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Abstract: The paper describes development, testing, and verification of practical usability of the
indirect cuffless method for estimation of the arterial blood pressure (ABP) values from the pho-
to-plethysmography (PPG) signal sensed by the optical PPG sensor. The proposed procedure uses
time domain features (systolic/diastolic pulse time ratios and partial areas around the pulses) ex-
tracted from the second derivative of the PPG signal. The linear regression method is next used to
calculate the relation between the determined PPG wave features and the blood pressure values
measured in parallel by a blood pressure monitor. ABP values are finally estimated by the inverse
conversion characteristic calculated from these linear relations. Obtained summary estimation er-
rors from first-step experiments achieve acceptable values of about 8/3% for systolic/diastolic ABPs,
however, further improvements are necessary before the usage of the proposed procedure.

Keywords: arterial blood pressure; estimation by linear regression; photo-plethysmography signal;
PPG sensor working in a reflectance mode

1. Introduction

We are interested in the analysis of physiological and psychological impacts of the
vibration and acoustic noise on a person scanned in a weak-field magnetic resonance
imager (MRI) [1]. The information about the state of the cardio-vascular system of a
tested person is mainly acquired by current heart rate (HR) and arterial blood pressure
(ABP) values. Both types of parameters can be successfully used for detection of the
stress effect that accompanies the MRI scanning process [2,3]. These parameters can be
obtained by a photo-plethysmography (PPG) signal with parallel measurement of blood
pressure values by an external portable blood pressure monitor (BPM) device. However,
this type of measurement instrumentation and arrangement is less comfortable for tested
persons as well as it brings some practical problems with realization of the whole meas-
urement experiment. It holds especially for the measurements in the weak magnetic field
environment of the running MRI device, where special prototypes of wearable PPG
sensors consisting of non-ferromagnetic materials and fully shielded against the radiof-
requency disturbance must be used [1]. Therefore, the cuffless approach to ABP values
estimation is chosen in the current work to exclude using the BPM device.

This paper describes an indirect approach where systolic (SABP) and diastolic
(DABP) arterial blood pressure values are estimated from the sensed PPG wave [4-6]. In
the first step, the proposed procedure determines time domain features (systolic/diastolic
pulse times) and pulse areas from the pre-processed second derivative of the PPG signal
(SD-PPG) to create a database of PPG wave features (PPGwr). For estimation of the ABP
values from these features, the linear regression method is used to calculate the relation
between the determined PPGwr parameters and the blood pressure values measured in
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parallel by the BPM (BPsrwm). In the last step, the correctness and accuracy of the estimated
SABP and DABP values are evaluated by comparison with the measured BPsrm values.
From the obtained preliminary experimental results follows that the precision of the es-
timated ABP values differs depending on the type of a hand (left/right) and the gender of
a tested person (male/female). The summary obtained relative estimation error (REE)
achieves 7.5% for SABP and 2.6% for DABP values respectively. These results are ac-
ceptable in this first-step part of the experiments, but further improvements are necessary
before the proposed method would be implemented for practical usage.

2. Methods
2.1. Methods of Determination of ABP Values from PPG and ECG Signals

There exist several methods for determination of blood pressure values from the
PPG or electrocardiogram (ECG) signals. For employment of both these signals the pulse
transit time (PTT) methods are usually applied. The PTT represents the time difference
between the onsets of ECG and PPG peaks [7]. Due to a linear relationship between PTT
and ABP, the estimation of the blood pressure using the PTT is more accurate than for
using the PPG alone. On the other hand, there is a necessity of parallel measurement by
ECG and PPG sensors located at a known distance [8].

The estimation of DABP and SABP can be performed using only the PPG signal. In
this case, the time domain features may be extracted from the first or the second deriva-
tive of the PPG signal. Principally, the SD-PPG waveform consists of five areas corre-
sponding to the time domain features: systolic area, systolic upstroke time, diastolic area,
cycle duration, and diastolic time [5,9]. Another approach using similar features was
successfully used in [6]. It utilizes time features (from start of cycle to systolic peak, from
systolic peak to end of cycle, from systolic peak to diastolic rise, from diastolic rise to end
of cycle) and areas under the curve (from start of cycle to max upslope point, from max
upslope point to systolic peak, from systolic peak to diastolic rise, from diastolic rise to
end of cycle). Similar time duration features determined from the first and the second
derivatives of the PPG signal can be used also for biometric identification purposes [10].
To estimate the ABP values from the determined time and area features, the least squares
support vector machine (LSSVM) approach is often used. The extracted PPGwr parame-
ters are then fed into the inference function of a regression version of the LSSVM algo-
rithm [11].

2.2. Method of PPG Wave Features Determination and Estimation of SABP/DABP Values

The proposed method of SABP and DABP values estimation from the PPG signal
consists of four phases: (1) creation of a database of PPGwr from the pre-processed second
derivative of the PPG signal records, (2) application of linear regression method to find a
linear relation between the determined PPGwr parameters and the BPsem values meas-
ured in parallel, (3) calculation of inverse conversion characteristics for estimation of
SABP/DABP values from PPGwr parameters, (4) testing correctness and evaluation of
precision of the proposed estimation method.

As introduced in [10], following points are located on the second derivative PPG
wave —see positions of a2, b2, €2, and f2 markers in Figure 1. Between these points the
time features ta2, tb2, t2, and t3 can be determined, and finally the time feature ratios can
be calculated: ta2/Tpp, tb2/Tpp, t2/Tpp, and t3/Tpp, where Tpp represents the PPG cycle
period. Inspirited by [6]), we also calculate the features representing the partial areas
(PAo-a2, PAa2-b2, PAb2-e2, PAe2-f2—where the “0” denotes the start/origin point of the
PPG cycle) around the systolic and diastolic peaks (see shaded parts in Figure 1). The
features extracted using a2 and b2 points are next used for estimation of SABP values, the
time durations ¢2, t3 and areas around e2 peaks and f2 holes are used for estimation of
DABP values. Then, the determined PPGwr parameters from the processed PPG signal
records are paired with the BPsrm values measured by the BPM device. Finally, the linear
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regression tool of Matlab program environment is used to compute a linear relation be-
tween the determined PPGwr parameters and the SABP/DABP values per each of feature
types. The resulting linear relationship characteristic can be described by the general bi-
sector formula in the parametric form using the direction k as

y—y1=k(x - x1), k= (y1—yo)/(x1 - xo), (1)

where 101 represent determined PPGwr parameters, and xo1 are the measured
SABP/DABP values in [mmHg]. For k < 0, the relation between PPGwr parameters and
ABP values has declining trend; for k > 0, the relation has ascending trend —see an ex-
ample in Figure 2. For estimation of ABP values from PPGwr parameters, the inverse
linear characteristic is used —it means, parameters corresponding to y and x axes are ex-
changed —see an example of SABP estimation using ta2/Tpp and DABP estimation using
t3/Tpp features in Figure 3.

| | I
1 . . .
tar ! : SD-PPG (HR=66)
- % 0(N=67)
T 05 ® by (N=67) p
5 ® a: (N=67)
@ B €2 (N=67)
0 o SN A o foeen |
o . V
2 o5l __m Umw N A ]
‘ Start (origin) tho },
C \ | B \ \ | ! | ]
0 05 1 15 2 25 3 35 4 45
—> Time [s]
Figure 1. Example of SD-PP signal with marked positions of a2, b2, €2, and f2 points by [alSidani18]
and definition of time features fa2, tb2, {2, and t3 together with partial areas PAo-a2, PAa2-b2,
PADb2-e2, PAe2-f2 similar to the approach of [Slapnicar18].
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Figure 2. Examples of fitted linear relations between PPGwr parameters and SABP/DABP values
calculated by linear regression approach for (from left to right): ta2/Tpp ratio, tb2/Tpp ratio—for
estimation of SABP values, and t2/Tpp, t3/Tpp ratios for DABP estimation.
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Figure 3. Examples of calculated conversion linear characteristics using: (a) ta2/Tpp ratio—for es-
timation of SABP values, (b) t2/Tpp ratio for DABP estimation.

For verification of the proposed method of ABP values estimation, another part of
PPG signal records was processed and analyzed (not used in the database creation
phase)—also joined with known measured BPsem values. The successfulness and preci-
sion of the estimation procedure was evaluated by the relative estimation error REE
calculated as

REEsagp,par= (ABPtest— BPerm)/BPervm x 100 [%], )

where the ABPrest represent SABP/DABP values obtained by estimation using features
determined from the testing PPG signal records. As follows from our previous research,
the quality and other parameters of the sensed PPG signal heavily depend on the used
type of a hand (left/right) and also little on the gender of a tested person (male/female)
[1,12]. Therefore, the statistical analysis of the obtained REE values is performed sepa-
rately for the left and the right hand and for the male and the female tested person as well
as the summary comparison for both hands together and all persons together are finally
realized.

3. Description of the Used PPG Signal Database, Experiments, and Results

In the current work, we use the extracted PPG signal database from the original one
described in [12]. It contains the PPG signals picked-up using the Pulse Sensor Amped
PRODUCT (Adafruit 1093) working in a reflectance mode and producing directly the
SD-PPG wave as an output. This PPG signal is imputed to an analog mixer device where
it is digitized with the basic sampling frequency fs = 2 kHz and stored into a laptop.
Subsequently, the PPG records are resampled at 160 Hz in the sound editor Sound Forge
9.0a for further processing. For BPseum values measurement, the automatic blood pressure
monitor BP-A150-30 AFIB by Microlife AG is applied. To prevent the already discussed
possible negative influence of an inflated pressure cuff of BPM on a tested person’s blood
system, the PPG signal is picked up from fingers of the opposite hand.

The currently processed PPG corpus consists of PPG signals sensed from four
healthy volunteer persons —two males (M1, M2) and two females (F1, F2) with the mean
age of 49 years. In this way, we dispose the PPG material picked from five fingers of the
left and the right hand —“P1L/R,.., P5L/R”; each continually sensed PPG signal record
with the total duration of 300 s practically consisting of five separate sections with dura-
tions of 60 s and corresponding BP values measured by the BPM device. In total, 500 of
60-s PPG signal sections (250 for the left and 250 for the right hand) per person are ana-
lyzed and processed. This PPG signal corpus is divided in the ratio of 4:1 —it means that 4
of 5 of the 60-s PPG signal sections were used for creation of the database of PPGwr pa-
rameters, together with the ABP values measured in parallel. In the frame of the testing
phase, the remaining fifth 60-s section of PPG signals was used. Depending on the cur-
rent heart rate of a person with originally sensed PPG signal, about 60-80 PPG cycles can
be detected and wave features can be determined from one PPG signal section. The ob-
tained values of the PPGwr parameters are next statistically processed to calculate histo-
grams of the occurrence distributions—see obtained partial results from PPG signals
sensed of both hands of person M1 in Figure 4. Only one representative value with the
highest occurrence was finally added to the PPGwr parameters database.
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Figure 4. Histograms of occurrence distributions of time PPGwr parameters (from left to right):
ta2/Tpp ratio, tb2/Tpp ratio, t2/Tpp, and t3/Tpp ratio; PPG signals from both hands of a person M1.

Obtained partial mean percentage REE values together with their standard devia-
tions calculated separately for the left hand, the right hand, and both hands together an-
alyzing the PPG signals sensed from the female tested person F1 are shown in Table 1,
summary mean REE values for PPG signals originated from male/female and all tested
persons are presented in Table 2.

Table 1. Obtained partial mean REE values together with their std (in parentheses) separately
calculated for the left hand, the right hand and both hands together; PPG signals sensed from the
tested person F1.

REE type/PPG Signal From Left Hand From Right Hand  From Both Hands
REEsasp [%] 21.9 (11.9) 7.5 (10.8) 8.6 (12.1)
REEpars [%] 15.9 (5.1) 2.5(0.9) 9.8 (6.1)

Table 2. Obtained summary mean REE values together with their std (in parentheses) separately
for male/female and all tested persons.

REE type/PPG Signal From M1,M2 From F1,F2 From All Persons
REEsasr [%] 1.2 (1.2) 13.7 (14.0) 7.5 (10.8)
REEpars [%] 2.2 (1.4) 2.9 (0.01) 2.6 (0.9)

4. Discussion and Conclusions

The performed preliminary experiments confirm practical functionality of the pro-
posed method for estimation of SABP/DABP values estimation from the sensed SD-PPG
signal wave. Although the precision of the estimated ABP values differ depending on the
hand type and slightly on the gender of a tested person, the summary obtained relative
estimation error (REE) achieving 7.5 + 10.8% for SABP and 2.6 + 0.9% for DABP values
seems to be acceptable for current state of our experiments.

As mentioned above, for the purpose of the current work only the PPG records of 4
persons were finally used from the original database described in [12]. The PPG material
of the remaining 2 persons was omitted due to partially untypical appearance of the PPG
waves: the required a2 points would not be much correctly detected and f2 holes were
practically not present—see documentary examples of two PPG waves in Figure 5.
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Figure 5. Comparison of two different SD-PPG signals: (a) PPG wave with presenting f2 holes, (b)
PPG wave practically without f2 holes—this signal must be omitted.

As the PPG signal from the testing person was always sensed in a silent sitting po-
sition without any physiological or psychological stimuli [12], the obtained range of
SABP/DABP values was relatively limited: SABP € <92~118> mmHg and DABP € <62~77>
mmHg. It is a positive effect for robustness (stability) and accuracy of the estimation
procedure, when the ABP values of the tested PPG signal lie in these intervals. If the
SABP/DABP values of the tested PPG signals are outside these ranges, the estimation
procedure also works but the obtained results have significantly higher error.

On the other hand, if this outlier PPG signal record with the measured BP values is
integrated to the created database of PPGwr parameters, the finally determined linear
linear relationship characteristic can be radically changed. It means that the ascending
trend would change to the descending one, or the value of direction k can be modified
heavily. In this case, the estimation error of SABP/DABP values from the PPG signals
with BP values lying in the basic limited intervals was also increased —see Figure 6.
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Figure 6. Example of outlier PPG signal with BP values effect to the linear linear relationship
characteristic: (a) outlier record is not integrated, (b) outlier record integrated to the database.

Therefore, it is necessary to process more PPG signals sensed in different re-
lax/stimulation conditions to obtain wider measurement range of BP values prior to full
practical usage of this developed estimation method in the working and experimental
conditions we are interested in—it means, from PPG signals sensed by wearable sensors
in a weak magnetic field environment. For this reason, we plan to use the free access
database PPG-BP [13] to verify the stability and accuracy of the developed ABP estima-
tion method.
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