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Abstract:    The photoplethysmogram (PPG) of a pulse wave, similar in appearance to the arterial blood pressure (ABP) wave-
form, contains rich information about the cardiovascular system. The decay time constant RC, equal to the product of peripheral 
resistance R and total arterial compliance C, is a meaningful cardiovascular model parameter in vascular assessment. Using or 
ameliorating the existing ABP methods does not achieve a satisfactory estimation of RC from the PPG volume pulse (VRC). Thus, 
a novel non-iterative shape method (NSM) of evaluating VRC is introduced in this paper. The mathematic expression between a 
novel, readily available morphological parameter called the area difference ratio (ADR) and VRC was established. As it was 
difficult to calculate VRC from the complicated expression analytically, we recommend estimating it using a piecewise linear 
interpolation criterion. Also, since the effect of the PPG magnitude is eliminated in the calculation of ADR, precaliberation or 
normalization is dispensable in the NSM. Results of human experiments indicated that the NSM was computationally efficient, 
and the simulation experiments confirmed that the NSM was theoretically available for ABP.  
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1  Introduction 

 
The photoplethysmogram (PPG) of a pulse wave 

is a non-invasive, readily available optical signal 
concerned with blood volume pulsations in the mi-
crovascular bed of tissue (Allen, 2007). Many fea-
tures of unclear physiological significance have been 
investigated, including beat-to-beat PPG amplitude, 
area, and notch amplitude (Seitsonen et al., 2005; 
Ahonen et al., 2007; Huiku et al., 2007). However, 
baseline drift induced by environmental conditions, 
metabolic state, human motion, and even mental state 

complicates the extraction and interpretation of those 
parameters (Zahedi et al., 2007; Reisner et al., 2008). 
As it is difficult to remove baseline wander without 
altering the wave shape and the PPG pulse is similar 
in morphology to arterial blood pressure (ABP) pulse, 
contemporary studies have concentrated on using or 
ameliorating the existing ABP shape methods to de-
termine cardiovascular parameters from the PPG 
(Haffty et al., 1983; Shimazu et al., 1986; Yamakoshi 
and Kamiya, 1987; Seki, 1988; Lopez-Beltran et al., 
1998; Millasseau et al., 2000; Miyai et al., 2001; 
Hashimoto et al., 2002; Millasseau et al., 2003; 
Marcinkevics et al., 2009). 

The decay time constant RC, which is equal to 
the product of peripheral resistance R and total arterial 
compliance C and associated with the pathophysi-
ologic changes of the cardiovascular system 

 
 
‡ Corresponding author 
* Project (No. 81070885) supported by the National Natural Science 
Foundation of China  
© Zhejiang University and Springer-Verlag Berlin Heidelberg 2011 
 

Journal of Zhejiang University-SCIENCE A (Applied Physics & Engineering) 
ISSN 1673-565X (Print); ISSN 1862-1775 (Online) 
www.zju.edu.cn/jzus; www.springerlink.com 
E-mail: kwhlee@berkeley.edu 



Hou et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng)   2011 12(6):438-445 439

(Fogliardi et al., 1996; Eyal et al., 1997; Gnudi, 1998; 
Segers et al., 1999), is helpful in vascular assessment. 
The previous ABP non-shape methods for estimating 
RC (Yin and Liu, 1989; Shim et al., 1994; Segers et 
al., 1999; Stergiopulos et al., 1999; Westerhof et al., 
2009), are not suitable for PPG, as those methods 
require pulsatile pressure data alone or in combina-
tion with flow data. A shape approach, based on fit-
ting the measured pulse to a function of exponential 
type by applying a non-linear least squares criterion 
(Randall et al., 1984; Eyal et al., 1997; Wang et al., 
2003), appears feasible to calculate RC from the PPG 
volume pulse (VRC). Nevertheless, the concomitant 
problem of convergence makes the iterative non- 
linear least squares fitting method (LSM) non-optimal 
(Gnudi, 1998). 

Thus, this paper deals with a novel non-iterative 
shape method (NSM) to estimate VRC, which is 
computationally efficient, and is not only suitable for 
PC, but also competent for embedded systems. An-
other contribution is to introduce a novel morpho-
logical parameter called the area difference ratio 
(ADR), and to establish a mathematic expression 
between ADR and VRC. Since ADR is independent 
of the PPG magnitude, precalibration or normaliza-
tion is dispensable in the NSM. 

 
 

2  Materials and methods 

2.1  Data acquisition 

Finger PPG signals were recorded in four healthy 
volunteers aged (25±2) yr and 17 anaesthetized pa-
tients aged (37±11) yr over 10 min after hemodynamic 
conditions were stable. The study was approved by the 
local Research Ethics Committee, and written in-
formed consent was obtained from all participants. 

2.2  Mathematic expression between the area dif-
ference ratio (ADR) and the decay time constant 
of the PPG volume pulse (VRC) 

ADR was derived from the diastolic contour of 
the pulse. Fig. 1 shows a representative beat of the 
PPG pulse. P and U represent onset and end of dias-
tole at time Tp and Tp+Td, and Td is the diastolic du-
ration. Y(t) is the time course of measured PPG pulse 
during diastole, and P(t)=a+be−t/VRC (Tp<t<Tp+Td, and  
 

a and b account for the initial conditions), is the cor-
responding two-element Windkessel model predic-
tion. Fig. 2 is a further magnification of diastole 
shown in Fig. 1. B represents the intersection of the 
horizontal line and vertical line to the time axis. Pp 
and Ppd denote the measured magnitudes of P and U, 
respectively. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
ADR of a single beat, as illustrated in Figs. 1 and 

2, could be calculated as the difference between the 
area of triangle ΔPUB (St) and the area under the 
curve of pulse Y(t), but above the horizontal line BU 
(Sp) divided by St: 
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Fig. 1  A representative beat of photoplethysmogram 
(PPG) pulse 
Td: diastolic duration; P and U: onset and endpoint of diastole 
at time Tp and Tp+Td, respectively 
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Fig. 2  A further magnification of diastole shown in Fig. 1
B: intersection of the horizontal line and vertical line to the 
time axis; Pp and Ppd: measured magnitudes of onset and end of 
diastole, respectively 
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where St=(Pp−Ppd)Td/2, and Sp could be calculated by 

definite integral: p d

p
p pd( ( ) )d .

T T

T
S Y t P t

+
= −∫  

Thus, for each isolated heart beat, ADR was 
readily available. Assuming the measured pulse Y(t) 
decayed as the model prediction P(t), we found ADR 
was only dependent on VRC and Td if Y(t) was sub-
stituted by P(t): 
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2.3  Piecewise linear interpolation 

Suppose ADR, Td, and VRC of the observed beat 
satisfied the expression: 
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Note that the intricacy of Eq. (3) precluded the 

precise computation of VRCo. Thus, we suggested 
estimating VRCo using a piecewise linear interpola-
tion criterion. Details are described in the following. 
Substituting Tdo into Eq. (2), we could obtain a dis-
crete set of data points (VRC(i), ADR(i)), while 
VRC(i) was progressively increased in steps varying 
from 0.01 to 20 based on clinical experience 
(Fogliardi et al., 1996; Segers et al., 1999). To assure 
the optimal step size of VRC, we tried different step 
size values and evaluated the relative error of esti-
mation (REe), which is defined as 

 

e
LIERE 100%,

VRC
= ×

 
                (4) 

 
where LIE represents the linear interpolation error, 
which is proportional to the second derivative and the 
square of step size. Concerned about the balance 
between the computational complexity and accuracy 
requirement, the optimal step size was determined to 
be 0.01. Fig. 3 exemplifies the curves of REe intui-
tively as the relative errors are less than 3% when step 
size is set to be 0.01. 

Thereafter, piecewise linear interpolation was 
performed in the direction of ADR as follows: 
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where (VRC(k), ADR(k)) and (VRC(k+1), ADR(k+1)) 
are two data points and ADR(k)<ADRo<ADR(k+1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.4  Extended to arterial blood pressure 

Since it is based on the two-element Windkessel 
model and focuses on the shape of pulse during di-
astole, we conjecture that the NSM can be applied to 
ABP. Also, as the error of the NSM mainly results 
from the interpolation, the same step size is compe-
tent for ABP. To test those hypotheses, we established 
a simulation model of the cardiovascular system with 
qin(t) as the input: 
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where qin(t) is the instantaneous blood flow pumped 
into the arterial system, and T is the heart period. 
Then, we applied the NSM to estimate RC of output 
pressure pulse (PRC) from the simulation model. 

The ability of the NSM to estimate PRC was 
judged on the relative error (REp) between the esti-
mation (PRCe) and actual (PRCa) values: 
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Fig. 3  Curves of REe while VRC intervals of 0.01 were 
used over a range from 0.01 to 20 
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3  Results 

3.1  Experimental cases 

Reliability of the NSM to estimate VRC is  
generally difficult to assess due to the absence of a 
gold standard for determining real values. Thus, we 
proposed to compare the behavior of the NSM with 
that of a reference method LSM. To reduce the 
probability of the convergent problem emerging in the 
NSM, we recommended selecting about 200 stable 
beats for each participant, as proposed by Lopez- 
Beltran (1998). VRC estimations from each of these 
beats of each individual with the LSM (VRCls) and 
NSM (VRCns) are summarized in Table 1. Individual 
variability made VRC distribute in diverse ranges. 
VRCns had a typical linear correlation with VRCls 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

for each participant (r>0.927) and significantly dif-
ferent results were observed (P<0.01; paired t-test). 

Linear regression equations were developed 
between VRCls and VRCns for each participant. Both 
slope and intercept had inter-personal variabilities. 
Figs. 4 and 5 show, as representative examples, the 
estimated values, as well as the linear regression 
curves of VRCls and VRCns obtained from participant 
one in the healthy group and participant nine in the 
general anesthesia group. Linear regression yielded 
VRCns=1.3154VRCls−0.2416; R2=0.9831 and VRCns 

=1.2601VRCls−0.5107; R2=0.9247, respectively. 
Apparently, two model predicted curves during 

diastole for each beat can be obtained with VRCls and 
VRCns. To compare the performance of the two 
methods, we analyzed the fitness (R2) of the 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1  VRC estimations with two methods for the twenty-one participants 
Healthy group 

VRCls VRCns N 
Averge±SD Range Averge±SD Range 

r P 

1 0.2259±0.0525 0.1238−0.4360 0.4004±0.0894 0.2209−0.7197 0.9989 ** 
2 0.5286±0.2017 0.2319−1.4310 0.4919±0.1452 0.2698−1.0344 0.9790 ** 
3 0.7855±0.3238 0.2679−2.1408 0.7230±0.2578 0.2796−1.5726 0.9839 ** 
4 0.2984±0.0952 0.1033−0.8159 0.5246±0.2097 0.1411−1.6598 0.9903 ** 

General anesthesia group 
VRCls VRCns N 

Averge±SD Range Averge±SD Range 
r P 

1 0.4503±0.0969 0.3192−0.7361 0.5189±0.1198 0.3438−0.9428 0.9979 ** 
2 0.8872±0.5536 0.2352−5.2739   0.9649±0.60422 0.3859−5.3771 0.9875 ** 
3 0.3848±0.1618 0.1469−0.8624 0.5468±0.2004 0.2495−1.2209 0.9920 ** 
4 0.2996±0.0623 0.1903−0.5940 0.4031±0.0830 0.2660−0.7577 0.9957 ** 
5 1.2491±0.2253 0.8961−1.9654 1.3824±0.6479 0.7258−4.0878 0.9532 ** 
6 0.2235±0.0196 0.1639−0.2736 0.2742±0.0198 0.2169−0.3528 0.9992 ** 
7 0.2625±0.0325 0.1808−0.3261 0.3341±0.0470 0.2437−0.4632 0.9953 ** 
8 0.2939±0.0562 0.1641−0.5361 0.4269±0.0732 0.2385−0.7706 0.9981 ** 
9 0.8917±0.4729 0.5099−4.5390 1.1388±0.8194 0.5482−7.0317 0.9803 ** 

10 0.2711±0.0580 0.1160−0.5766 0.4200±0.0858 0.1815−0.8966 0.9941 ** 
11 0.7256±0.1237 0.4977−1.1438 0.8355±0.1795 0.5245−1.4682 0.9979 ** 
12 0.2482±0.0601 0.1735−0.4558 0.3220±0.0830 0.2145−0.6043 0.9981 ** 
13 0.7905±0.3138 0.1984−2.1537 1.0304±0.5012 0.2943−2.6975 0.9750 ** 
14 1.0367±0.2579 0.3889−1.9500 2.1250±1.0012 0.4872−5.1846 0.9269 ** 
15 0.4850±0.0497 0.3722−0.6710 0.5363±0.0564 0.4257−0.7188 0.9996 ** 
16 0.2236±0.0359 0.1559−0.3702 0.3359±0.0478 0.2459−0.5272 0.9993 ** 
17 0.5182±0.1589 0.2585−1.0833 0.5791±0.1422 0.3380−0.9509 0.9961 ** 

** represents P<0.01 in the t-test; VRCls and VRCns: VRC estimated by the LSM and NSM; r: correlation coefficient between VRCls 
and VRCns; N: sample number of each participant in the healthy and the general anesthesia groups, respectively 
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generated approximate curves, and the total running 
time of 200 beats for each participant. In the LSM, R2 
ranged from 0.92 to 0.99 and averaged as 0.985, with 
the running time varying from 0.0191 to 0.0233 s. 
Yet, in the NSM, the foregoing were 0.90 to 0.99, 
0.979 in average, and 0.0002 to 0.0003 s, respec-
tively. Original diastolic PPG with two approximate 
curves of four representative beats are shown in  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6. Compared with VRCns, we found VRCls might 
exceed the reasonable range because the LSM just 
focused on high goodness of fit while the NSM lim-
ited the interpolation in the normal physiological 
range (Fig. 6a). Figs. 6b−6d indicated that the fit-
nesses were close, but decreased with increment of 
the difference between the original pulse and ap-
proximate curves and the two estimates were  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5  (a) Values of VRCls and VRCns obtained from 
participant nine in the general anesthesia group; (b) 
Relationship between VRCns and VRCls 
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Fig. 6  Original diastolic PPG pulse with two approximate curves of four representative beats 
(a) One typical beat whose VRCls other than VRCns exceeds the reasonable range; (b)–(d) Three distinct beats whose VRC 
estimations with two methods are basically equivalent, and the goodnesses of fit of the two approximated curves with VRCls 
and VRCns are very close, but decrease with increment of the difference between original pulse and approximate curves 
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Fig. 4  (a) Values of VRCls and VRCns obtained from 
participant one in the health group; (b) Relationship 
between VRCns and VRCls 
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basically the same. The results showed that the NSM 
was computationally efficient while maintaining a 
slightly lower fitting degree than the LSM. 

3.2  Application to arterial blood pressure 

Table 2 presented the values of PRC estimated 
with NSM and REp (Eq. (7)). In all these cases, PRC 
is well-estimated, with REp less than 3%. Therefore, 
we can confirm our hypothesis that the NSM is also 
suitable for ABP. Fig. 7 shows the response curves of 
REp intuitively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4  Discussion and conclusions 

 
The decay time constant RC is a meaningful 

cardiovascular model parameter in clinical physio-
logical monitoring and vascular assessment 
(Fogliardi et al., 1996; Eyal et al., 1997; Gnudi, 1998; 
Segers et al., 1999; Bhattacharya et al., 2001; Allen, 
2007; Lu et al., 2008). In summary, using or simply 
modifying the existing ABP shape methods could not 
achieve a satisfied estimation of RC from PPG, 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

namely VRC. Therefore, we proposed a novel 
method, namely the NSM, to estimate VRC. The 
fundamental of the NSM was to establish a math-
ematic expression between a readily available pa-
rameter ADR and VRC. The intricacy of the expres-
sion compelled us to evaluate VRC using interpola-
tion. Several alternative interpolation criteria, e.g., 
linear interpolation, polynomial interpolation, and 
adaptive Hermit spine interpolation (Li et al., 2010b), 
are available for the estimation. Despite a lack of 
precision, we recommended utilizing the piecewise 
linear interpolation for the following reasons. First, it 
is computationally efficient, numerically stable, and 
easily realized in both PC and embedded systems. 
Second, owing to no gold standards for determining 
real overall compliance and resistance, VRC esti-
mated in vitro is usually used for assessing changes in 
arterial properties. Thus, the demand for accuracy is 
not very high. Third, an appropriate step size of the 
linear interpolation not only simplifies the calcula-
tion, but guarantees the precision. 

Comparing the estimates from measured PPG 
signals based on the two methods in vitro revealed a 
few discrepancies. VRC estimates with the NSM 
were generally close to, but not exactly equal to, the 
estimates with the LSM, which might be due to the 
following reasons. 

1. Principal attention in the LSM was devoted to 
the high goodness of fit, while the major errors in the 
NSM resulted from the interpolation. An appropriate 
step size would improve accuracy. However, the fact 
that there are no international recognized standards in 
measurement technology and protocols for clinic PPG 
measurements (Allen, 2007), limits the reproducibil-
ity between different research centers. Thus, the  

Table 2  PRC estimations with the NSM and REp 

PRCe(i)/REp(i) PRCa i=1, Td=0.1 s i=2, Td=0.2 s i=3, Td=0.3 s i=4, Td=0.4 s i=5, Td=0.5 s i=6, Td=0.7 s i=7, Td=0.8 s
0.6 0.6001/0.02 0.5960/0.67 0.5984/0.27 0.6005/0.08 0.6003/0.05 0.6071/1.18 0.6041/0.68
1.2 1.2090/0.75 1.2002/0.02 1.2000/0.00 1.2240/2.00 1.2005/0.04 1.2191/1.59 1.2152/1.27
1.8 1.8162/0.90 1.8026/0.14 1.8010/0.06 1.8423/2.35 1.8007/0.04 1.8300/1.67 1.8249/1.38
2.4 2.4228/0.95 2.4046/0.19 2.4019/0.08 2.4584/2.43 2.4010/0.04 2.4405/1.69 2.4341/1.42
3.0 3.0291/0.97 3.0064/0.21 3.0027/0.09 3.0759/2.53 3.0012/0.04 3.0511/1.70 3.0431/1.44
3.6 3.6354/0.98 3.6081/0.23 3.6034/0.09 3.6922/2.56 3.6014/0.04 3.6615/1.71 3.6522/1.45
4.2 4.2415/0.99 4.2097/0.23 4.2042/0.10 4.3084/2.58 4.2017/0.04 4.2719/1.71 4.2611/1.45
4.8 4.8477/0.99 4.8113/0.24 4.8049/0.10 4.9244/2.59 4.8019/0.04 4.8824/1.72 4.8700/1.46

PRCa: actual values of PRC setup in the simulation model; PRCe(i): values of PRC estimated with the NSM when Td increases linearly 
from 0.1 to 0.7 s; REp(i): values of the relative errors between PRCa and PRCe(i) when Td increases linearly from 0.1 to 0.7 s), % 

 

Fig. 7  Curves of REp responding to PRCa and Td
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optimal step size in this paper might not be feasible 
for other researchers. An appropriate step size should 
be further determined according to Eq. (4) and the 
accuracy requirement. Certainly, the step size of 0.01 
is sufficient without any obvious additional errors 
induced. 

2. There was a constraint condition that both the 
onset and endpoint of diastole were on the model pre-
dicted curve to avoid the possibility of bad conver-
gence or no convergence that would occur in the LSM. 

The selection of onset and endpoint of diastole, 
in theory, makes no difference to the estimates of 
VRC because the diastolic pulse is fitted to a mon-
exponential curve with the single decay time constant 
VRC according to the two-element Windkessel 
model. However, under real conditions, both pertur-
bation and the phenomenon of pulse transmission 
(Fogliardi et al., 1996; Eyal et al., 1997; Alastruey et 
al., 2009) are present. This often causes that the es-
timates of VRC depend on the selection of onset and 
endpoint of diastole. It is outside the scope of this 
paper to discuss which part is optimal, as many 
studies focus on the detection of fiducial points in-
stead of the selection of diastolic part in the area of the 
PPG pulse. In this paper, we identified these fiducial 
points using differentials of different orders 
(Karamanoglu, 1997; Takazawa et al., 1998; Li et al., 
2010a), and then chose the diastolic part, as proposed 
by Miyai et al. (2001). 

A contribution of this paper is the establishment 
of a mathematic expression between a morphological 
parameter ADR and a cardiovascular model parame-
ter VRC, and thus, to offer an alternative parameter 
for vascular assessment. ADR can be derived more 
easily from the PPG pulse than VRC. This is because 
ADR is readily acquired, while VRC may not be 
worked out, especially when the observed beat of pulse 
does not conform to the two-element Windkessel 
model. Hence, ADR can be regarded as an index for 
preliminary screening. For instance, if ADR is nega-
tive, we should give up estimating VRC. Therefore, 
we audaciously presume that ADR is a more useful 
alternative, which will play a similar role in cardio-
vascular status analysis. Further studies on this hy-
pothesis will be examined in our future research. 
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