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Abstract— Blood pressure (BP) monitoring is required to
ensure safety of home-based exercise in seniors. Pulse transit
time (PTT) defined as the time it takes a pulse wave to travel
between two arterial sites is considered to be inversely
proportional to BP. Different approaches have been described
to calculate PTT using photoplethysmogram (PPG) and
electrocardiogram (ECG) however it is not clear which
approach produces better BP estimates. The purpose of this
study was to compare potential value of different approaches for
calculating PTT and other derivatives of PPG and ECG
described in the literature for assessing BP during exercise.
Three calibration points were collected from five study
participants at different levels of exertion on three different
days. A high precision automated BP monitor was used to
obtain reference BP. A correlation matrix between PPG/ECG
derivatives and the reference BP values was analyzed. Based on
the bivariate correlation analysis, PPG/ECG derivatives that
demonstrated the most prominent association with reference BP
were identified. The results of the study confirmed the value of
individualized calibration for BP estimation using PTT and
identified optimal means to derive it from PPG and ECG.

I. INTRODUCTION

One of the main challenges in implementing an optimal
home-based exercise program in older adults and individuals
with cardiovascular conditions is the requirement to ensure
exercise safety [1]. A crucial component to achieve this
requirement is the ability to monitor blood pressure (BP)
during exercise continuously and generate alert when blood
pressure exceeds certain thresholds or changes abruptly [2].

Use of automated blood pressure monitors for continuous
blood pressure monitoring during exercise is limited due to
inherent high noise to signal ratio affecting precision of
automated blood pressure monitors. The utility of
photoplethysmogram (PPG) in circulatory monitoring has
been widely discussed [3-4]. Various approaches based on
continuous registration of PPG and electrocardiogram (ECG)
have been described for non-invasive cuff-less BP estimation
[5-6].

Pulse transit time (PTT) defined as the time it takes a pulse
wave to travel between two arterial sites is considered to be
inversely proportional to BP [4-6]. Though the use of PTT for
non-invasive BP estimation has been well described, different
studies derived PTT from PPG and ECG using different
approaches [5-8]. Currently, it is not clear which approach
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produces better BP estimates. In addition, current solutions
require expensive equipment [9] which makes it impractical
for wide application at patient homes or they utilize equations
obtained from population-based estimates [10] which may not
be applicable to particular individuals with chronic
cardiovascular conditions or various comorbidities in older
adults.

In our previous study we introduced a practical low-cost
solution for using PTT to estimate BP during exercise [11].
Our approach was based on obtaining 3 calibration points
during different levels of exertion for each subject and
utilizing the resulting individualized BP estimation equitation
for patient-specific monitoring of BP during home-based
exercise [12].

Previously, we used a single approach to calculate PTT
despite the fact that different approaches have been described.
The purpose of this paper was to compare potential value of
different approaches for calculating PTT and other derivatives
of PPG and ECG described in the literature for assessing BP
during exercise.

II. METHODS

A. System and Data Acquisition

Three calibration points were collected from five study
participants including 3 female and 2 male adult volunteers:
(1) during the rest, (2) after 5-min exercise with cycling speed
of 1.5-miles/hour, and (3) after 5-min exercise with cycling
speed of 2.5-miles/hour. The procedure was repeated at three
separate days for each study participant.

During each visit, the subjects used a portable bicycle
(Chattanooga Deluxe ExersiserTM, Chattanooga, USA) to
reach two different BP levels within individual comfort zone,
in addition to BP calibration during the initial resting period.
Before a subject followed the experimental procedure, she/he
was seated in comfortable chair, worn sensor equipment, and
asked to rest for cardiovascular stabilization. Continuous
monitoring of ECG and PPG was carried out at 1 kHz
sampling rate with PTT being calculated in real time. Overall,
the study protocol included three 45-min visits within a
2-week period. During each visit, three sequential BP
calibration points were collected during different levels of
exertion for each study participant.

At each calibration point, reference BP measurements
were registered by an  automatic  oscillometric
sphygmomanometer which is routinely used in clinical care
(Carescape Dinamap V100, GE Healthcare, USA). The
Carescape Dinamap V100 provides high-precision automated
oscillometric measurement of systolic, diastolic and mean
arterial pressure and pulse rate that has been clinically proven
to be more accurate than competitive models [13-14].
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Figure 1. Parameters
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**_Correlation is significant at the 0.01 level (2-tailed).
*_. Correlation is significant at the 0.05 level (2-tailed).

@ ECGRRI: Electrocardiogram (ECG) R peak to R peak Interval, @ PEAKI: Photoplethysmogram (PPG) Peak Interval, @FOOTI: PPG Foot
Interval, (4) SYST: Systolic Time of PPG, (5) DIAT: Diastolic Time of PPG, (6) PTTP: Pulse Transit Time (PTT) between ECG R peak and following
PPG Peak, (7) PTTM: PTT between ECG R peak and following maximum acceleration point of PPG, PTTF: Pulse Transit Time (PTT) between
ECG R peak and following PPG Foot, @ PTTF1: Pulse Transit Time (PTT) between ECG R peak and the second PPG Foot, SYSA: Systolic Area
of PPG, @ DIAA: Diastolic Area of PPG, @ SBP: Systolic Blood Pressure, @ DBP: Diastolic Blood Pressure, MBP: Mean Blood Pressure, @

HR: Heart Rate, PP: Pulse Pressure =SBP-DBP

A single lead ECG (Lead II) and PPG were simultaneously
registered using two wireless physiological transmitters for
ECG and PPG, and a data acquisition system (MP150, Biopac
Systems, Inc., USA) connected to a laptop. ECG data were
continuously acquired using Biopac Systems’ wireless
“BioNomadix” series ~ ECG/Respiration  transduser
(BN-RSPE, BIOPAC Systems, Inc., USA). PPG data were
continuously acquired using Biopac Systems’ wireless
“BioNomadix” PPG/EDA transducerr (BN-PPGED, BIOPAC
Systems, Inc., USA). Raw data from ECG were band-limited
from 0.05 Hz to 150 Hz and raw data from PPG were
band-limited from DC to 10 Hz. Pre-gelled/disposable ECG
electrodes (LL Electrode Series, Lead-Lok®, Inc., USA) leads
were connected to the subject to obtain a Lead II trace and a
pulse transducer (BN-PULSE-XDCR, BIOPAC Systems, Inc.,
USA) was placed on the index finger to obtain PPG.

B. Analysis

After subjects completed all 3 visits according to the study
protocol, a total of 9 sets of reference BP values, ECG signals,
and PPG signals were acquired for each participant. For each
visit, a group of indices were derived from a simultaneous
30-second PPG and ECG recording following the approaches
previously described in the literature [3-11]. To compare
potential value of various parameters derived from PPG and

ECG for BP estimation, a correlation matrix between these
parameters and the reference BP values was analyzed using
the bivariate correlation analysis. Data from all visits were
pulled together to investigate the overall relationship among
these parameters.

A PPG/ECG analysis program was developed using
LabVIEW 2011 (National Instruments, USA) to extract all of
these parameters from PPG and ECG as shown in Fig. 1 and
Fig. 2. The parameters @ to @ were based on ECG and/or
PPG recordings. The parameters @ to were generated by
the automated sphygmomanometer. To find ECG R peak, the
lowest minimum amplitude (LMA) of ECG R peak was used
to define the individual threshold value for R peak detection.
To find PPG peak and PPG foot, the FIR bandpass filter that
had Blackman -61dB window, 0.1 Hz low frequency cut off,
and 15 Hz high frequency cut off, was used. The resulting
PPG signal was analyzed based on individual threshold value
defined by the LMA of PPG Peak and PPG Foot from a
30-second recording. This algorithm was applied for each
subject recording separately to ensure best fit with each
subject physiological response. To find the maximum
acceleration point of PPG, the derivate method that had
Blackman -61dB window and 15 Hz low frequency cut off
was used, and then the individual threshold value based on the
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TABLE II.

MAXIMUM AND MINIMUM BIVARIATE CORRELATIONS FOR INDIVIDUAL PARTICIPANTS

Correlations ECGRRI
PEAKRRI WA 1.000]
MIN 1.000 PEAKRRI
FOOTRRY WX 1.000( 1,000
MiN 1.000 1.000| FOOTRRI
aver MAX 0.959| 0969  0.968
MIN 0.681] 0678 0.687] SYST
DuAT MAX 0.995| 099| 0995 0938
MIN 0.983| 0984 0982 0537] DT
- WX 0.980| 0981 0.979) 0974 0980
MIN 0.694| 0.694| 0699 0702] 0.643] PTTP
T MAX 0.980|  0.981) 0.980| 0964/ 0982  0.995
MIN 0.668 0.668 0.667 0.342 0.622] 0.789] PTTH
- MAX 0.085| 0.091) 0082 -0.018) 0175 0584 0579
MIN -0.798| -0.798| -0.800) -0.911) -0.723| -0.793| -0.792] PTIF
S WX 0.997| 0997 0.997| 0957 0.999) 0.987] 0987  0.180
MIN 0.986| 0.986| 0.986| 0599 0980 0750 0.754| -0.748] PTTF1
ave MAX 0.791) 0.790| 0791 0.738|  0.835| 0.655| 0.556| -0.147|  0.797]
MIN -0.281|  -0.286| -0.279| -0.349| -0.335| -0.403| -0.371| -0.727| -0.348] SYSA
-_ MAX 0.846)  0.845| 0.846] 0775 0.8 0.723) 0632 -0.167| 0.853)  0.992| .
MIN 0439 0436 0441] 0119 0391 -0.014 0012 -0.587] 0377 0.732] DIAA Flgure 2. Parameters
- WAX -0.720/ -0.710( -0.710( -0.628| -0.713| -0.653| -0.548| 0.646| -0.776  0.366| -0.297
MIN -0.924| -0.925| -0.924| -0.797| -0.920/ -0.959| -0.966| -0.353| -0.938| -0.840 -0.844] SBP
oap MAX 0.612| 0.614| 0.617| 0607 0.605 0589 0549 0.251| 0.607| 0.562| 0.599|  0.875
MIN -0.721| -0.722| -0.720| -0.584| -0.740| -0.888| -0.826| -0.684| -0.745| -0.222[ -0.555| -0.545] DBP
WEP MAX -0.515| -0.515| -0.514| -0.423| -0.545 -0.361| -0.268|  0.459| -0.503| 0335 -0.201) 0990 0.924
MIN -0.911| -0.912| -0.911| -0.787| -0.919| -0.946| -0.957| -0.473| -0.927| -0.618] -0.591| 0.823| o0.012] WeP
R WAX -0.881| -0.881| -0.878| -0.506| -0.854| -0.543| -0.677|  0.830] -0.921] 0.211) -0.284|  0.968) 0.853  0.957]
MIN -0.970| -0.970| -0.971 -0.952 -0.953| -0.943| -0942| -0.327| -0.960| -0.777| -0.806| 0.699) -0.643) 0519 HR
- WA -0.731) -0.732| -0.731| -0.548 -0.729| -0.704| -0.609|  0.683| -0.792|  0.404) -0.275| 0981 0.724) 0927  0.930]
NN -0.926)  -0.928] -0.926) -0.837 -0.924| -0.972| -0.966| -0.231] -0.936] -0.842[ -0.858]  0.946] -0.752]  0.644]  0.684]
MAX: Maximum correlation in 5 participants, MIN: Minimum correlation in 5 participants
TABLE III. MEAN AND MEDIAN BIVARIATE CORRELATIONS FOR ALL INDIVIDUAL PARTICIPANTS
MEAN Correlations
MEDIAN ECGRRI | PEAKI FOOTI SYST DIAT PTTP PTTH PTTF PTTF1 SYSA DIAA SBP DBP MBP HR PP
ECGRRI 1.000] 1.000) 0.881] 0.991] 0.850) 0.827| -0.265 0.992 0.280 0.639| -0.845| -0.285| -0.758| -0.931| -0.845
PEAKI 1.000] 1.000] 0.880) 0.992| 0.849 0.827| -0.263 0.992 0.278 0.637| -0.846| -0.285| -0.759| -0.931| -0.846
FOOTI 1.000] 1.000] 0.882] 0.991] 0.851] 0.826| -0.265 0.992 0.283 0.641| -0.845| -0.285| -0.758| -0.930| -0.845
SYST 0.917, 0.914 0.918] 0.815 0.853 0.742|  -0.450] 0.848 0.303 0.573| -0.713| -0.213| -0.543| -0.804| -0.718
DIAT 0.992| 0.992| 0.992| 0.873 0.816) 0.812| -0.203 0.991 0.279 0.643| -0.848| -0.286| -0.759| -0.927| -0.847
PTTP 0.889 0.889 0.888| 0.877, 0.862| 0.940 0.024 0.883 0.147 0.441 -0.823| -0.319| -0.744| -0.821| -0.817
PTTM 0.781] 0.783 0.779 0.791] 0.815 0.967, 0.110 0.870 0.007 0.340( -0.815| -0.320| -0.729| -0.827| -0.821]
PTTF -0.096| -0.093| -0.100| -0.513| -0.015 0.209 0.202 -0.151|  -0.443| -0.409| -0.0s0| -0.325| -D.089 0.175|  -0.013
PTTF1 0.994 0.994 0.994 0.877, 0.991] 0.922] 0.858 0.065 0.248 0.611| -0.872| -0.313| -0.784| -0.935| -0.868
SYSA 0.062| 0.057, 0.071] 0.551] 0.158| 0.301| -D.213| -0.429 0.029 0.880|  -0.140] 0.140| -0.082| -0.222| -0.128|
DIAA 0.553 0.549 0.560) 0.674 0.611] 0.567, 0.359|  -0.468| 0.511 0.847 -0.471|  -0.074|  -0.393| -0.569| -0.461
SBP -0.891| -0.891( -0.889| -0.692| -0.883| -0.852| -0.877| -0.203| -0.930| -0.061| -0.365 0.418 0.936 0.844 0.966
DBP -0.569|  -0.569| -0.575| -0.537| -0.549| -0.424| -0.317| -0.352|  -0.668 0.226|  -0.134 0.691 0.640 0.404 0.220)
MBP -0.832| -0.832| -0.833| -0.617| -0.813| -0.803| -0.856| -0.170| -0.883| -0.115| -0.319 0.955 0.883 0.797 0.828]
HR -0.929| -0.929| -0.929| -0.861 -0.941| -0.887| -0.903 0.064| -0.930| -0.014| -0.514 0.849 0.774 0.922 0.797|
PP -0.843|  -0.844| -0.843| -0.740| -0.838] -0.778] -0.824| -0.176| -0.874 0.024|  -0.409 0.967 0.419 0.896 0.841

MEAN: Mean of correlations in 5 participants, MEDIAN: Median of correlations in 5 participants

LMA of the maximum acceleration point of PPG was applied.
After ECG R peak, PPG peak, PPG foot, and the maximum
acceleration point of PPG were identified, the parameters @
to @ were calculated. The parameters to were
calculated as time intervals between the following points: @ -
the present R peak and the next R peak; @ - the present PPG
peak and the next PPG peak; @ - the present PPG foot and
the next PPG foot; @ - the present PPG foot and the
following PPG peak; @ - the present PPG peak and the
following PPG foot; @ - the present R peak and the following
PPG peak; @ - the present R peak and the following
maximum acceleration point of PPG; - the present R peak
and the following PPG foot; @ - the present R peak and the

second PPG foot. The parameters and @ were calculated
as the area under the PPG curve for @ and @ respectively.
All parameters were calculated on a beat-by-beat basis as it is
depicted in the Fig. 1 and Fig. 2.

All statistical analyses were performed using IBM SPSS
Statistics 21 (IBM, USA). Bivariate correlation analyses for
each of 45 parameters were conducted as shown in Table I.
After the bivariate correlation coefficients were calculated for
the entire data set (Table I), the correlation coefficients for
each of 5 participants were calculated on an individual basis
to find out how much the correlation coefficients differ from
participant to participant. The ranges between maximum and
minimum of correlation, and correlation coefficient mean and
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median for each correlation pair are shown in the Table IT and
Table III.

III. RESULTS

The results from bivariate correlation analysis based on
entire data set are given in the Table 1. Total of 15 values for
each parameter were used to analyze the “population-based”
relationship between PPG and ECG derivatives and readings
from an automated BP monitor. For data obtained from the BP
monitor, the maximum correlation was found to be between
SBP and PP (r=+0.903, p<0.01), however correlation was low
between SBP and DBP (r=+0.385, p<0.01) and between DBP
and PP (r=-0.048, p=0.752). Based on comparing correlation
coefficients between PPG/ECG derivatives and SBP and DBP
obtained from an automated sphygmomanometer, the highest
correlation coefficients were found between SBP and PTTP
(r=-0.809, p<0.01) and between SBP and PTTM (r=-0.793,
p<0.01).

The results from the correlational analysis on an individual
basis are shown in the Tables II and III. In this analysis, total
of 9 values for each parameter were used. Similar to the
“population-based” analysis, the relationship between SBP
and PP was significant (MAX: r=+0.981, MIN: r=+0.946,
MEAN: r=+0.966, MEDIAN: r=+0.967), and there was no
significant correlation between DBP and PP (MAX: r=+0.724,
MIN: r=-0.752, MEAN: r=+0.220, MEDIAN: r=+0.419), and
between SBP and DBP (MAX: r=+0.875, MIN: r=-0.545,
MEAN: r=+0.418, MEDIAN: r=+0.691). Overall correlations
between PPG/ECG derivatives and SBP/DBP from
automated BP monitor resembled relationships found in the
“population-based” analysis. The most prominent
correlations were found again between SBP and PTTP (MAX:
r=-0.959, MIN: r=-0.653, MEAN: r=-0.823, MEDIAN:
=-0.852) and between SBP and PTTM (MAX: r=-0.966,
MIN: r=-0.548, MEAN: r=-0.815, MEDIAN: r=-0.877).
However, for some study subjects, other PPG/ECG-derived
indices, such as ECGRRI, PEAKI, and FOOTI, appeared to
have be better association with SBP than PTTP or PTTM
(MAX: r=-0.710, MIN: r=-0.924 to -0.925, MEAN: r=-0.845
to -0.846, MEDIAN: r=-0.889 to -0.891). For some subjects
DIAT demonstrated significant correlation with SBP (MAX;
r=-0.713, MIN; r=-0.920, MEAN; r=-0.848, MEDIAN;
=-0.883), whereas in other subjects the best correlation with
SBP was found to be with PTTF1 (MAX: r=-0.776, MIN:
r=-0.938, MEAN: r=-0.872, MEDIAN: r=-0.930) in our study
protocol.

IV. DISCUSSION

In this study, analysis of bivariate correlations between the
most common PPG/ECG derivatives and SBP/DBP obtained
during exercise from an automated precision BP monitor has
been performed. Based on the “population-based” analysis
from the pulled dataset, the most prominent association was
found between SBP and PTTM (r=-0.793, p<0.01). These
results correspond well with previously reported data [9-11].
However, correlation analysis on a participant-by-participant
basis demonstrated a wide range in the strength of association
between SBP and PTTM, with other associations appearing to

be more prominent. This result was confirmed by a recent
study [15] that showed dependence of PTT and BP association
on the underlying heath condition.

In our previous study [11], we demonstrated that an
individual calibration based on different levels of exertion
results in more reliable estimation of BP. The results of this
study appear to indicate that the very choice of PPG/ECG
derivatives used for the individual calibration should be also
tailored to each particular patient based on results of bivariate
correlation analysis. Whether this approach can improve
estimation of BP during exercise using PPG/ECG derivatives
remain to be shown.
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