1 increased and C4 decreased in subjects who were
postmenopausal.

Menopause hemodynamics could differ significantly during the
age span 40 to 59 depending on the age of onset of menopause. To
eliminate the age factor, we further analyzed the subjects in peri-
menopause group of age between 45 and 49. In this subset, the only
Table 4
Comparison of Perimenopause Group Dataset (N ¼ 74, age 45e49).

Pre-menopause (N ¼ 61) Menopause (N ¼ 13) P

Age (year) 47.23 ± 1.37 47.38 ± 1.5 0.72
BMI (kg/m2) 22.52 ± 3.44 22.57 ± 4.04 0.96
DBP (mmHg) 74.92 ± 12 77.88 ± 12.84 0.54
SBP (mmHg) 124 ± 18.12 126.38 ± 18.3 0.74
HR (beats/1min) 77.31 ± 9.79 77.73 ± 12.01 0.89
HR_CV 0.05 ± 0.02 0.04 ± 0.01 0.17

DBP ¼ Diastolic blood pressure, SBP ¼ Systolic blood pressure, HR ¼ heart rate,
HR_CV ¼ variance of heart rate. Asterisks indicate that the means of variables in
perimenopause group differ significantly from non-menopause group.



Fig. 2. Pregnancy and non-pregnancy harmonic components (N ¼ 420).

Fig. 3. Pre and post menopause harmonic components (N ¼ 282).
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significantly different variable is C4 (P < 0.05) (Fig. 4). This indicates
that the difference of C4 is not attributed to the age only.

Discussion

Conclusively, this study provided statistical evidence to support
that C4 harmonic component of the pulse spectrum had indepen-
dent value for indicating changes in the female cardiovascular
system during pregnancy and menopause.

The role of estrogen in influencing cardiovascular risk is still an
ongoing research topic. This study has demonstrated that aging
(Table 1), pregnancy andmenopause, which are associated with the
variations of estrogen, are all related to the fourth harmonic
component of the radial pressure wave. Compared with women
who were not pregnant, the C4 value of women increased during
pregnancy, and the lower C4 value was correlated to aging, as well
as the earlier age at natural menopause (Fig. 5). Weber et al. pro-
vided evidence that pulse waveform characteristics were an
important indicator to consistently and independently predict
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cardiovascular events [12]. Previous studies, we have also demon-
strated that decreasing C4 is associated with atherosclerotic pro-
cesses and myocardial ischemia in asymptomatic patients with
type 2 diabetes and may be an independent predictor of adverse
cardiac events [14]. These relations may potentially suggest that C4
is a direct indicator of the health of women's cardiovascular system.

Pregnancy increases the load of the cardiovascular system [20].
During pregnancy, the mother's heart rate and blood volume in-
creases by 30e50 percent to supply more oxygen and nutrients
during pregnancy [21]. The persistent C4 increase [19] was
observed inmaternal hemodynamic changes to support the normal
growth of the developing fetus. The DBP decreases observed was
consistent with other studies [22]. Invasive measuring techniques
are rarely used during pregnancy, so echocardiography is most
commonly used to assess hemodynamic in pregnancy [23]. The
combination of maternal background and physical findings is also
suggested to identify the population with a high risk of hyperten-
sive disorders in pregnancy [24]. Besides, the increase in C2 and C4
occurring at the same time as the decrease in C3 and C5 is a



Fig. 4. Pre and post menopause harmonic components (N ¼ 82, age¼46 ~ 50).

Fig. 5. C4 and menopause, aging, and pregnancy.
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characteristic of hemodynamics during pregnancy andmay be used
as a predictor of pregnancy. In our previous animal study, we found
that C3 and C5 are related to the digestive system [7,8]. The
reduction of C3 and C5 may provide another hemodynamic
explanation for the high risk of diabetes and morning sickness
during pregnancy. The simple radial pulse measurement may be
performed more frequently and easily. A wearable device with
continuous self-monitoring may be possible with the advanced of
the technologies.

Aging is a major risk factor for developing cardiovascular disease
[25]. When the body is able to increase the body's oxygen and
nutrients supply, it is able to sufficiently complete thickening the
endometrium. As the body ages matching with the decrease of C4,
the body is no longer able to supply enough oxygen and nutrients to
complete the cycle of thickening endometrium and menstruation.
Therefore, the body goes into the perimenopause phase and
eventually experiences menopause. It has been widely recognized
that age at menopause is a risk factor for cardiovascular mortality
[27]. Women who have an early age at menopause may predict
their declined respiratory function and are subjected to higher
cardiovascular risks [28e30]. In some studies, it was found that
lung disease increased after menopause [26], which also echoed
the decrease in C4 observed in this study during menopause. An
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increase in cardiovascular risk during menopause and the decline
of the lung functions may be reflected in the radial pulse spectrum.

An increase in blood pressure is considered an inevitable
consequence of aging [31]. The increase in blood pressure is mostly
associated with structural changes in the arteries and especially
with large artery stiffness [32]. The cardiovascular system delivers
oxygen, nutrients, hormones, and other important substances to
cells and organs. Due to the coincidence between advancing
menopause and aging, the hypothesis that menopause or the es-
trogen decrease are associated to blood pressure increase is still
under debate [33,34]. In our study, age and BMI have an indepen-
dent effect on SBP, whereas menopause has no significant inde-
pendent effect on DBP and SBP [35]. The increased cardiovascular
risk post menopause may not have direct relationship with blood
pressure. Beyond blood pressure, radial pressurewave analysis may
provide additional insights into cardiovascular risks post
menopause.

Age and menopause are major risk factors for female cardio-
vascular disease associated with fluctuations of female hormones.
Although many studies indicate estrogen exerts beneficial effects
on the circulatory system, the overall conclusions from clinical
studies remain somewhat equivocal [36]. This study provided a
new perspective to understand the relationship between cardio-
vascular disease and menopause, and harmonic components may
be an indicator to reflect the changes in the characteristics of the
cardiovascular system. Further studies are required to understand
how female hormones may impact hemodynamic indicators, and
whether hormonal treatment has an effect on radial pressurewaves
and the harmonic pulse spectrum. Research on the underlying
mechanism of female hormones and their effects on radial pressure
waves may advance the understanding of hormones and vascular
functions. This understanding will provide a different viewpoint
into the outcome of hormone replenishment therapy and a more
personalized way [37] to prevent cardiovascular diseases.
Conclusion

Harmonic components of the radial pressure wave provide in-
dependent predictive value for changes in the female cardiovas-
cular system during pregnancy and menopause. The noninvasively
radial pulse measurement may be performed more frequently and
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easily. Harmonic components of the radial pressure wave could use
in many clinical applications [38]. However regarding the rela-
tionship between individual harmonic components and physiology,
more experiments are needed to verify in the future.
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