
Abstract—Pulse transit time (PTT) has been reported 
correlated with heart rate (HR) and blood pressure (BP), 
however, the results are not consistent in different 
investigations. Towards a better understanding of the 
underlying mechanisms of the PTT changes, this study 
compares the power spectrum density of the variability in PTT 
with that in HR and BP under rest and post-exercise 
physiological conditions. Coherence function is also examined to 
quantify the strength of coupling between paired variabilities. 
The results show that the pulse transit time variability (PTTV) 
has significant coherence (>0.5) with heart rate variability 
(HRV) and blood pressure variability (BPV) under all 
physiological conditions at high frequency (HF). However, at 
the low frequency (LF) band, the coherence reduced to 
insignificance immediately after the exercise ( 5 minutes after 
exercise) and then return back to significant level 9 minutes 
after the exercise. The results show that PTTV is strongly 
coupled with HRV and BPV at the HF, indicating that the 
parasympathetic modulation could be the main cause of PTTV. 
The unstable coupling relationship of PTTV with BPV at LF 
should raise caution in the beat-to-beat BP estimation by PTT in 
the dynamic situation.      

I. INTRODUCTION

It is well known that the variation of some cardiovascular 
parameters, such as heart rate variability (HRV) and blood 
pressure variability (BPV), at different frequency bands are 
attributed to various autonomic control mechanisms. The 
established understanding of HRV and BPV has provided 
useful information to predict abnormalities in hemodynamics 
and prevent cardiovascular mortality [1-5]. Analysis on the 
power spectrum density (PSD) is one most frequently used 
approach to investigate autonomic control on cardiovascular 
system. Two major components around 0.1 Hz (LF) and 0.25 
Hz (HF) were mostly investigated since 1) the HF component 
corresponding to the respiratory rhythm is a marker of vagal 
modulation, 2) the LF component indicates the sympathetic 
activities, and 3) the reciprocal relationship between these 
two rhythms would characterize the sympathovagal balance 
[6]. Under the same scenario, other cardiovascular variables 
could also be regulated by the similar regulative mechanisms 
of HRV and BPV. 

Pulse transit time (PTT), defined as the time interval for a 
blood pressure (BP) pulse to travel from one arterial site to 
another, also shows a spontaneous fluctuation. In common 
practice, PTT is obtained at periphery, usually finger or toe, 
and timed from the R-wave of ECG to the arrival of the BP 
pulse, which is represented by the foot of 

photoplethysmographic (PPG) signal. As PTT to the large 
extent depends on the arterial properties, which is related to 
BP level, it has been employed for BP estimation [7, 8] and 
adopted for the studies of sleep-apnea [9] and vascular 
reactivity [10]. Although the regulative mechanism 
underlying PTT variation would be important for clinical 
applications, it has not been systematically studied yet. The 
purpose of this paper is to study the PTT regulation 
mechanism.  

Recent studies revealed that the spontaneous fluctuation in 
PTT was associated with  HRV [11] and highly correlated 
with BPV [12] in time domain. Taking advantage of the 
known autonomic regulations reflected by variability power 
spectrum, we investigate the PSD of PTTV and its coherence 
with HRV and BPV under different physiological conditions. 
Specifically, the coherence spectrum is adopted to quantify 
the strength of the coupling between PTTV and HRV and 
BPV for understanding the possible underlying mechanisms 
of PTT variations. The analysis is based on the experimental 
data collected from 12 healthy subjects under rest and 
post-exercise statuses.

II. METHODOLOGY

A. Data Acquisition 
Twelve healthy volunteers (4 females and 8 males), aged 

21-28 years old without known cardiovascular abnormalities, 
participated in this study. Each subject submitted an informed 
consent before conducting the experiment. Upon their arrival, 
subjects were asked to sit down and relax for 10 minutes to 
stabilize their BP level. For the data collection, continuous 
BP was recorded from the middle finger of right hand by 
Finometer (FMS, Finapres Medical System BV, The 
Netherlands); standard lead I ECG signal was collected by an 
ECG machine (GRASS, Astro-med, Inc.); and reflective PPG 
signal was detected at the index fingertip of right hand by a 
self-designed sensor.  

Each subject contributed 15 sets of data in total under three 
physiological conditions: rest, immediately after exercise ( 5
minutes after exercise), and post-exercise recovery (9~60 
minutes after exercise). After three successive trials at rest, 
the subject was introduced to a treadmill running for 4 
minutes at the speed of 10km/h. Immediately after the 
dynamic exercise, a 5-minute recording was carried out as the 
4th trial. During the 9th~60th minute after the exercise, another 
eleven 20-second recordings were conducted. The whole 
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experimental procedure was summarized by Table 1.  

TABLE 1
EXPERIMENT PROCEDURE

Physiological
conditions  

Trial No Time Recording 
length

1 1st min 20 s 
2 2nd min 20 s Rest
3 3rd min 20 s 

Dynamic exercise (4-minute running at 10km/h) 
Immediately 
after exercise 

4 0 min 5 mins 

5 9th min 20 s 
6 11th min 20 s 
7 13th min 20 s 
8 15th min 20 s 
9 20th min 20 s 
10 25th min 20 s 
11 30th min 20 s 
12 40th min 20 s 
13 50th min 20 s 
14 55th min 20 s 

Post-exercise 
recovery 

15 60th min 20 s 

In each trial, continuous BP, ECG and PPG signal were 
measured simultaneously. All of the collected signals were 
sampled at 1 kHz and stored for off-line analysis. A manual 
mercury sphygmomanometer (TXJ-10, Desk Model, Japan), 
as the “golden standard”, was operated by a registered nurse 
at brachial arteries in the 1st and 3rd trials for validating the 
effectiveness of the measurements. Data from two subjects 
were rejected because of too frequent recalibration by 
Finometer in the BP recording in the 4th trial, where the 
beat-to-beat information was hard to be extracted.  Finally, 
data of 150 trails from 10 subjects were analyzed.  

B. Parameter Extraction  
The raw data were first processed by a sliding window with 

window length of 10 milliseconds. The beat-to-beat 
parameters were extracted as shown in Fig.1. Specifically, 
pulse transit time (ptt) is defined as the time interval between 
the R-wave of ECG and the frontal foot of the PPG pulse 
within in the same cardiac cycle; systolic BP (sbp) and 
diastolic BP (dbp) are the peak and foot values of the BP 
pulse, respectively. The variability in each parameter was 
calculated as the beat-to-beat difference of the successive 
values. The HRV was represented by the beat-to-beat 
variability in the R-R intervals from ECG.    

C. Power Spectrum Estimation  
Before the PSD estimation, each series of beat-to-beat 

variability was first interpolated to an evenly sampled signal 
with sampling frequency of 2.5 Hz. Weltch method was 
adopted to estimate the PSD of the investigated variabilities.

The squared coherence spectrum K2(f), a measure of the 
coupling strength between two signals in frequency domain, 
was estimated for paired PTTV and HRV and BPV, 
respectively.

The squared coherence K2(f) of two variable (x and y) has the 
value between 0 to 1 and  is defined as   
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where fYfXfPxy
*  is the cross-spectrum of x and y (*

denotes the complex conjugate); and Pxx(f) and Pyy(f) are the 
PSD of x and y, respectively.  

III. RESULTS

As the HF and LF components were usually investigated to 
reveal autonomic regulations, this study also focused on the 
comparison among PTTV, HRV, and BPV spectra at these 
two frequency bands. Specifically, the LF band was defined 
as [0.04Hz, 0.15Hz]. Considering the respiratory frequency 
could be significantly different after dynamic exercise, the 
HF band was chosen as the [HFct-0.055Hz, HFct+0.055Hz], 
where HFct is the center frequency of the HRV within 
0.15~0.5 Hz. In such a way, the frequency span for both HF 
and LF is 0.11Hz.  

By visual observation, a distinctive peak at HF can be 
clearly detected in all the PSD of HRV, BPV, and PTTV. 
However, no substantial conclusion can be made on the 
appearance of the peak at LF.  Figure 2 presents 
representative PSD of the investigated variabilities from one 
subject under different physiological conditions. In this 
individual case, it showed that the LF power in the PSD of 
SBPV and DBPV was enhanced immediately after the 
exercise, while, no corresponding change presented in the 
PSD of HRV and PTTV.  

In order to reveal possible mechanisms of PTT variation, 
we applied the coherence function between PTTV and HRV 
or BPV, the latter two of which have been frequently used to 
indicate cardiovascular regulations. Specifically, 0.5 is 
regarded as significant coherence as adopted in previous 
studies [13].  
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Fig.2 Representative PSD of the investigated variability signals (a) at rest and 
(b) immediately after dynamic exercise.  

Figure 3 gives example of the squared coherence spectra, 
which correspond to the signals shown in Fig.2. As expected, 
the absence of the peak at LF in the PTTV spectra results in 
low coherence between PTTV and both SBPV and DBPV, 
especially immediately after the exercise. In addition, the 
mean squared coherences at different frequency are 
summarized in Table 2.  
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Fig.4 Representative squared coherence spectra between paired 
cardiovascular variabilities (a) at rest and (b) immediately after dynamic 
exercise.

IV. DISCUSSIONS AND CONLUSIONS

The dynamic interplay between ongoing perturbations to 
the circulation reflects the responsible regulation mechanisms 
mediated by autonomic nervous system, which could be 
indicated by the PSD of HRV or BPV. It was suggested: 1) 
HF component (around 0.25 HZ), corresponding to the 
respiratory rhythm, is governed exclusively by the 
parasympathetic nervous system that is mediated by vagus 
nerves, and 2) LF fluctuations (around 0.1 Hz) are jointly 
mediated by the -sympathetic and parasympathetic nervous 
systems [6, 14]. As summarized in a review paper [15], some 
previous studies suggested that the pattern of PTT changes 
due to the respiratory events are stable. From the spectral 
examination in this study, it is evident that the power of 
PTTV is centered at HF, at which PTTV also has significant 
coherence (>0.5) with HRV and BPV. Such results imply that 
PTTV is mainly caused by the parasympathetic regulations. 

From physiological point of view, the PTT investigated in 
this study includes two components, the pre-ejection period 
(PEP) and the pulse propagation time in artery. A previous 
study concluded that during an inspiratory effort, the 
afterload on the heart increase would prolong the time 
between electrical depolarization and aortic valve opening 
that enlarges PEP [16], hence possibly leading to an increase 
in PTT. On the other hand, the respiratory activity 
mechanically induces inter-beat variations in intrathoracic 
pressure resulting in changes in arterial BP [14], and thereby 
alters the arterial elasticity and the pulse wave velocity 
(PWV). Equations 2 (Moens-Korteweg model [7]) and 3 
(Hughes model [17]) illustrate the relationship between PWV 
and BP.   

r
gEhc
2

            (2) 

where c is PWV; g is the gravitational constant; h is the wall 
thickness; r is the arterial radius;  is the density of the blood, 
and E is the Young’s modulus of the artery that is associated 
with the BP level as 

TABLE 2
MEAN SQUARED COHERENCE (K2) BETWEEN PAIRED VARIABILITIES

  whole fre.1  LF HF 
PTTV~HRV R2 0.64±0.09 0.71±0.17 0.88±0.12 

 IAE3 0.38±0.13 0.33±0.18 0.76±0.21 
 Rec4 0.63±0.08 0.68±0.19 0.87±0.12 
 all5 0.62±0.11 0.66±0.21 0.87±0.13 

PTTV~SBPV R 0.68±0.11 0.62±0.17 0.85±0.15 
 IAE 0.31±0.12 0.28±0.14 0.78±0.12 
 Rec 0.65±0.11 0.68±0.18 0.82±0.17 
 all 0.63±0.14 0.64±0.2 0.82±0.17 

PTTV~DBPV R 0.64±0.09 0.60±0.19 0.80±0.19 
 IAE 0.25±0.1 0.28±0.16 0.52±0.23 
 Rec 0.61±0.09 0.65±0.18 0.76±0.16 
 all 0.59±0.13 0.62±0.21 0.75±0.18 

Notes:
1. the whole investigated frequency band: 0~1.25Hz 
2. trials at rest: 1st~3rd trails
3. trials immediately after exercise: 4th trial 
4. trials at recovering stage: 5th ~ 15th trials (5~60 minutes after exercise) 
5. all investigated trials (15 trials for each subject) 
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PeEE 0             (3) 
where E0 is the zero-pressure modulus and is a constant 
which depends on the vessel properties. As the pulse wave 
propagation time is inversely proportional to the PWV, 
changes in BP will also cause PTT variations. Since both 
components of PTT are influenced by the respiratory activity, 
the distinctive peak at HF of PTTV can be reasonably 
attributed to the same mechanisms of HRV and BPV at HF, 
i.e. the parasympathetic regulation.  

It is well known that when the baseline conditions of 
human body are altered, the functional adaptation of the 
cardiovascular system is achieved by varying the autonomic 
control patterns. Dynamic exercise is one typical way to 
change such baseline. The withdrawal of the parasympathetic 
nerve outflow and the increase in sympathetic nerve 
stimulation to the heart are the main causes for the exercise 
tachycardia [18]. Table 2 illustrates that all the coherences 
decreased immediately after the exercise, and then returned to 
the baseline level during the recovery period. Specifically, the 
investigated coherences at LF were all reduced into 
insignificance (<0.5), while, they kept at significant level at 
HF. It may be postulated that the varied sympatho-vagal 
balance caused by dynamic exercise would lower the 
coupling relationship of PTTV with HRV and BPV, 
especially in LF component.   

Because cardiovascular system is maintained by a complex 
control loop, fluctuations in PTT, HR, and BP may result 
from different interactions of the respective autonomic 
controls. The results of this preliminary study demonstrate 
that PTTV is mainly caused by parasympathetic regulations 
and significantly coupled with HRV and BPV at HF. The 
results further support the application of PTTV as an 
indicator of respiratory effort. Besides, caution should be 
raised for BPV estimation by PTTV, especially in LF 
component, due to instable coherence between them under 
dynamic conditions.   
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