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Second derivative of the finger photoplethysmogram
and cardiovascular mortality in middle-aged and

elderly Japanese women

Noriko Inouel2, Hideshi Kawakami3, Hideya Yamamoto?, Chikako Ito®, Saeko Fujiwaraz, Hideo Sasaki!

and Yasuki Kihara*

The second derivative of the digital photoplethysmogram (SDPTG) is an indicator of arterial stiffness. The ratio of the height of
the d wave to the a wave of the SDPTG (d/a) is associated with functional peripheral vascular tension and represents aortic-blood
pressure (BP) augmented by reflection waves from the periphery. This longitudinal study aimed to investigate the relationship
between SDPTG and cardiovascular mortality in middle-aged and elderly Japanese women. From 1998 to 2008, we recruited
4373 women (50-79 years old at baseline) who underwent medical check-ups and SDPTG measurement. The SDPTG index
(d/a) was calculated from the wave component height, and was divided into quartiles (Q) according to the d/a value. The median
follow-up period was 9.0 years. The d/a value was negatively associated with age and BP, and positively associated with heart
rate and body height. Using the Cox proportional hazards model, the hazard ratios for cardiovascular mortality for Q2, Q3 and
Q4 were significantly higher than that of Q1. In multivariate analysis, the hazard ratio was 2.30 for Q3 (95% confidence interval
(CI): 1.06-4.99, P<0.05) and 2.60 for Q4 (95% CI: 1.21-5.60, P<0.05), after adjustment for age, height, body mass index,
BP levels, heart rate and other atherosclerosis-related factors. The hazard ratios of cardiovascular mortality for Q3 and Q4 were
significantly higher compared with the reference (Q1). Thus, the SDPTG d/a is an independent predictor of cardiovascular

mortality in middle-aged and elderly Japanese women.
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INTRODUCTION
Noninvasive pulse wave analysis is useful for evaluating vascular load
and vascular stiffness. Measurement of arterial function is important
to determine the risk for cardiovascular diseases. The photoplethys-
mogram detects changes in the amount of light absorbed by
hemoglobin, which reflects changes in blood volume. The finger
photoplethysmogram is used to evaluate arterial compliance in
relation to changes in the amplitude of the pulse wave. Aortic pressure
can be divided into two components in the systolic phase: the early
systolic component is mainly caused by left ventricular ejection, and
the late component is augmented by reflection waves from periphery.
Likewise, the digital pulse wave can be divided into two components in
the systolic phase. Munir et al.! showed that the digital late systolic
pulse pressure component closely approximated to the central late
systolic pressure component, and the digital peripheral pressure pulse
wave was related to the digital volume pulse wave.?

The second derivative of the digital photoplethysmogram (SDPTG)
was developed to of the

recognize the inflection points

photoplethysmogram with ease. SDPTG has a and b waves in the
early part of systole, c and d waves in the latter part of systole, and the
e wave in diastole (Figure 1). The ratio of the height of the d wave to
the a wave of the SDPTG (d/a) has been considered to reflect the
ascending aortic systolic pressure augmented by reflection waves from
the periphery and functional peripheral vascular tension. Takazawa
et al® showed that d/a reflected the augmentation index in the
ascending aorta by simultaneously recorded SDPTG and the aortic
pressure waveform.

Several investigations have been performed to assess the association
between the SDPTG indices and age, hypertension, left ventricular
hypertrophy, arteriosclerosis, metabolic syndrome-related factors and
coronary risk parameters.*1? To the best of our knowledge, no studies
have attempted to determine the relationship between SDPTG and
cardiovascular mortality in a large population using a longitudinal
design. Therefore, the purpose of the present study was to determine
the association between d/a as an index of SDPTG and cardiovascular
mortality in middle-aged and elderly Japanese women.
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Figure 1 A schema of the finger photoplethysmogram (PTG, top) and the
second derivative finger PTG (SDPTG, bottom). The d/a ratio was defined as
the ratio of the height of d wave to that of a wave. Adapted from reference
no. 5 with permission.

METHODS

Study population

A total of 4727 women aged 50-79 years underwent a medical check-up,
including a 75-g oral glucose tolerance test at the Hiroshima Atomic Bomb
Casualty Council Health Management and Promotion Center between April
1998 and March 2008. They were followed up until December 2011.
Participants with a history myocardial infarction, cardiovascular revasculariza-
tion and cerebrovascular disease, and those with undergoing treatment for
diabetes mellitus or a life-threatening illness were excluded. Subjects with an
SDPTG waveform that could not be read were also excluded. Finally, 4373
subjects, mean age 68.1 +6.6 years were recruited into this study. The mean
follow-up period was 9.0 +3.3 years (median 9.0 years).

Ethical considerations

The protocol of this study was approved by the Central Institutional Review
Board of the Hiroshima Atomic Bomb Casualty Council Health Management
and Promotion Center and Hiroshima University. Informed consent was
obtained from the participants and their data were anonymized so that
researchers could not identify the participants.

Definitions

Causes of death were ascertained based on death certificate information and
medical records. Individual diagnoses were classified by ICD-9 (the Interna-
tional Classification of Diseases, 9th edition) codes. Cardiovascular disease was
defined as the underlying cause of death with ICD-9 codes 401-438.

Measurements

At baseline, all participants were invited to undergo a medical check-up,
including an oral glucose tolerance test after an overnight fast. Body weight and
height were recorded. Brachial blood pressure (BP) was measured in the sitting
position after a resting period of 15 min. Body mass index, calculated as body
weight (kg)/square of height (m?), was used as a measure of obesity. Blood
samples were drawn in the sitting position. Serum levels of total cholesterol and
high-density lipoprotein (HDL) cholesterol were determined enzymatically with
an autoanalyzer (7150, Hitachi, Japan). Blood samples were also collected for
serum glucose determination in the 75-g oral glucose tolerance test. Diabetes
was defined as a fasting glucose level > 126 mgdl~! or a 2-h postload glucose
tolerance test level >200 mgdl~!. Glucose levels were determined by glucose
oxidase methods. Assays for serum lipids were standardized using the Q-PAK
Chemistry Control Serum 1 and 2 (Technicon Instrument Corp., New York,
NY, USA). Estimated glomerular filtration rate (eGFR) was calculated using
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Table 1 Clinical characteristics at baseline

Total (n=4373)

Age (years) 68.1+6.6
Body mass index (kg m~2) 23.1+3.4
Body height (cm) 150.6+5.5
Systolic blood pressure (mm Hg) 130.8+17.2
Diastolic blood pressure (mm Hg) 75.6+9.9
Heart rate (BPM) 70.5+10.5
Current smoker (%) 128 (2.9)
Total cholesterol (mg dI~1) 224.8+33.8
HDL cholesterol (mg di—1) 64.0+15.2
Non-HDL cholesterol (mg dI=1) 160.8+34.3
Fasting plasma glucose (mg dI=1) 101.9+17.1
eGFR (ml kg=11.73 m~2) 60.1+13.8

Abbreviations: BPM, beats per min; eGFR, estimated glomerular filtration rate; HDL cholesterol,
high-density lipoprotein cholesterol.
Values are expressed as mean +s.d. or n (%).

serum creatinine levels and age according to the MDRD (Modification of Diet
in Renal Disease) formula modified for the Japanese population.'!

SDPTG measurement

The SDPTG was measured using the automatic device FCP-4731 (Fukuda
Denshi, Japan) in the supine position in the clinical laboratory at room
temperature at 24-26°C, as previously described.>” The transducer was
positioned at the cuticle of the second digit of the right hand. An example of
the photoplethysmogram and SDPTG is shown in Figure 1.°> The SDPTG
consists of four waves in systole (a, b, ¢ and d waves) and one in diastole
(e wave). The height of the a and d waves was measured from baseline, and the
ratio of the height of the d wave to that of the a wave (d/a) was calculated.

Statistical analysis

Data are expressed as the mean+s.d. The d/a values were examined using
quartiles, with the highest quartile (Q1) serving as the reference category.
Quartiles were defined as follows: quartile 1 (Q1), —0.28 to 0; Q2, —0.35 to
—0.29; Q3, —0.42 to —0.36; and Q4, — 0.89 to — 0.43. The relationship between
d/a and cardiovascular risk factors was assessed using Pearson’s moment
correlation coefficient. Univariate and multivariate regression analysis was
performed to assess the linear association between d/a and clinical and
cardiovascular disease-related parameters. For proportions, we used the y?
statistic with Bonferroni correction of the probability values, as appropriate.
One-way analysis of variance with Tukey’s test for multiple comparisons was
used to examine differences between mean values in the quartiles. The outcome
was cardiovascular mortality. The Kaplan—-Meier method was used to estimate
the unadjusted survival curves of the four groups, and comparisons were made
using the log-rank test. Cox proportional hazards analysis was used to assess the
association between d/a quartiles and study outcome. Hazard ratios (HRs) and
95% confidential intervals (Cls) were determined. All variables related to d/a
and outcome measures were considered in the multivariate analysis. All analyses
were performed with SAS version 9.3 for windows (SAS Institute Inc., Cary,
NC, USA). A value of P<0.05 was considered significant.

RESULTS

Baseline characteristics of the participants

The characteristics of the participants are shown in Table 1. The mean
age at the baseline examination was 68.1 +6.6 years, and d/a values
ranged from —0.89 to 0, with a mean value of —0.36+0.10.
A scattered plot between age and d/a are shown in Figure 2. In this
population, the d/a value was significantly, inversely correlated with
age (r=-0.172, P<0.0001). The d/a was positively correlated with
body height (r=0.132, P<0.001) and heart rate (r=0.124, P<0.001),
and negatively correlated with systolic BP (r=-0.140, P<0.001) and



diastolic BP (r=-10.137, P<0.001). Body mass index, non-HDL
cholesterol, fasting plasma glucose, smoking status and eGFR were not
correlated with d/a. Univariate and multivariate regression analysis

o84  y=000266X-0.173 A
1=-0.172 (p<0.0001) o
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Figure 2 Correlation between age and d/a.
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between d/a and clinical and cardiovascular disease-related parameters
are shown in Table 2. In multivariate regression analysis, age, diastolic
BP, body height, heart rate and body mass index were independently
associated with d/a.

The baseline characteristics of the subjects in each d/a quartile
are shown in Table 3. Age, systolic BP and diastolic BP significantly
increased, and height and heart rate significantly decreased
as the d/a value decreased. The percentage of current smoking
was too small to determine any significant difference among the
groups.

Cardiovascular mortality

Over a median follow-up of 9.0 years (39 732 person-years), there
were 327 deaths, 79 of which were from cardiovascular disease.
Figure 3 shows the event-free probabilities of cardiovascular mortality
in the four groups. The Kaplan—-Meier time-to-event curves for
cardiovascular death were significantly different among the four
groups (P =10.002).

In the Cox proportional hazard model, univariate analysis showed
that the HR of cardiovascular mortality was 2.56 for Q2 (95% CI:
1.59-5.66, P<0.05), 2.96 for Q3 (95% CI: 1.37-6.39, P<0.01), and
4.17 for Q4 (95% CI: 1.97-8.85, P<0.001), using the QI group as
reference. In multivariate analysis, the HR was 2.30 for Q3 (95% CI:
1.06-4.99, P<0.05) and 2.60 for Q4 (95% CI 1.21-5.60, P<0.05),
after adjustment for age, body mass index, body height, diastolic BP,
fasting plasma glucose, non-HDL cholesterol, eGFR, heart rate and

Table 2 Univariate and multivariate regression analysis of d/a and clinical characteristics

Univariate Multivariate

Parameter Regression coefficient P-value Regression Coefficient T-value P-value
Age (years) -0.0026 <0.001 -0.0023 -9.42 <0.0001
Body mass index (kg m~2) 0.0002 0.627 0.0012 2.46 0.014
Body height (cm) 0.0025 <0.001 0.0019 6.62 <0.0001
Systolic blood pressure (mm Hg) —0.0008 <0.001 — — —
Diastolic blood pressure (mm Hg) -0.0014 <0.001 -0.0018 -11.49 <0.0001
Heart rate (BPM) 0.0012 <0.001 0.0016 10.83 <0.0001
Smoking status (current/non-smoker) —0.0008 0.383 -0.0147 -1.63 0.103
Non-HDL cholesterol (mg dI=1) —-0.0003 0.453 0.00001 0.22 0.824
Fasting plasma glucose (mg dI~1) 0.0002 0.071 0.0001 0.63 0.531
eGFR (ml kg=! 1.73 m~2) 0.00004 0.728 —-0.0001 -1.18 0.238
Abbreviations: BPM, beats per min; eGFR, estimated glomerular filtration rate; HDL cholesterol, high-density lipoprotein cholesterol.
Model R%2=0.081; F ratio=43.84; model probability <0.0001.
Table 3 Clinical characteristics at baseline according to d/a quartile

QI h=1228) Q2 (n=1049) Q3 M=1.111) Q4 (n=985) P-value
Age (years) 66.6+6.6 68.0+6.5 68.4+6.5 69.4+6.2 <0.001
Body mass index (kg m~2) 23.1+3.4 23.2+3.4 23.2+3.4 23.1+3.2 ns
Body height (cm) 151.6+5.3 150.8+5.5 150.3+5.5 149.6+5.3 <0.001
Systolic blood pressure (mm Hg) 127.4+16.9 130.5+16.6 131.7+17.0 134.8+17.9 <0.001
Diastolic blood pressure (mm Hg) 73.8+9.6 75.0+9.6 76.2+9.7 77.7+10.3 <0.001
Heart rate (BPM) 72.0+10.6 70.7+10.2 70.6+10.8 68.9+10.0 <0.001
Current smoker (%) 29 (2.4) 32 (3.1) 31(2.8) 36 (3.7) ns
Non-HDL cholesterol (mg dI~1) 161.5+35.0 161.6+33.2 159.3+35.1 160.6 +33.8 ns
Fasting plasma glucose (mg dI~1) 102.0+16.4 102.8+17.9 101.5+18.2 101.3+16.0 ns
eGFR (ml kg=! 1.73 m=2) 60.1+3.7 59.4+13.4 60.6+13.5 59.9+14.4 ns

Abbreviations: BPM, beats per min; eGFR, estimated glomerular filtration rate; HDL cholesterol, high-density lipoprotein cholesterol; ns, not significant.

Values are expressed as mean +s.d. or n (%).
Ql: -0.28 to 0, Q2: -0.35 to —0.29, Q3: -0.42 to —0.36, Q4: —0.89 to —0.43.
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smoking status. The HRs of cardiovascular mortality for Q3 and Q4
were significantly higher than that of the reference (Q1) (Table 4). The
similarly significant HRs for Q3 (HR 2.30; 95% CI: 1.06-5.01,
P<0.05) and Q4 (HR 2.69 95% CI: 1.25-5.78, P<0.05) were
obtained when systolic BP were used instead of diastolic BP for the
adjustment.

DISCUSSION

In this study with a median follow-up period of 9.0 years, d/a was
found to be significantly associated with cardiovascular mortality
in middle-aged and elderly Japanese women independently
of age, BP levels and other atherosclerosis-related factors. Thus,
d/a is a simple and useful index for predicting cardiovascular
outcomes.

Several cross-sectional studies have been performed to assess the
association between SDPTG and cardiovascular disease-related
factors. The indices of SDPTG have been reported to be associated
with vascular aging and hypertension.>® The d/a was indepen-
dently associated with coronary risk factors and the Framingham
risk score in a Japanese community group,’ and with metabolic
syndrome in male workers.® In this study, d/a was significantly and
negatively associated with age and BP. However, fasting plasma
glucose, non-HDL-cholesterol and eGFR were not associated with
d/a values. In addition, d/a was positively correlated with body
height and heart rate, which is similar to the augmentation
index.!?"!* The augmentation index is a predictor of cardiovascular
events, and high values have been reported to be associated with
target organ damage.!> Takazawa et al. showed that a negative d/a
reflected the systolic pressure augmented by reflection waves in the
ascending aorta by simultaneously recording SDPTG and the aortic

1.0
0.9 A
Q1(-0.29=<, =<0)
Q2(-0.35=<, <-0.29) -- .
Q3(-0.42=<, <-0.35) Log rank
Q4(-0.89=<, <-0.42) — . _ p=0.0012
0.8
0 2 4 6 8 10 12
Follow-up period (years)
No, Q1 1228 1213 1164 1010 802 560 327
;l" Q2 1049 1042 985 853 673 440 256
sk Q3 1111 1093 1044 875 690 462 266
Q4 985 975 915 765 594 404 220

Figure 3 Kaplan—-Meier curves of probabilities of survival from cardiovascular
death by d/a quartile.

pressure waveform.® They also indicated that d/a could be a useful
marker of peripheral functional vascular tension and of the effect
of vasodilator agents.»!® It has been reported that d/a was
significantly correlated with the aortic augmentation index and
related to left ventricular hypertrophy in patients with untreated
hypertension.* Increased arterial stiffness and augmented aortic
pressure by wave reflection are independent predictors of cardio-
vascular events.!”2® The central arterial augmentation index is
generally greater in women than in men.?!?® Left ventricular
diastolic dysfunction and heart failure with a normal ejection
fraction are relatively common in elderly women.?*=3! In indivi-
duals with very stiff elastic arteries, such as hypertensive patients,
aortic stiffness and aortic pressure augmented by reflection waves
from the periphery accelerate left ventricular afterload and cause
deterioration of left ventricular function. In the case of lower body
height and small aortic diameter, such as in elderly women, earlier
reflection waves to the heart from the periphery may augment the
aortic pulse pressure. Severe arterial stiffness also accelerates the
forward and backward speeds of the pulse wave. The pulse wave
velocity is correlated with cardiovascular disease outcomes.’>~37
Therefore, the impact of augmented aortic pressure by wave
reflection on left ventricular function may be increased.®® This
study found that d/a was associated with cardiovascular mortality
in middle-aged and elderly Japanese women, and indicated that d/a
could have a role as a comparable marker of the aortic augmenta-
tion index. Smoking is a strong risk factor of arterial stiffness and
coronary heart disease, smoking also affects
dynamics.”"“) However, the number of smokers was small in this

and arterial
cohort, therefore any effect of smoking was too small to determine
a significant difference among the groups.

There are limitations in this study. The definition of cause of death
was determined by information from death certificates, therefore the
proportion of patients with cardiovascular disease may have been
underestimated. Medication such as vasodilatory/vasoactive agents are
known to potently affect aortic wave reflection and also alter d/a’.
Information regarding medications for hypertension and dyslipidemia
was not available in this study.

Further studies are required to compare other methodologies such
as applanation tonometry devices to estimate central BP,*1*? the
augmentation index,*> and ambulatory arterial stiffness index*4*> and
indices of the echocardiogram in the determination of
cardiovascular risk.

In conclusion, the present study showed that d/a of the SDPTG is
significantly and independently associated with cardiovascular mor-
tality in middle-aged and elderly Japanese women. We believe that d/a
is a simple and noninvasive indicator of cardiovascular disease, and
supports its important role in routine investigations in clinical
practice.

Table 4 Cox proportional hazards analysis of the relationship between SDPTG d/a quartiles at baseline and cardiovascular mortality

Ql Q2 Q3 Q4
Unadjusted HR (95% CI) 1 2.56* (1.59-5.66) 2.96%* (1.37-6.39) 4.17*** (1.97-8.85)
Model 1 (95% CI) 1 2.23* (1.01-4.93) 2.45* (1.13-5.30) 2.87** (1.35-6.11)
Model 2 (95% CI) 1 2.14 (0.97-4.75) 2.30* (1.06-4.99) 2.60* (1.21-5.60)

Abbreviations: Cl, confidence interval; HR, hazard ratio; Model 1, adjusted for age; Model 2, adjusted for age, body mass index, diastolic blood pressure, body height, non-HDL cholesterol, fasting

plasma glucose, smoking status, eGFR and heart rate.
*P<0.05, **P<0.01, ***P<0.001.
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