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ARTICLE INFO ABSTRACT

Keywords: Objective: To describe the comparative hierarchical area ratio (CHAR), a novel parameter derived from the
Preeclampsia photoplethysmographic (PPG) pulse wave and differences in CHAR values in parturients with and without
Photoplethysmographic pulse wave preeclampsia (PE).

Morphology

Methods: A total of 59 parturients (37 without and 22 with PE) was conducted at the Women’s Hospital,
Zhejiang University, School of Medicine in Hangzhou, China. We calculated the CHAR values derived from the
PPG pulse wave and compared them in parturients with and without PE.

Result: The values of CHAR derived from the parturients with PE were lower compared to those without PE
(p < 0.01). The ROC analysis indicated that the best threshold for the mean value of CHAR was 7.92 to predict
PE with a sensitivity of 86.4% and a specificity of 87.1%, while the threshold for the standard deviation of CHAR
was 0.76 with a sensitivity of 77.3% and a specificity of 77.4%. The area under the curve (AUC) was 0.91 for
mean value of CHAR while 0.78 for standard deviation of CHAR. Meanwhile, a contrast of AUC between CHAR
and the former parameter we proposed showed CHAR had better performance in distinguishing PE (0.908 over
0.615, p < 0.01).

Conclusion: The novel parameter, CHAR, derived from PPG pulse wave differs in parturients with and without PE
with high sensitivity and specificity, suggesting that the CHAR might be an effective tool in differentiating the
presence of PE.

Comparative Hierarchical Area Ratio (CHAR)
Characteristics extraction

1. Introduction making blood pressure the more important factor to diagnose the dis-

ease [11]. Other physiologic markers, including the pulse waveform,

Preeclampsia (PE) is a disorder affecting 6-8% of pregnancies
worldwide characterized by new onset hypertension and proteinuria
after 20 weeks of pregnancy [1-5]. While the etiology of the disease has
not been fully elucidated yet, several factors are associated with PE,
including maternal age, parity, prior PE, multiple gestation, and obesity
[1,2]. PE could can result in maternal cerebrovascular, cardiac, hepatic,
hematologic, and renal complications, as well as prematurity, growth
restriction and neonatal mortality [6-8]. Given the morbidity and
mortality associated with PE, accurate identification and diagnosis of
parturients with PE is critical to provide the best care possible [9,10].

While blood pressure and proteinuria are both widely used as cri-
teria to diagnose PE, proteinuria is not necessarily always present thus

have been recently investigated as potential noninvasive methods of
diagnosing PE [12-15]. One of the major advantages of the pulse wa-
veform is that it can be monitored continuously at the digits, providing
detailed information about the peripheral vascular bed. Recently, the
augmentation index (AIX) has been used in pulse waveform analysis for
clinical purposes [9,14-16]. However, AIX is derived from invasive
blood pressure pulse data so its real time clinical guidance is limited.
Therefore, use of the photoplethysmographic (PPG) pulse wave may be
the optimal approach for continuously obtaining noninvasive mea-
surements [12,13].

Prior studies have described the diversity in PPG waveform shapes
and have proposed several parameters to describe those shapes,
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including the ratio of mean-to-peak wave amplitude and the area dif-
ference ratio (ADR) [17,18]. While use of the ADR to differentiate
parturients with PE from those without PE has been previously de-
scribed, the ADR does not offer a complete understanding of PE and
thus more analyses of the PPG waveforms is necessary.

In this study, we described a novel parameter, the comparative
hierarchical area ratio (CHAR), which may be useful to help diagnose
hypertensive disorders of pregnancies.

2. Methods
2.1. Study subjects

Study subjects were recruited from the Department of Gynaecology
and Obstetrics at the Women’s Hospital, Zhejiang University, School of
Medicine from June 2017 to April 2018. The study was approved by the
Research Ethics Committee (No. 20140047) and written informed
consent was obtained from all participants. A total of 37 normotensive
parturients were enrolled to study the basic elements of the CHAR. In
addition, 22 parturients with PE were enrolled to describe differences,
if any, in the CHAR between parturients with PE and those without. For
the purposes of this study, PE was defined as a pregnancy after
20 weeks of gestation complicated by new onset hypertension (blood
pressure =140/90 mm Hg on two separate readings, 2h to 2 weeks
apart) and proteinuria (urine dipstick with =2+ protein at presenta-
tion, or 24-hour urine protein =300mg/d) [11,19].

Parturients were excluded from enrollment if they had a history of
cardiovascular, renal, or other hypertension-associated disease, were
taking antihypertensive drugs, had pregestational diabetes, or had a
history of alcohol or illicit drug abuse. Parturients were also excluded if
they had multiple gestation, congenital fetal abnormalities, fetal chro-
mosomal disorders, or were conceived by in vitro fertilisation.

2.2. Data acquisition

The PPG pulse wave was recorded using the CARESCAPE B650
Patient Monitor, our standard medical monitoring device (General
Electric Company, Boston, USA) with a sample rate of 100 Hz. After the
study subject had at least 5min of rest, the oxygen sensor (DS-100A
Durasensor, OxiMax, Nellcor Puritan Bennett Inc, USA) was placed on
the index finger of the non-dominant hand. The PPG signals were
processed by the device in arbitrary units and exported to a PC as
comma-separated values for further analysis.

2.3. Morphologic characteristics of the PPG pulse wave

The morphologic characteristics of the PPG pulse wave were studied
and compared between groups of the health parturients and those with
PE. The characteristic PPG pulse waveforms from parturients with and
without PE are shown in Fig. 1. The amplitude and duration of the
waveform were higher, and the notch of the pulse was obscured in
parturients with PE. However, our pre-research suggested that these
parameters were limited in distinguishing PE.

2.4. Comparative hierarchical area ratio

We proposed the hierarchical area ratio (HAR) as a novel parameter
to better understand vessel elasticity and blood viscosity from the PPG
pulse wave morphology. To calculate the HAR, the peak amplitude of
the PPG pulse wave is divided into 10 equal segments as shown in
Fig. 2. And the descending domain of PPG (the part from point P to Us,)
was segmented into 10 area pieces. Then, the ratio of each individual
piece (S;) to the total area of all the descending domain (S) is calculated
as the HAR in the formula 1: HAR; = S; / S. To simplify understanding
of the HAR, the CHAR was calculated by dividing the sum of Sy and S;¢
by the sum of S; and S,, such that its formula can be simplified as in the
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Fig. 1. Two typical pieces of PPG pulse wave data in the study. Signals from the
parturients with/without PE were drawn in different colors. There were dif-
ferences in the duration and amplitude of the pulses as well as the positions of
notch points. PPG pulse wave signals were shown with magnitudes in arbitrary
units (au).
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Fig. 2. The schematic of CHAR in a PPG pulse wave. Baseline was adjusted to 0.
Point P and G were the peak and end position of the pulse respectively. Point O
was the vertical projection of point P on the baseline. PPG pulse wave signal
was shown with magnitude in arbitrary units (au).

formula 2: CHAR = (So + S10) / (S1 + S2).

2.5. Statistical analysis

Raw data filtering, pulse wave detection and calculation of the study
parameters were performed using MATLAB (R2010b, MathWorks, Inc.).
All PPG pulse wave data acquired were analyzed based on the CHAR
calculation algorithm we developed. CHAR values were calculated and
individually evaluated to avoid unexpected errors prior to statistical
testing. Statistical analysis was performed using SPSS Statistics (version
25.0, IBM, Inc.). Student’s t test and the Mann-Whitney U test were used
for categorical variables. The receiver operator curve (ROC) and area
under the curve (AUC) were also calculated. All figures were generated
using Origin Pro (version b9.2.272, Northampton, MA, USA).
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Table 1
Demographic information of study participants.
Healthy Preeclamptic p value
parturients parturients
(n=37) (n =22)
Age (years) 32.0 + 3.7 33.8 + 5.2 0.226
Height (cm) 160.4 = 3.7 158.4 = 4.9 0.155
Weight (kg) 67.3 = 8.1 72.1 = 11.6 0.159
BMI (kg/m?) 26.1 = 3.2 28.7 + 4.2 0.008*
Gestational weeks at 346 = 4.2 33.4 = 43 0.421
sampling (weeks)
Heart Rate (beats per 83.7 = 13.8 85.7 = 10.4 0.414
minute)
SBP (mm Hg) 110.8 = 9.6 158.6 = 19.5 <0.001"
DBP (mm Hg) 66.4 = 10.1 93.7 = 13.8 < 0.001"

BMI: Body Mass Index; SBP: Systolic Blood Pressure; DBP: Diastolic Blood
Pressure; ~Statistically significant.

3. Results
3.1. Demographics

Twenty-two parturients with PE and thirty-seven parturients
without PE were enrolled in the study. Demographic information of the
participants was summarized in Table 1. There were no clinically sig-
nificant baseline differences in age, height, weight, BMI, heart rate, and
gestational age at sampling between healthy parturients and those with
PE. As expected, the Preeclamptic parturients had significantly higher
systolic and diastolic blood pressures compared to the healthy par-
turients.

3.2. Comparative hierarchical area ratio

The raw CHAR values of parturients with and without PE for every
PPG pulse wave are shown in Fig. 3. Parturients with PE had smaller
variation ranges and smaller mean values of CHAR. Statistics showed
that the mean value of CHAR was 6.87 (range 5.27-9.02) for PE par-
turients and 10.45 (range 4.73-18.68) for healthy parturients. To better
understand how the CHAR value may predict PE, CHAR was validated
using ROC with the mean and standard deviation value of CHAR as
check variables (see Fig. 4). The AUC was 0.91 when using the mean
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Preeclamptic Average

24 -

22
20
18
161
14
124
104

CHAR Value (au)

PPG NUM

Fig. 3. The CHAR Trends for parturients with PE (solid line in light magenta)
and without PE (dash dot line in bule). Individual and average response of
CHAR were marked with different line widths for parturients as well (thin for
individual and thick for average). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. ROC plot of the parameters indicating PE. Mean value of CHAR was
drawn with blue line, standard deviation of CHAR was drawn with red line and
mean value of ADR with black line. The AUC were 0.91, 0.78 and 0.62 re-
spectively. Line of identity was also drawn in green. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

value of CHAR to indicate PE and AUC was 0.78 when using the
standard deviation of CHAR. The optimal threshold given by ROC
analysis for mean value of CHAR was 7.92: a mean value of CHAR
<7.92 predicted PE with a sensitivity of 86.4% and a specificity of
87.1%. The corresponding threshold value was 0.76 for standard de-
viation of CHAR (sensitivity 77.3%, specificity 77.4%). Further mean
was plotted against standard deviation value of CHAR in Fig. 5. In 9 of
59 subjects, mean value indicated PE that was not indicated by the
standard deviation. In 3 of the 9, patients were without PE. In 8 of 59
subjects, the standard deviation indicated PE that was not indicated by
mean value. In 6 of the 8, patients were without PE.
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Fig. 5. Plot of mean value against standard deviation. Mean values of CHAR
were plotted against the corresponding standard deviation values of CHAR,
n = 59. Stars indicated preeclamptic parturients and circles indicated healthy
parturients, lines indicated threshold values calculated by ROC analysis for PE
(7.92 and 0.76 respectively).
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3.3. Contrast between comparative hierarchical area ratio and area
difference ratio

Both ADR and CHAR were proposed by our research group as
parameters that may distinguish parturients with and without PE. The
ADR proposed by our group has showed the ability to distinguish the
presence of PE with limited sensitivity and specificity [18]. We com-
pared ADR and CHAR to determine if either have any advantages.
When the range of the two parameters differed even for same pulse
(values < 1 for ADR while > 8 normally for CHAR), ROC analysis
was used for the comparison. As demonstrated in Fig. 4, the AUC was
0.62 for ADR and 0.91 for CHAR which suggests that CHAR had an
advantage over ADR in distinguishing PE.

4. Discussion

In this study, we describe the CHAR, a novel morphologic parameter
of the PPG pulse wave. We observed that CHAR values were lower and
had smaller variation ranges in parturients with PE compared to those
without. We also found that CHAR had a high sensitivity and specificity
in distinguishing PE.

Why CHAR values appear to be different in parturients with PE
compared to those without remains to be further studied. One possible
explanation is that CHAR might be a reflection of changes that occur
within the vascular bed with PE, such as an increase in peripheral
vascular resistance and stiffness, mean arterial pressure, and a decrease
in small artery compliance, systemic blood flow and cardiac output
[20-22]. Given that hemodynamic changes associated with PE occur
throughout the vascular system, it is not surprising that the PPG pulse
wave would be affected as the digits contain numerous arterioles, ve-
nules and capillaries. CHAR demonstrates the changes of the vascular
bed indirectly as the descending domain of the pulse is quantitated
through the CHAR calculation. The increase in the area of S; and S, and
decrease in area of Sg and S;o might be expected when vascular stiffness
and resistance rise during PE (see Fig. 2 and Formula 2).

There are several features on pulse waveform analysis which are
observed in parturients with PE, of which the AIX is most commonly
used [9,14,15]. However, because AIX is calculated from the central
aortic pulse derived from radial artery tonometry, its clinical use is
limited. One of the major advantages of calculating the CHAR is that it
can be obtained noninvasively to distinguish parturients with and
without PE. Given that the AUC of mean CHAR value is greater than
that of mean ADR (see Fig. 5), CHAR is superior to ADR in distin-
guishing parturients with and without PE.

This study has several important limitations. First, we have ob-
served that in parturients who have already been diagnosed with PE by
traditional criteria during the late part of gestation, the CHAR value
differs compared to those without PE. However, this does not ne-
cessarily mean that CHAR could be used as a predictive tool prior to the
traditional diagnosis of PE. Second, because we had a relatively small
sample size in our study, results obtained could potentially different
with larger sample sizes. Third, because we specifically studied par-
turients with PE, it is unclear if there would be a difference in par-
turients with PE compared to those with simply gestational hyperten-
sion or hypertension of any other non-PE related reasons.

Our study suggests a novel parameter to describe the morphology of
the PPG pulse wave of parturients with PE. The parameter might be
useful to distinguish parturients with and without PE. However, further
studies are needed to better understand how CHAR might be useful in
the clinical setting. Of particular interest would be to determine if
CHAR could be used in the earlier stages of pregnancy, perhaps even
before the traditional diagnosis of PE. Future studies should be per-
formed to determine if CHAR may be useful as an early diagnostic tool.
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