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Abstract: Background: During pregnancy, major physiological changes occur in every system. Understanding 

the hemodynamic changes in different stages of pregnancy can help to identify abnormal states during preg-

nancy. Harmonic analysis could be a useful tool in monitoring the state of the ventricular-arterial system dur-

ing pregnancy. The aim of this study was to investigate the specific statistical relationships between changes 

in harmonic indices during different stages of pregnancy. Methods: A Total of 380 women (190 pregnant 

women and 190 age-matched non-pregnant women), with ages ranging from 20 to 45, were enrolled in the 

study. The visit measured the subject’s hemodynamic parameters including heart rate, systolic blood pressure 

(SBP), diastolic blood pressure (DBP) and photoplethysmography (PPG). SBP and DBP were evaluated by an 

automatic blood pressure monitor. PPG signal were continuously recorded for 12-seconds using a PPG sensor. 

Spectrum analysis of the PPG signal was performed to evaluate the first five harmonic components (C1 – C5) 

and harmonic phases (P1 – P5). Result: A comparison between pregnant women and non-pregnant women 

showed that the non-pregnant women had lower DBP, C3, C5 and P5 (p<0.05). Waist Circumference, Heart 

rate, C2, C4 and P2 were higher in pregnant women. Logistic regression analysis was used to determine the 

associations between pregnancy and harmonics indices. C2, C4 and P3 were positively and P1 and P4 were 

negatively associated with pregnancy after controlling age, BMI, waist circumference, heart rate, SBP and DBP. 

Conclusion: The results of this study provide information on the changes in the harmonic frequency compo-

nents during various stages of pregnancy. The harmonic components of the PPG signal have independent pre-

dictive value for changes in a woman's physiology during pregnancy. Since non-invasive PPG measurements 

can be performed frequently and easily, in the future, it is possible that the hemodynamic changes from some 

pregnancy-related disorders could be studied by harmonic analysis. 

Keywords: pregnancy; photoplethysmography; harmonic analysis; pulse wave analysis; spectrum 

 

Introduction 

During pregnancy, major physiological changes occur in every system. Changes occur in the 

cardiovascular, renal, respiratory, endocrine, metabolic and immune systems to accommodate the 

developing fetus and to prepare the mother for delivery.1,2 As a result of pregnancy, maternal physi-

ological profiles undergo dynamic and temporal changes.3 For instance, the cardiovascular system 

changes during pregnancy are profound and begin early in pregnancy, so that cardiac output has 

increased by 20% by 8 weeks of gestation. The maximum cardiac output occurs around 20-28 weeks 

of gestation. Blood pressure decreases in early and mid-gestation, but increases to non-pregnancy 

levels in late gestation.4 Changes in the physiology of pregnancy may also make diagnosis difficult. 
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Understanding the physiological changes during each gestation period can help monitor the occur-

rence of physiological abnormalities. 

Blood pressure measurement and arterial pressure waveform analysis have been used to moni-

tor and study cardiovascular diseases for more than a hundred years.5 In the last two decades, an 

emerging research method is to measure the arterial pressure waveform at one to two locations and 

extract the characteristics through the turning point in the time domain. In recent years, augmenta-

tion index has also been used in studies of pregnancy and related disorders.6,7 However, the arterial 

pressure waveform characteristics extracted using time domain analysis are not sufficient to provide 

the complete information of the arterial pressure waveform. To fully characterize the waveform of 

arterial pressure waves, harmonic analysis is a feasible method5. The pulse waveform of the radial 

pressure wave describes the change of arterial pressure with time. Changes in blood flow and organ 

function can alter the radial pulse waveform.8,9 Harmonic analysis converts waveforms into harmonic 

indices and provides hemodynamic information about the state of the ventricular-arterial system.10,11 

Many studies have shown that radial pulse waveforms provide an independent predictor of cardio-

vascular variability.12 In recent years, we have also found in clinical studies that the harmonic com-

ponent is associated with the onset of menopause, pregnancy13 and diabetes14 in women. 

In addition, several studies have found that the harmonic component of radial pulse or photo-

plethysmography (PPG) harmonic analysis is highly correlated with disease or treatment [15]. the 

PPG signal is generated by changes in blood volume as blood moves in and out of tissues, whereas 

the pulse signal is generated by changes in pressure as blood passes through the radial artery.15 Both 

signals are products of blood circulation and both have similar waveforms and waveform periods. 

PPG measurements have also been used in the assessment of maternal hemodynamics.16 In previous 

clinical studies, PPG harmonic analysis was found to be useful in predicting the success of implanta-

ble reproduction.17 In this study, the PPG signal will be used for harmonic analysis. 

Understanding the hemodynamic changes in the different stages of pregnancy can help to dis-

tinguish abnormal states during pregnancy. Harmonic analysis may be a useful tool in informing the 

state of the ventricular-arterial system during pregnancy. The aim of this study was to investigate the 

specific statistical relationship between changes in harmonic indices during different stages of preg-

nancy. Simple PPG measurements with harmonic frequency analysis may provide additional insights 

in terms of blood circulation during these periods of transition. 

Materials and Methods 

A total of 380 women (190 pregnant women and 190 age-matched non-pregnant women) be-

tween the ages of 20 and 45 and without cardiovascular history were participated in this non-invasive 

observational study at the Department of Gynecology and Obstetrics of the Renai Branch of Taipei 

City Hospital and Keelung Hospital of the Ministry of Health and Welfare from 2018 May to 2022 

March. All participants were provided with written informed consent. The individual information of 

participants is protected in accordance with the provisions of the Personal Information Protection 

Act. The study protocol followed good clinical and scientific practice. and was approved by the In-

stitutional Review Board of Taipei City Hospital (IRB number: TCHIRB-10703121-E). As Figure 1 

showed, the study size was recorded and all population were separated to the dataset of non-preg-

nancy group and dataset of pregnancy group, according to pregnancy status. To address the potential 

bias caused by age, subjects who were age-matched and not pregnant were selected as the control 

group. In this cross-sectional study, enrolled participants underwent blood pressure and finger pho-

toplethysmography measurements. In order to compare the hemodynamic status of different sub-

jects, we recorded the systolic and diastolic blood pressure and calculated the first five harmonic 

amplitudes components (C1~C5) and phases (P1~P5) of PPG signals using Fourier transform method. 
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Each subject was asked to rest for five minutes before the measurements. The PPG signal was 

recorded on the index finger of both hands with a PPG sensor (AFE4400SPO2EVM, TI, USA). After 

completing the PPG measurement, the blood pressure and heart rate of each subject were measured 

using an automatic blood pressure monitor (HBP-1300, OmRon, Japan). A trained operator con-

ducted blood pressure measurements and instructions were followed to avoid the white coat effect. 

The continuous pulse data was collected in 12 seconds with a sampling rate of 200 data points per 

second. These data were then converted into harmonic amplitude components (Cn) and harmonic 

phases (Pn) using Fourier series calculation.18 Cn and Pn are defined by the following equation: Pሺtሻ  ൌ A଴ ൅ ෍ A୬୒
୬ୀଵ cos ൬2πnT t ൅ θ୬൰ 

C୬  ൌ 1M ෍ A୬,୫A଴,୫
୑

୫ୀଵ  

P୬  ൌ 1M ෍ θ୬,୫୑
୫ୀଵ  

where 1≦n≦5, and An,m and θn,m are the amplitude and phase of the nth harmonic of the mth pulse 

within one measurement. A0,m is the mean value of the mth pulse. P(t) is a wave function with a 

period T.18 In addition to the harmonic indices (Cn, Pn, n=1~5), other demographic characteristics and 

hemodynamic variables were also recorded, including age, body mass index (BMI), waist Circumfer-

ence, diastolic blood pressure (DBP), systolic blood pressure (SBP) and heart rate (HR). 

The pregnancy status was diagnosed by a specialist doctor and confirmed from the ICD-10 

codes18, O, Z32.1 and Z34, on the medical record. The dataset coded with O00 were from those sub-

jects who experienced complications of pregnancy, such as an ectopic pregnancy, and these data were 

excluded in the analysis. Pregnancy is divided into three trimesters, each lasting for approximately 

three months. The first trimester is defined as the first 13 weeks of pregnancy, the second trimester is 

defined as 14-26 weeks of pregnancy, and the third trimester is after 27 weeks of pregnancy. 

Clinical characteristics are expressed as mean ± standard deviation. Student’s t-test was used to 

evaluate the difference of basic demographic information and hemodynamic variables based on the 

status. The logistic regression analysis was used to determine the associations between pregnancy 

and harmonics indexes and the odds ratios. Age, BMI, waist circumference, HR, SBP and DBP were 

controlled by acting as the covariates in the logistic regression model. p-value smaller than 0.05 was 
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accepted as statistically significant. Missing data is addressed by removing the missing data. All sta-

tistical analyses were performed using R version 4.0.3 

Results 

Age also changes specific harmonic components of radial pressure wave.19 To eliminate the con-

founding effect of age in pregnancy, we randomly selected and matched pregnancy and non-preg-

nancy woman by age. 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. As Table 1 

showed, a series of changes in clinical characteristics could be observed during the pregnancy, in-

cluding lowering DBP, increasing heart rate and waist circumference. SBP and DBP have their lowest 

values during the second trimester and return to their original values towards the end of pregnancy. 

HR and waist circumference continue to increase until the end of pregnancy. 

Figure 2 showed that C2 and C4 increase significantly during pregnancy and increase with the 

stage of gestation period. Compared to non-pregnancy (C2=0.429, C4=0.517), from the first to the third 

trimester, C2 increased from 0.459 to 0.510 and C4 from 0.587 to 0.634. In contrast, C3 and C5 de-

creased significantly during pregnancy, especially in the second and third trimesters (C3 from 0.512 

to 0.439 and C5 from 0.724 to 0.664). On the other hand, Figure 3 showed the variation of the harmonic 

phase at different trimesters. P2 increased significantly in the first trimester, while P5 decreased sig-

nificantly in the first and third trimesters. 
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Table 1. Clinical characteristics from pregnancy and non-pregnancy woman. 

Clinical characteristics Non-pregnancy 

Pregnancy 

All pregnancy First trimeste
Second tri-

mester 
Third trimeste

N 190 190 58 70 62 

Age (year) 32.8±4.8 32.8±4.8 34.2±4.5 * 32.2±4.6 32.3±5.1 

BMI (kg/m2) 23.1±4.7 23.0±3.8 22.8±3.9 22.9±3.7 23.4±4.0 

Waist Circumference (cm) 76.6±11.7 80.7±10.7 * 76.8±9.5 81.3±10.4 * 83.7±11.3 * 

Heart rate (Beat/minute) 78.5±12.4 85.7±13.9 * 84.0±16.1 * 85.7±13.0 * 87.2±12.8 * 

SBP (mm-Hg) 112.5±16.3 111.1±12.0 109.8±11.7 108.1±10.6 * 115.2±12.7 

DBP (mm-Hg) 70.3±11.6 67.0±9.1 * 66.5±9.4 * 65.6±7.5 * 69.1±10.1 

BMI = Body mass index, SBP = Systolic blood pressure, DBP = Diastolic blood pressure, Asterisks 

indicate that the means of variables in pregnant group differ significantly from non-pregnant group. 

(p ≦ 0.05). 

To investigate the association between pregnancy and the harmonic indices, we apply the lo-

gistic regression of the generalized linear model. As Table 2 showed that after controlling age, BMI, 

waist circumference, HR, SBP and DBP, C2, C4 and P3 were positively and P1 and P4 were negatively 

associated with pregnancy. Odds ratios obtained from logistic regression describe positively associ-

ation of waist circumference (OR = 1.075, CI = 1.034 - 1.121, p < 0.001), HR (OR = 1.031, CI = 1.007 - 

1.058, p = 0.013), C2 (OR = 1.083, CI = 1.026 - 1.150, p = 0.006), C4 (OR = 1.054, CI = 1.021 - 1.088, p = 

0.001) and P3 (OR = 1.351, CI = 1.066 - 1.758, p = 0.016) with pregnancy, and negatively association of 

BMI (OR = 0.851, CI = 0.762 - 0.948, p = 0.004), DBP (OR = 0.960, CI = 0.919 - 0.998, p = 0.049), P1 (OR = 

0.696, CI = 0.501 - 0.914, p = 0.016) and P4 (OR = 0.784, CI = 0.639 - 0.955, p = 0.016) with pregnancy. 
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Table 2. Logistic regression analysis for pregnancy. 

 β estimate 
Standard 

Error (SE) 
P-value 

Odds Ratio 

(OR) 

Confidence In-

terval of OR 

(Intercept) 2.593  4.978  0.602   

Age (year) 0.040  0.031  0.194 1.041  0.980-1.106 

BMI (kg/m2) -0.161  0.056    0.004 * 0.851  0.762-0.948 

Waist Circumference (cm 0.030  0.012  < 0.001 * 1.075  1.034-1.121  

Heart rate (Beat/minute) 1.806  0.728    0.013 * 1.031  1.007-1.058  

SBP (mmHg) 0.001  0.015  0.930 1.001  0.973-1.032 

DBP (mmHg) -0.041  0.021    0.049 * 0.960  0.919-0.998 

C1 0.005  0.005  0.284 1.005  0.996-1.015  

C2 0.080  0.029    0.006 * 1.083  1.026-1.150 

C3 -0.019  0.026  0.458 0.981  0.932-1.034 

C4 0.052  0.016    0.001 * 1.054  1.021-1.088  

C5 0.021  0.013  0.112 1.021  0.995-1.048 

P1 -0.363  0.151    0.016 * 0.696  0.501-0.914 

P2 -0.063  0.159  0.694 0.939  0.691-1.296 

P3 0.301  0.125    0.016 * 1.351  1.066-1.758 

P4 -0.244  0.102    0.016 * 0.784  0.639-0.955  

P5 0.063  0.059  0.286  1.065  0.939-1.196 

BMI = Body mass Index , SBP = Systolic blood pressure, DBP = Diastolic blood pressure , C1-C5 = 1st 

to 5th Harmonics components, P1-P5 = 1st to 5th Harmonics phases. Asterisks indicate that the vari-

ables in pregnant group differ significantly from non-pregnant group. (p ≦ 0.05). 

Discussion 

As a complex physiological condition, pregnancy involves the integration of multiple regulatory 

and organ systems.1 In this study, it was found that HR continued to increase until the end of preg-

nancy, while SBP and DBP decreased and then recovered. It was consistent with the findings of other 

studies.6,20 The gradual increased heart rate is mainly to maintain the increased cardiac output during 

the third trimester. Cardiac output gradually increased by 50% during pregnancy.20 Cardiac stroke 

volume increased and reached a peak in the second trimester. The continuous increased heart rate 

was mainly to maintain the increased cardiac output in the third trimester.20 There were many mech-

anisms that caused a decrease in systemic vascular resistance during pregnancy. In addition to the 

effects of various female hormones such as estrogen, progesterone, prostaglandins and prolactin, ni-

tric oxide and relaxin also had an impact.1 Relaxin reached peak levels during early pregnancy and 
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delivery and worked on the heart, smooth muscle and connective tissue to reduce systemic vascular 

resistance, which also helped in delivery at full term.21 

The results of this study found an increase in C2 and C4 with increasing gestation. C2 has been 

previously found to be associated with renal circulation,8 which is consistent with some clinical find-

ings that renal blood flow increases by more than 50% during pregnancy.1 The hormonal effects of 

progesterone and relaxin during pregnancy cause systemic vasodilation22 and concomitant renal vas-

odilatation, resulting in a compensatory increase in glomerular filtration rate (GFR) and effective re-

nal plasma flow (RPF).2 Although the renin-angiotensin-aldosterone (RAA) system is activated in 

early gestation, it also produces a relative resistance to angiotensin II, counteracting the vasoconstric-

tor effect and enabling profound vasodilation.2 The vasoreactivity of angiotensin II may also be the 

same as that of other vasoconstrictors such as adrenergic agonists and arginine vasopressin (AVP).2 

This is consistent with previous studies of the effects of vasoconstrictor drugs on harmonic compo-

nents.23 C4 has been found to be associated with pulmonary circulation in previous studies,24 and 

associated with peripheral vascular relaxation in studies of hypertensive drugs.25 These are consistent 

with clinical findings of increased pulmonary circulation26 and decreased vascular resistance21 during 

pregnancy. Oxygen consumption increases by 30% to 60% (30-40 mL/min) during pregnancy due to 

increased metabolic demands of maternal organs, placenta and fetus.26,27 Elevated serum progester-

one levels in early pregnancy stimulate the medullary respiratory center in the brain and provide 

increased respiratory depth, thus increasing alveolar ventilation.27 The physiological adaptations of 

the cardiovascular vessels permit optimal oxygen delivery to maternal and fetal tissues. In our pre-

vious animal studies, we found that C3 and C5 are associated with the digestive system.8 C3 has also 

been shown to be associated with diabetes mellitus.13 During pregnancy, the adaptation of glucose 

metabolism maintains adequate maternal nutrition while allowing glucose shunting to the fetus to 

facilitate development.28 The decrease in C3 and C5 may provide another hemodynamic explanation 

for the high risk of diabetes mellitus and morning sickness during pregnancy. In addition, an increase 

in C2 and C4 coinciding with a decrease in C3 and C5 is a characteristic of hemodynamics during 

pregnancy and may serve as a predictor of pregnancy. 

The harmonic phase corresponds physiologically to the same organ or tissue as the harmonic 

component. The harmonic component describes the changes in the distribution of blood flow to spe-

cific organs and tissues in the body. The harmonic phase describes changes in the structure of specific 

organs and tissues. Both P2 and C2 are associated with the kidneys, and the significant increase in P2 

at the onset of pregnancy corroborates the observations of other studies in clinical settings that kidney 

physiology may be the first to change during pregnancy.22 P5 is significantly reduced in the second 

trimester, showing that the growing uterus displaces the stomach and intestines upward as preg-

nancy progresses. The mechanical changes in the digestive tract that occur as pregnancy progresses 

are due to the growth of the uterus. Increasing upward displacement of the stomach results in axial 

changes and increased intra-gastric pressure. There is also a decrease in esophageal sphincter tension, 

which may lead to reflux symptoms as well as nausea and vomiting.29 

Radial pulse measurement with harmonic analysis has been proven to be useful in the hemody-

namic description of many physiological phenomena and in the prediction of disease risk.10,12 The 

PPG signal is a signal that detects the change of blood flow pulsation in the blood vessel due to heart-

beat by using the principle of light sensor to absorb light energy. The PPG signal has been shown to 

be highly correlated with the radial arterial pressure signal in many studies.15 In this study, the PPG 

signal was measured from the index finger and further harmonics analysis was performed. The 

changes in the harmonic components are consistent with the observations of clinical physiological 

phenomena1,2 and also correspond to the results of radial pulse harmonic analysis.14 PPG measure-

ment has the advantage of being portable and easy to operate, so that users can take measurements 

at home at any time to understand the state of the body. When the indicators are abnormal, relevant 

examination and treatment can be carried out immediately. However, there are still some parts of 

this study that could be enhanced. The PPG measurements are subject to external interference, such 

as power interference, skin or finger tremors. The signal interference may also be caused by the dif-

ferent force of the sensor connection point during the measurement.30 In addition, the results of this 
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study were conducted on Taiwanese females, and it is worthwhile to further investigate whether 

there are differences among different ethnic groups. 

In conclusions, pregnancy is characterized by major maternal hemodynamic changes. The re-

sults of this study provide information on the changes in the harmonic frequency components during 

the various stages of pregnancy. Understanding the baseline values of physiological changes in preg-

nancy can help diagnose other disorders during pregnancy. The harmonic component of the PPG 

signal has independent predictive value for changes in a woman's physiology during pregnancy. 

Non-invasive PPG measurements can be performed more frequently and easily. In the future , the 

hemodynamic effects of more pregnancy-related diseases such as gestational diabetes mellitus, ges-

tational hypertension, toxemia of pregnancy (preeclampsia), eclampsia, etc., will be investigated by 

harmonic analysis. 
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