Hypertension G

Association.

JOURNAL OF THE AMERICAN HEART ASSOCIATION

Assessment of Vasoactive Agentsand Vascular Aging by the Second Derivative of
Photoplethysmogram Waveform
Kenji Takazawa, Nobuhiro Tanaka, Masami Fujita, Osamu Matsuoka, Tokuyu Saiki, Masaru
Aikawa, Sinobu Tamura and Chiharu Ibukiyama

Hypertension. 1998;32:365-370

doi: 10.1161/01.HY P.32.2.365
Hypertension is published by the American Heart Association, 7272 Greenville Avenue, Dallas, TX 75231
Copyright © 1998 American Heart Association, Inc. All rights reserved.
Print ISSN: 0194-911X. Online ISSN: 1524-4563

The online version of this article, along with updated information and services, islocated on the
World Wide Web at:
http://hyper.ahaj ournals.org/content/32/2/365

Permissions: Requests for permissions to reproduce figures, tables, or portions of articles originally published
in Hypertension can be obtained via RightsLink, a service of the Copyright Clearance Center, not the Editorial
Office. Once the online version of the published article for which permission is being requested is located,
click Request Permissionsin the middle column of the Web page under Services. Further information about
this processis available in the Permissions and Rights Question and Answer document.

Reprints: Information about reprints can be found online at:
http://www.Ilww.com/reprints

Subscriptions: Information about subscribing to Hypertension is online at:
http://hyper.ahajournal s.org//subscriptions/

Downloaded from http://hyper.ahajournals.org/ by guest on August 4, 2014


http://hyper.ahajournals.org/content/32/2/365
http://www.ahajournals.org/site/rights/
http://www.lww.com/reprints
http://hyper.ahajournals.org//subscriptions/
http://hyper.ahajournals.org/
http://hyper.ahajournals.org/

Assessment of Vasoactive Agents and Vascular Aging by the
Second Derivative of Photoplethysmogram Waveform

Kenji Takazawa, Nobuhiro Tanaka, Masami Fujita, Osamu Matsuoka, Tokuyu Saiki, Masaru Aikawa,
Sinobu Tamura, Chiharu Ibukiyama

Abstract—To evaluate the clinical application of the second derivative of the fingertip photoplethysmogram waveform, we
performed drug administration studies (study 1) and epidemiological studies (study 2). In study 1, ascending aortic
pressure was recorded simultaneously with the fingertip photoplethysmogram and its second derivative in 39 patients
with a mean=SD age of 5411 years. The augmentation index was defined as the ratio of the height of the late systolic
peak to that of the early systolic peak in the pulse. The second derivative consists of an a, b, ¢, and d wave in systole
and an e wave in diastole. Ascending aortic pressure increased after injectionof 2rigiotensin from 126/74 to

160/91 mm Hg and decreased after 0.3 mg sublingual nitroglycerin to 111/73 mm Hg. The d/a, the ratio of the height
of the d wave to that of the a wave, decreased after angiotensin-fi@#0+0.13 to—0.62+0.19 and increased after
nitroglycerin to —0.25+0.12 (P<0.001 ané<0.001, respectively). The negative d/a increased with increases in
plethysmographic and ascending aortic augmentation indieg 79, P<<0.001, and=0.80,P<0.001, respectively).

The negative d/a reflects the late systolic pressure augmentation in the ascending aorta and may be useful for
noninvasive evaluation of the effects of vasoactive agents. In study 2, the second derivative of the plethysmogram
waveform was measured in a total of 600 subjects (50 men and 50 women in each decade from the 3rd to the 8th) in
our health assessment center. The b/a ratio increased with age, and c/a, d/a, and e/a ratios decreased with age. Thus, tl

second derivative aging index was defined as b-c-d-e/a. The second derivative wave aging)imtaedsed with age

(x) (r=0.80, P<0.001,y=0.023x—1.515). The second derivative aging index was higher in 126 subjects with any
history of diabetes mellitus, hypertension, hypercholesterolemia, and ischemic heart disease than in age-matched
subjects without such a history-0.06£0.36 versus-0.220.41P<0.01). Women had a higher aging index than men
(P<0.01). The b-c-d-e/a ratio may be useful for evaluation of vascular aging and for screening of arterioscle-
rotic disease(Hypertension. 1998;32:365-370.)

Key Words: photoplethysmographs second derivative wave augmentation indem vasoactive agents vascular
agingm angiotensirm nitroglycerin

N oninvasive pulse wave analysis is useful for evaluation showed pulsatile pressure changes in vessel down to meta-
of vascular load and vascular agihdt is usually arteriole size that corresponded to pulse tracing. PTG has
measured at the palpable artery, including carotid, femoral, been used to evaluate arterial compliance in relation to
and radial arteriesThese pulse wave tracings provide more changes in the amplitude of waUbut the wave contour itself
precise information concerning blood pressure changes thanis not usually used. The SDPTG has been developed to allow
systolic and diastolic pressures oAlfhe basic idea of the  more accurate recognition of the inflection points on the
augmentation index was first described by Murgo étiml original plethysmographic wave, ie, anacrotic or dicrotic
1980 in relation to the reflection return point in the ascending notches. In 1972, Ozawa recorded the first and second
aorta. Kelly et afirst used the term “augmentation index” in  derivative waves of PTG and reported (in Japanese) that the
their 1989 study evaluating age-related changes in Als. They first derivative wave had characteristic wave contours. In
showed age-related increase in Als at carotid and radial 1978, he further reported that the second derivative wave had
arteries. Ascending aortic pressure can be divided into 2 characteristic contours that facilitated the interpretation of the
components at the anacrotic notch, where maximal flow original waves. The conventional PTG measurements came to
velocity is observedThe early systolic component is caused be performed less frequently because of difficulties in anal-
mainly by left ventricular ejection, and the second component ysis and reading, and most clinicians made recordings of the
is augmented by peripheral reflection waMeTG detects the  second derivative wave alone because of the simplicity of
changes in the amount of light absorbed by hemoglobin, evaluating the heights of each wave and the ease of recogni-
which reflects changes in blood volume. Wiederhelm &t al tion of the changes in the waveforms. The purpose of the
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cuticle of the second digit of the left hand by digital PTG (FCP-3166
Selected Abbreviations and Acronyms Fukuda Denshi). The FCP-3166 contained automatic analyses of each
AGT = angiotensin SDPTG wave, and total frequency response was adjusted to 10 Hz for
Al = augmentation index the PT-400 model used in study 1. Some subjects had a history of
NTG = nitroglycerin d|sease_: diabetes mellitus %42), hypertens_lon @117), ischemic
PTG = photoplethysmography heart disease (n4), and hypercholesterolemia=i?2).
SDPTG = second derivative wave of fingertip
photoplethysmography Results

Study 1
] ] ) Figure 2 shows a sample tracing. Results are shown in Table
present studies was to determine the wave changes in SDPTG, | yith descriptive statistics of ANOVA and Scheffé’s F test.
immediately after administration of vasoactive agents (study Compared with the control state, b/a, c/a, and e/a ratios did
1) and age-related changes in different age groups (study 2).not change significantly after AGT or NTG. The d/a ratio
decreased significantly after AGT and increased after NTG
Methods (P<0.001 andP<0.001, respectively). Figure 3 shows the
Study 1 relationship between Als and the negative d/a. The negative
Thirty-nine patients (34 men, 5 women) with a mez8D age of d/a (—d/a) increased with increasing PTG Al and aortic
54+11 years who underwent diagnostic cardiac catheterization were pressure Al (=0.79, P<0.001, andr=0.81, P<0.001, re-

studied: there were 19 cases of myocardial infarction, 17 cases of tivelv). PTG Al i dwith i . "
angina pectoris, and 3 cases of chest pain syndrome without organicSPECtVE!Y). Increased with increasing aortic pressure

cardiac abnormalities. Ascending aortic pressure was measured by 2Al (r=0.86, P<0.001).

microtip catheter (SPC or SVPC series, Millar Instruments), and

PTG and SDPTG were measured by a photoplethysmograph Study 2

equipped with double differentiation circuits (PT-400, Fukuda Den- Figure 4 shows age-related changes for each SDPTG ratio.

shi), with the sensor located at the cuticle of the second digit of the - . .
left hand. Measurements were performed in the control state and The bfa ratio increased with age~0.75, P<0.001); c/a

when systolic blood pressure was increased¥®0% after intrave- ~ (F=—0.67, P<0.001), d/a (=-0.72, P<0.001), and e/a
nous injection of 2.5ug AGT. After systolic pressure returned to  (r=0.25, P<<0.001) ratios decreased with age. From the

control levels, 0.3 mg sublingual NTG was administered; measure- apove results, the equation of b-c-d-e/a was defined as the
ment was made 5 minutes later. Figure 1 shows the analysis of eaChSDPTG aging index. Figure 5 shows the relationship between

.Th tive d/a-{d/ d for adjust t of polarity t . . . b
\l;v:\éec)mp:rgceigvz\?it?n/iheaxl.a) Was tisedioradjisiment of porarty fo _SDPTG aging index and age. SDPTG aging indgy (
All procedures were approved by the ethics committee of Tokyo increased with age (xj£0.80,P<<0.001;y=0.023x—1.515).

Megical College Hospital. Informed consent was obtained from all The SDPTG aging index was higher in 126 subjects with any

patients. history of the diseases listed above than in age-matched
) ) . - o

Study 2 subjects without any such history—0.06:0.36 versus

The study included a total of 600 subjects (50 men and 50 women in —0.2220.41,P<0.01). .
each decade from the 3rd to the 8th) in our health assessment center. 1able 2 shows the gender difference of parameters.
PTG and SDPTG were measured in subjects in the sitting position at the Women had a higher b/a ratio than men0(59+0.18 versus

[N O U O
PTG

PT, I I PT. Figure 1. Measurement of wave. Ascending

aortic pressure (AoP) Al was defined as P,—Py/
P1—Po, where P, is ascending aortic late peak
a systolic pressure, P, is ascending aortic dia-
4 stolic pressure, and P, is ascending aortic early
/\ SDPTG / \‘ /‘ \\ e peak systolic pressure. The Al of PTG was
[ | \ f’ \ c 1‘ (+) defined as PT,/PT;, where PT, is amplitude of
»1 /\\ /\Ww«-/\-w" /‘\/\v"”““ 0 the late systolic compo_nent, and PT, is ampli-
bl / tude of the early systolic component. SDPTG
v’ ' d l, (—) includes 4 systolic waves and 1 diastolic wave:
a wave, initial positive wave; b wave, early neg-
ative wave; c wave, re-increasing wave; d
wave, re-decreasing wave; and diastolic e
AoP 2 . wave. The ratios of the height of each wave to
that of the a wave were measured (b/a, c/a,

\/\\/\\‘/\,\ d/a, and e/a).
T 100mmHg

P, P,

o< _

<0

0
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NTG

Figure 2. Tracings show results of administration of vasoactive agents. An increase in the late systolic component of aortic pressure
(AoP) and PTG after intravenous injection of 2.5 ug AGT and a deepened d wave in relation to the height of the a wave (decreased d/a)
are seen in SDPTG. On the other hand, NTG produces marked reduction in late systolic components of aortic pressure and PTG, with
d wave becoming shallower in relation to the height of a wave (increased d/a). AoF indicates ascending aortic flow velocity.

—0.64*0.18,P<0.001). The e/a ratio was lower in women without any significant changes in b/a, c/a, and e/a ratios.

than men (0.16+0.07 versus 0.19+0.69;0.001). PTG Al
was higher in women than men (1.10.22 versus
1.07+0.21, P<0.05). SDPTG aging index was higher
in women than men |0.32£0.47 versus—0.43+0.47,
P<0.01).

Discussion

This may have been caused by changes in the reflection wave,
which increased with vasoconstriction produced by AGT and
decreased through vasodilation produced by NTG. AGT
produced a marked increase in both systolic and diastolic
pressures in the ascending aorta through vasoconstriction of
peripheral arteriolé which elevated the mean pressure and
increased pulse wave velocity, resulting in early return of

In study 1, we found marked changes in the d/a ratio of peripheral reflection wave. Increase in reflection wave after
SDPTG before and after administration of vasoactive agents administration of AGT caused the increase in aortic pressure

TABLE 1. Descriptive Statistics and Results of ANOVA and
Scheffé’s F Test

Control After AGT After NTG
Po, mm Hg 7411 91+12* 7310
Py, mm Hg 108+12 125+13t 104+12*
P,, mm Hg 12616 160+20* 111+16*
AoP Al 1.53+0.24 2.10+0.43* 1.25+0.27*
PT,, mm 29+11 22+8* 42+16*
PT,, mm 34+13 31+12 38+17t
PTG Al 1.17+0.13 1.43+0.17* 0.92+0.14*
b/a —0.61*0.22 —0.57+0.17 —0.69+0.14
c/a —0.06+0.22 —0.00+0.17 —0.12+0.17
d/a —0.40+0.13 —0.62+0.19* —0.25+0.12*
e/a 0.27+0.08 0.31:0.09 0.28+0.09
SV, mL 77+16 7617 7115t
€0, L/min 5.2+141 51+1.4 51=1.1
HR, bpm 69+11 6811 73121

Py indicates ascending aortic diastolic pressure; P,, ascending aortic early
systolic peak pressure; P,, ascending aortic late systolic peak pressure; AoP Al,
ascending aortic augmentation index; PT;, amplitude of early systolic wave of
PTG; PT,, amplitude of late systolic wave of PTG; b/a, ratio of height of b wave
to that of a wave of SDPTG; c/a, ratio of height of ¢ wave to that of a wave; d/a,
ratio of height of d wave to that of a wave; e/a, ratio of height of e wave to that
of a wave; SV, stroke volume; CO, cardiac output; and HR, heart rate.

*P<0.001, 1P<0.01, $P<<0.05 vs control.

Al and PTG Al. On the other hand, after NTG administration,
marked reductions were observed in the Als for aortic
pressure and PTG. Vasodilation by NTG produced a marked
reduction in the ascending aortic late systolic component
without significant change in diastolic pressure, which was
brought about by reduction in peripheral reflection wave
through dilation of muscular arteri@sDespite the PTG
representing a flow/volume pulse measured from an extrem-
ity, a similarity between the aortic pressure Al and the PTG
Al was observed both at baseline and after hemodynamic
alterations. The values of PTG Al from our data would appear
to fall between values of radial and carotid Als obtained from
the studies of Kelly et &.The late systolic component of
PTG is relatively higher than that of the radial artery, and this

14

ol N
(SIS

negative d/a

negative d/a
N

'
[CRE=T RS- N

6 8 1 12 14 16 18 2 5 1 1s 2 125 3 3
PTG-AI AoP-Al

Figure 3. Relationship between the negative d/a and Als. Nega-
tive d/a increased with increases in PTG Al (left) and aortic
pressure (AoP) Al (right). O indicates control; A, after AGT; and
X, after NTG.
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b/a

a
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Figure 4. Relationship between each wave ratio and age. The b/a ratio increased with age, and c/a, d/a, and e/a ratios decreased with age.

may reflect the complex anatomy of arterioles in which the  In study 2, SDPTG shows the increase in b/a and decrease
timing of wave propagations can vary. Another important in c/a, d/a and e/a ratios. Each wave ratio had significant
issue is that the signal from the device is a function of red cell age-related change. The b wave became shallower in relation
density, with the relation between blood volume and signal to the a wave (increased b/a), and the a and b waves are
output being more likely a logarithmic function according to included in the early systolic component where the effect of
the Lambert-Beer equatidf. reflection wave is less; therefore, the b/a ratio may reflect the

TABLE 2. Demographics of Study 2 Subjects With Results of Student’s Unpaired # Test

3rd Decade 4th Decade 5th Decade 6th Decade
Demographic M F M F M F M F
Subjects, n 50 50 50 50 50 50 50 50
Age, y 26.0+2.2 24.4+2.6* 34.7+3.2 35.9+2.5¢% 447+2.8 44727 54.6+2.8 54.5+3.2
Height, m 1.72+0.05 1.57+0.07* 1.72+0.05 1.58+0.04* 1.70%0.06 1.56+0.06* 1.660.06 1.56+0.05
Weight, kg 659 487 6910 53+7 68+8 53+8* 64+9 54+7*
SBP, mm Hg 113+10 98+8* 114+13 102+9* 11611 104+10* 116+13 108+16t
DBP, mm Hg 618 59+5 6910 637 7411 67+8* 77+8 70+10*
PP, mm Hg 52+11 40+8* 45+11 398t 42+8 37+8* 39+10 3810
MBP, mm Hg 79x7 72+5* 84+10 767" 88+10 79+8* 909 83=11*
PR, bpm 7012 73=10 6810 73=10% 6811 6911 6610 6910
b/a —0.79+0.08 —0.80%+0.11 —0.81x0.11 —0.72+0.11* —0.72+0.11 —0.600.11* —0.57+0.13 —0.54+0.11
c/a 0.01+0.13 0.07+0.10% 0.01+0.12  —0.01x0.12 -0.08+0.13  —0.10%0.07 —0.18+0.11 —0.20+0.08
d/a —0.10£0.13  —0.10+0.16 —0.17+0.15  —0.24=0.09t  —0.29=0.11 —0.30=0.08 —0.38+0.14 —0.36+0.12
e/a 0.21x0.12 0.19+0.08 0.21x0.09 0.17x0.05t 0.22+0.08 0.17+0.05* 0.19+0.08 0.17x0.05
SDPTG Al —-0.91+0.23 —0.95+0.31 —0.86+0.28  —0.64+0.26* —-0.57+0.28 —0.36+0.23* —0.20+0.30 —0.16+0.27
PTG Al 0.87+0.14 0.88+0.18 0.92+0.14 1.02+0.14* 1.03+0.12 1.12+0.16t 1.16=0.19 1.13=0.13

SBP indicates systolic blood pressure at arm; DBP, diastolic blood pressure; PP, pulse pressure; MBP, mean blood pressure; and PR, pulse rate. Other abbreviations
are defined in Table 1.
*P<0.001, 1P<0.01, £P<<0.05 (M vs F in each decade).
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SDPTG Aging Index

Y =0023x-1515
22 r =0.80
° p<0.001

20 30 40 50 60 70 80

age
Figure 5. Relationship between SDPTG aging index and age.

SDPTG aging index (b-c-d-e/a) (Y) increased with age (X);
Y=0.023X—-1.515 (P<0.001, r=0.80).

large arterial stiffness. The b/a ratio was higher in women
than in men. The epidemiological study on pulse wave
velocity reported by London et’alshowed that pulse wave
velocity in women was higher than that in men. Similar data
were reported by Hayward et'althe Al obtained by carotid

Takazawa et al August 1998 369

arterial stiffness and early return of wave reflection as a
consequence of increased pulse wave velocity. The meaning
of the c/a ratio was not understood; c/a ratio usually moves
with association with the b or the d wave. The e wave reflects
the initial rise of the diastolic wave. The e/a ratio decreased
with age and was lower in women than in men. The subjects
who had any history of arteriosclerotic disease showed a
higher SDPTG aging index. Characteristic arterial waveforms
of patients with arteriosclerosis were reported by Lax and
Feiburd® and Dawber et aftt Both reports focused on
diminution of the dicrotic notch. Lax and Feiburg also found
diminution of the dicrotic notch in the characteristic arterial
pulse of young diabetic subjects, which might be related to
our findings of an age-related decrease in the e wave.

Limitations

The amplitude of PTG was thought to reflect the volume of
blood, but it really reflects the changes in blood volume.
The amplitude of PTG reflects blood volume changes from
the basal to highest; if the basal blood volume is different,
the amplitude of height does not indicate the same amount
of blood. Kawarada et &l introduced quantitative PTG
volume signals in conjunction with calibration counter-
pressure to derive elastic modulus curves as a function of

pulse was also higher in women than in men. In both of these transmural pressure. We used the relative ratio of PTG and
studies, it was assumed that the body structure (ie, relatively SDPTG waves for comparison of each subject, which gave
short limbs and small diameter of ascending aorta) in women us more accurate information on pulse wave contours in
contributed to the results. In our study, women were also relation to ascending aortic pressure wave. The other
shorter than men in height. Age-related changes in the important issue is frequency response of PTG and SDPTG.
shallower b wave relative to the a wave might be caused by We recorded a final frequency response of 10 Hz in

decreasing distensibility of the aorta. On the other hand,

SDPTG. This relatively lower frequency of derivative

deepened d wave relative to a wave is caused mainly by method is convenient for tracing pulse wave contour and
increased reflection wave from the periphery. The reflection eliminating noise, but it is not used for the determination
wave from the periphery increases with age because of of rate of wave rise such as dP/dt.

TABLE 2. Continued

7th Decade 8th Decade All Decades
M F M F M F
50 50 50 50 300 300
63.3+2.6 63.5+2.6 73.0x2.8 72.3+x2.1 49.4+16.4 49.2+15
1.660.05 1.53+0.05* 1.63+0.06 1.50=+0.05* 1.68=0.06 1.55+0.06*
64+8 54+7* 62+9 50=+7* 65+9 52+7*
12620 119+22 12417 118+16% 118+15 108+16*
77+12 7412 737 70+8 7211 67+10*
49+13 45+14 51+14 47+15 46+12 4111
93+14 89+15 90+10 86+9% 87+11 81+11*
64+9 72+12¢ 6411 71=11¢ 6711 =11
—0.48+0.12 —0.45+0.13 —0.48+0.13 —0.40+0.12* —0.64+0.18 —0.59+0.18*
—0.20+0.10 —0.20+0.07 —0.20+0.14 —0.24+0.09 —0.10+0.15 —0.12+0.14
—0.44+0.11 —0.43x0.12 —0.45+0.13 —0.46=+0.13 —0.30+0.18 -0.32+0.17
0.17x0.07 0.16+0.06 0.16+0.07 0.12x0.071 0.19+0.09 0.16x0.07*
—0.01+0.27 0.03+0.26 0.00+0.32 0.18+0.29% —0.43+0.47 —0.32+0.47t
1.20*0.15 1.26+0.24 1.25+0.20 1.27+0.20 1.07=0.21 1.11x0.22%
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The acute effect of vasoconstriction and vasodilation with 4. Murgo JP, Westerhof N, Giolma JP, Altobeli SA. Aortic input impedance in
increase and decrease in blood pressure could be assessed bg normal man: relationship to pressure wave foi@sulation 1980;62:105-116.

. . . . Westerhof P, Sipkema G, Van den Bos C, Elzinga G. Forward and
the d/a ratio. Nichols et &l reporIEd an increase in funda backward waves in the arterial syste@ardiovasc Res. 1972;6:648—656.

mental imp9d3_~nc_e (impedance at one harmonic), which is ON€ 6. wiederhelm CA, Woodbury JW, Kirk S, Rushmer RF. Pulsatile pressure on
of the potent indicators of left ventricular afterload, associ- the microcirculation of frog's mesenterm J Physial 1964;207:173-176.
ated with increasing pressure augmentation. The negative d/a 7. Fichett D. Forearm arterial compliance: a new measure of arterial com-
increased with increases in the Als of PTG and ascending _ Pliance?Cardiovasc Res. 1984;18:651-656. o

fi hich indicates that th i d/ 8. Ross J Jr, Braunwald E. The study of left ventricular function in man by
aor IC pressure wave, W ICh Indicales tha . € nega Ive. a increasing resistance to ventricular ejection with angiotei@inculation.
ratio should be a useful index for the evaluation of vasoactive 1964:29:739—749.
agents, as well as an index of left ventricular afterload. The 9. Yaginuma T, Takazawa K, O’'Rourke MF. Effects of nitroglycerin on
SDPTG aging index may be useful for evaluation of vascular ascending aortic impedance and on left ventricular load in normal

: : ; : ; subjects and patients with coronary artery disease. In: O’'Rourke MF,
aging and screening of arteriosclerotic pat|ents. Safar ME, Dzau VJ, edsArterial Vasodilation: Mechanisms and

Therapy. London, UK: Edward Arnold; 1993:78-90.
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