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Abstract

Background: It is clinically important to develop innovative techniques that can accurately
measure blood pressures (BP) automatically.

Objectives This study aimed to present and evaluate a novel automatic BP measurement
method based on deep learning method, and to confirm the effects on measured BPs of the
position and contact pressure of stethoscope.

Methods: 30 healthy subjects were recruited. 9 BP measurements (from three different
stethoscope contact pressures and three repeats) were performed on each subject. The
convolutional neural network (CNN) was designed and trained to identify the Korotkoff sounds
at a beat-by-beat level. Next, a mapping algorithm was developed to relate the identified
Korotkoff beats to the corresponding cuff pressures for systolic and diastolic BP (SBP and
DBP) determinations. Its performance was evaluated by investigating the effects of the position
and contact pressure of stethoscope on measured BPs in comparison with reference manual
auscultatory method.

Results The overall measurement errors of the proposed method were 1.4+2.4 mmHg for SBP
and 3.3+2.9 mmHg for DBP from all the measurements. In addition, the method demonstrated
that there were small SBP differences between the 2 stethoscope positions, respectively at the
3 stethoscope contact pressures, and that DBP from the stethoscope under the cuff was
significantly lower than that from outside the cuff by 2.0 mmHg (P < 0.01).

Conclusiont Our findings suggested that the deep learning based method was an effective
technique to measure BP, and could be developed further to replace the current oscillometric

based automatic blood pressure measurement method.

Keywords: Blood pressure measurement, convolutional neural network, manual auscultatory

method, stethoscope position, stethoscope contact pressure.
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Introduction

Manual auscultatory and automatic oscillometric techniques are commonly used for non-
invasive blood pressure (BP) measurements. Manual auscultatory method is the gold standard
for clinical BP measurement,(1) which requires a stethoscope to listen for Korotkoff sounds
(KorS) as a cuff encircling the upper arm is deflated. The appearance and disappearance of
KorS are associated with systolic and diastolic BPs (SBP and DBP) respectively. Since
professional training is required before the operator is competent to perform the manual
auscultatory measurement, automatic BP devices have been widely accepted to use at clinical
settings or at home because they are easy to use.

The majority of automatic BP devices are based on the oscillometric technique, which
estimates SBP and DBP using empirical waveform characteristics ratios derived from the
oscillometric waveform envelope.(2) Its main disadvantage is that it does not actually measure
BPs, and only estimates BP using an empirical ratio (oscillometric waveform characteristics
ratio) calculated from a group of subjects being tested during the device development or
validation, leading to inaccurate measurements for individuals.(3,4) The ideal oscillometric
waveform characteristics ratios for SBP and DBP are not the same for individuals, and are even
different for the same individual under different measurement conditions.(5-8) In addition,
movement, muscle contractions, and other artifacts could distort the oscillometric waveform
envelope, leading to the inaccurate calculation of the waveform characteristics ratio.(3,9,10) It
has also been reported that oscillometric technique is not suitable for patients with cardiac
arrhythmia or women with pre-eclampsia.(11,12)

Because of the incapability of highly accurate BP estimation of oscillometric technique,
researchers have attempted to employ KorS on automatic BP measurements.(13-17)
Determining audible or inaudible stethoscope sound accurately is the key to achieve accurate

BP measurement, and most reported methods were based on traditional technology (e.g., time—



frequency analysis or power spectrum analysis), which are easily influenced by measurement
conditions. Hong et al. proposed an advanced signal processing method to convert the main
frequencies of KorS into sound pressure levels that were then mapped to equal loudness
contours for BP determination. Unfortunately, their method has not been validated on a large
set of clinical data.(16) Another challenge for the KorS-based BP measurement methods is the
presence of acoustic noise due to microphone sensitivity to patient motion and background
noise.(18) Sebald et al. proposed a method to enhance the information signal and cancel the
noise signal by filtering the KorS waveforms to create spatially narrowband information
signals.(13) Recently, Pan et al. proposed a deep learning based method using convolutional
neural network (CNN) to identify KorS from recorded stethoscope sounds during cuff deflation,
and assessed the variation of KorS during BP measurement.(19) The effectiveness of using
CNN to identify audible or inaudible sound KorS has been assessed. However, the application
of CNN to determine BPs has not been fully evaluated.

The main aim of this study was to evaluate a deep learning based automatic BP
measurement method with clinical data. Using the reference manual auscultatory method, we
have previously investigated the effects of the position and skin contact pressure of stethoscope
on measured BPs.(20) In this study, these effects would be quantified using our proposed
method and compared with the reference manual auscultatory method to demonstrate the

effectiveness of the proposed CNN method.

Methods

Subjects

A total of 30 healthy subjects (13 male and 17 female) without any known cardiovascular

disease were enrolled in this study, aged from 23 to 63 years. The overall height, weight and



arm circumference from all subjects were 169+8 cm, 66+13 kg and 2743 cm, respectively. All
subjects gave their written informed consent to participate in this study. The experiments
received ethical permission from the Newcastle & North Tyneside Research Ethics Committee.
The investigation conformed with the principles in the Declaration of Helsinki. All the relevant

analysis was performed on anonymised data.

BP Measurement Protocol

All BP measurements were performed by a trained operator in a quiet and temperature-
controlled clinical measurement room. The whole procedure followed the guidelines
recommended by the British Hypertension Society (BHS) and American Heart
Association.(1,11) Prior to the measurement, each subject was asked to rest on a chair for 5
minutes. During the measurement, they were required not to move and to breathe gently.

As demonstrated in Figure 1, two identical stethoscopes were applied (with one placed
under the cuff and the other outside the cuff on the antecubital fossa). During linear cuff
deflation, one channel of cuff pressure and two channels of stethoscope sounds from the two
stethoscopes were simultaneously and digitally recorded to a data capture computer at a

sampling rate of 2000 Hz.



Korotkoft  Cuff pressure
sound

Korotkoff
sound

Figure 1. Demonstration of stethoscope sounds recorded from the stethoscope outside (bottom
trace) and under (middle trace) the cuff. The corresponding cuff pressure (upper trace) was also

recorded simultaneously during cuff deflation.

For each subject, nine BP measurements (from three different stethoscope contact
pressures: 0, 50, 100 mmHg, and three repeats) were performed. The three different stethoscope
contact pressures were applied sequentially on the stethoscope outside the cuff, with the
sequence of these different levels of contact pressure randomized between subjects. A specially
designed holder with a spring scale was used to apply different skin contact pressures on the
stethoscope head outside the cuff, and the details of the measurement system and protocol were

given in our previous publication.(20)

Manual Auscultatory BP Determination

For each subject, 9 cuff pressure signals and 18 recordings of stethoscope sounds (from 3
repeated recordings of 3 stethoscope contact pressures, and 2 stethoscopes positions) were

analyzed off-line. Using a software developed with MATLAB 2011a (MathWork Inc,



Massachusetts, USA), all the stethoscope sound recordings were replayed twice on two
different days to two trained listeners in order to obtain the manual auscultatory BPs. The
listener identified the appearance and disappearance of the sounds by clicking the computer
mouse. The baseline cuff pressure at which the Korotkoff sound appears was associated with
the reference manual SBP, and the cuff pressure at which the Korotkoff sound disappear was
associated with the reference manual DBP.

It has been shown in our previous publication that there was no significant BP difference
(for both SBP and DBP) between the 2 determinations for each listener and between the 2
listeners (all P > 0.06).(20) Therefore, the average of the four manual BP determinations were

calculated and used as the reference BPs for each measurement in this study.

CNN-based BP Determination

The block diagram in Figure 2 shows the overview of the methodology to determinate BPs
from KorS using CNN. The first four steps were to identify the audible KorS, and their details
were described in our previous publication.(19) Briefly, the recorded stethoscope signal was
firstly segmented into beat-by-beat stethoscope sound frame (1s window with 2,000 sample
points per frame) centered with the peak of oscillometric pulse (see Figure 3(a)). During the
second step, each frame was converted into matrix ‘images’ by short time Fourier
transformation (STFT) with 60 ms Hamming window (sampling rate = 2000 Hz) and 87%
overlap. Two examples of the converted images are illustrated in Figure 3(b). During the third
step, all the frames between the manually determined SBPs and DBPs were labeled as
‘Korotkoff” sound beats, while the other frames labeled as ‘non-Korotkoff” sound beats. Lastly,
a sclected set of the labeled frames were trained, and the rest were fed to a CNN classifier to
perform automatic identification of Korotkoff and non-Korotkoff beats. A 10-fold cross-

validation strategy was used for performance evaluation. Figure 3(c) shows the CNN structure



designed in this study, which was convolved by three layers. Each layer consisted of a

convolutional layer and a pooling layer in succession.
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Figure 2. Overview of the methodology to determinate BPs from KorS using CNN.
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Figure 3. Korotkoff sound identification using CNN. (a) Illustration of stethoscope signal
segmentation. Peaks of oscillometric cuff pressure pulses were detected for stethoscope signal
segmentation. (b) Converted time-frequency transformation images from Korotkoff (left) and

non-Korotkoff (right) sound frames. (c) Illustration of CNN structure with three layers of

convolutional and pooling layers.

A mapping algorithm was developed to associate the identified Korotkoff beats for BP

determination. Figure 4 illustrates the principle of the mapping algorithm. During the linear
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cuff pressure deflation of BP measurement, for the ideal situation, it is expected to have
continuous non-Korotkoff beats above SBP, followed by continuous Korotkoff beats between
systole and diastole, and then by continuous non-Korotkoff beats below DBP. In the real
scenario, the following BP determination rule was applied to follow the guideline of manual
auscultatory BP measurement: SBP was determined with at least two consecutive identified
Korotkoff sound beats, and DBP was determined at the point at which all sounds finally
disappear completely.(1) After the Korotkoff/non-Korotkoff beats were identified from
stethoscope signal for each measurement, the baseline cuff pressures that corresponded to the
first and last Korotkoff sound beats were used to determine SBP and DBP. Figure 4(b) gives

an example of the application of the BP determination rule.
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Figure 4. Illustration of the mapping algorithm for BP determination. The beats marked in
dashed rectangles are classified as Korotkoff beats. (a) A normal case with continuous
Korotkoff beats identified between systole and diastole. (b) A case with one Korotkoff beat
following by a non-Korotkoff beat. For this case, the decision rule was applied to determine

the SBP from the second Korotkoff beat.

Data and Statistical Analysis

There were 36 SBP and 36 DBP values from each subject. They were from the

measurements with 2 stethoscope positions, 3 contact pressures, 3 repeated recordings and 2
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BP determinations by the manual auscultatory method and by the CNN-based method. Their
means and standard deviation (SD) were firstly calculated across all subjects. The mean and
SD of BP differences between the manual auscultatory method and the CNN-based method
were also calculated, with the histograms of BP differences between the two techniques plotted.
Next, Bland-Altman and linear regression analysis were performed to investigate the
agreement and relationship between BPs determined by the manual auscultatory method and
the CNN-based method. The SPSS Statistics 19 software package (SPSS Inc, Chicago, IL,
USA) was employed to perform analysis of variance (ANOVA) analysis to mainly investigate
the effects of stethoscope position and contact pressure on the CNN-based BP measurement.
Finally, the BP differences between measurements taken from the stethoscope under and
outside the cuff were analyzed and compared between the two methods (the CNN-based
method and the manual auscultatory method). All differences were paired values in each

subject, and a value of P < 0.05 was considered as statistically significant difference.

Results

Comparison between the CNN-based and Manual Auscultatory Methods

From all the 540 measurements, the BP differences between the CNN-based method and
the manual auscultatory method were 1.4+2.4 mmHg for SBP and 3.3+2.9 mmHg for DBP.
Figure 5 shows the histogram of the within-subject differences (for both SBP and DBP)
between the two methods. Over 99.3% of SBP difference, and 98.7% of DBP difference were
within 10 mmHg. A detailed distribution of these differences is shown in Table 1, which shows

the percentage of these differences falling within 5, 10, and 15 mmHg.
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Figure 5. Histogram of within-subject SBP and DBP differences between the two
measurement methods (i.e., the CNN-based method and the manual auscultatory method). A
total of 540 comparisons (from 30 subjects, 2 stethoscope positions, 3 contact pressures and 3

repeated recording sessions) were used.

Table 1. Distribution of BP differences between the CNN-based method and the manual

auscultatory method.

Within Within Within

SmmHg 10mmHg 15 mmHg

SBP (%) 95.6 99.3 99.8

DBP (%) 76.5 98.7 100
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Figure 6(a) shows the Bland-Altman plots of the SBP and DBP measured by the proposed
CNN-based method versus the manual auscultatory method. Their limits of agreement were
4.7 mmHg and 5.7 mmHg, respectively for SBP and DBP. The BPs determined by the proposed
CNN-based method was in close agreement with those from the manual auscultatory method,
as shown in Figure 6(b). The two methods were significantly correlated (r = 0.98 for SBP and

r=0.95 for DBP) (both P <0.001).
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Figure 6. Bland-Altman plots (a) and Regression plots (b) of SBP and DBP from the reference
the CNN-based method versus manual auscultatory method. The limits of agreement (1.96 *

SD of BP difference) are given using the dashed lines in the two left sub-figures.

Evaluation of Using the CNN-based Method to Investigate the Effects of Stethoscope

Contact Pressure and Position on BP Measurements

Using the SBP and DBP values estimated by the CNN-based method, variance analysis

showed that the effect of stethoscope skin contact pressure on BPs was not statistically
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significant (P = 0.22 for SBP and P = 0.72 for DBP). In terms of the effect of stethoscope
position on the CNN-based BP measurements, there were small BP differences between the
two stethoscope positions. As shown in Figure 7, 96% of SBP measurements and 61% of DBP
measurements had a difference of no more than 3 mmHg. More specifically, as shown in Figure
8, at each of three levels of stethoscope contact pressure (i.e., 0, 50 and 100 mmHg), SBPs
taken from the stethoscope under the cuff were 0.4, 0.6 and 0.8 mmHg higher than those from
outside the cuff. Their corresponding DBPs from the stethoscope under the cuff were
statistically significantly lower by -2.9, -3.0 and -2.0 mmHg than those from outside the cuff

(all P < 0.01).
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Figure 7. Histogram of within-subject SBP and DBP differences between the measurements
taken under the cuff and outside the cuff by the CNN method. A total of 540 comparisons (from

30 subjects, 3 contact pressures, 2 position, and 3 repeats) were used.
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Figure 8.Overall mean difference and SD of within-subject SBP and DBP differences between
the measurements taken from the stethoscopes under and outside the cuff. The BP values
determined by both the CNN method and the manual auscultatory method are given, separately
for the three different contact pressures on the outside stethoscope head (L: OmmHg, M:

50mmHg, and H: 100mmHg). ‘NS’: Not significant between the paired comparisons, P > 0.05.

More importantly, as demonstrated in Figure 8, the effects of stethoscope position on
manual BPs and on CNN-based BP determination were not significantly different (all P > 0.05).
This applied to all the three stethoscope contact pressures (all P > 0.05), indicating that the
CNN-based method was an effective technique to differentiate the effects of position and

contact pressure of stethoscope on clinical BP measurements.

Discussion

This study evaluated the performance of a CNN-based method for BP measurement in
comparison with the reference manual auscultatory method. To the best of our knowledge, this
is the first study that the CNN method was developed for automatic auscultatory BP

measurement.
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The CNN-based method achieved BP measurement errors of 1.44+2.4 mmHg for SBP and
3.3£2.9 mmHg for DBP. This level of accuracy was within the requirement of BP device
validation from the Association for the Advancement of Medical Instrumentation (AAMI)
(average difference no greater than SmmHg and SD no greater than 8 mmHg). It is also within
the Grade A standard for BP device by BHS (see Figure 5 and Table 1). However, it was
observed that both SBP and DBP determined by the CNN-based method were significant
higher than the manual auscultatory method. This is because the manual auscultatory BPs in
this study were obtained by clicking the computer mouse after determining the appearance and
disappearance of the KorS, which would cause some delays in BP determinations,
consequently generating systematic difference in the data analysis.

It was also observed that 0.7% of SBP differences and 2.6 % of DBP difference were over
8 mmHg between the two methods. Figure 9 demonstrates an example that the SBP difference
is over 17 mmHg. It can be seen that, due to the background noise, the third KorS beat has not
been successfully detected by the CNN-based method, indicating that noise is an important
factor influencing the accuracy of KorS identification. In future studies, additional pre-

processing algorithms may be required to achieve better KorS identification.
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Figure 9. An example of an auscultatory gap, which illustrates the reason for the large SBP

difference between the CNN-based method and the manual auscultatory method.
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More interestingly, the effects of stethoscope position and skin contact pressure on
measured BPs have been confirmed by applying the CNN-based method. There was no
significant difference on the effects determined by the manual auscultatory method and by the
CNN-based method, indicating that the proposed CNN-based BP method had a good agreement
with the manual auscultatory method to differentiate the effects of position and contact pressure
of stethoscope on clinical BP measurements.(20) It is therefore concluded that the CNN-based
method is an effective technique for non-invasive BP measurement.

It is generally accepted that the phase V of KorS (KorS disappear completely) should be
used to determine DBP. In situations where KorS are audible even after the complete cuff
deflation (for example, in pregnant women, patients with arteriovenous fistulas, and aortic
insufficiency), the phase IV should be used.(12,21,22) It would be therefore clinically useful
to identify the different phases automatically. Our proposed CNN-based method has not been
evaluated to differentiate the different phases of KorS because of the limited number of frames
for each phase. A future study with a large data set for training can be designed to evaluate the
effectiveness of using CNN for differentiating the different phases of KorS.

One limitation of this study is that as the manual auscultatory BPs determined by
electronic playback may not correspond exactly to clinical auscultation. However, in this study,
during the auscultatory BPs determination by playback, all the sound recordings were replayed
twice (on 2 different days) to 2 trained listeners to avoid the potential BP measurement bias.
Secondly, a decision rule was applied individually to determine which identified
Korotkoff/non-Korotkoff beats should be included for BP determination, which is inconvenient.
In the future, the recurrent neural network (RNN)(23) could be introduced to include the prior
knowledge (such as the five distinct Korotkoff phases as mentioned above) and context
(consists of continuous non-KorS beats, followed by continuous KorS beats, and then by

continuous non-KorS beats) to achieve automatic and direct BP determination from neural
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network. Furthermore, a proper clinical study with AAMI/BHS/ISO validation protocol is also
required.(24) Thirdly, noise and KorS waveform characteristics (intensity, morphology and
spectral properties) may affect the detection of Korotkoff sounds. (25) It is worth investigating
the effect of these factors on the outcome of CNN-based BP measurement method in future
studies.

In summary, this study provided scientific evidence to demonstrate that the proposed
CNN-based BP measurement method was an effective technique to determine BPs, as
evidenced by the achievement of high measurement accuracy and agreement with the reference
manual auscultatory method and by differentiating the effects of position and contact pressure

of stethoscope on clinical BP measurements.
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Summary points

What is already known:

® Deep learning technologies have achieved very high accuracy at a broad variety of

medical tasks

Blood pressure measurement is often influenced by the measurement condition

What this study has added:

Proposed a deep learning based automatic auscultatory method to measure blood
pressure

Comprehensive evaluation of the performance of the deep learning based blood pressure
measurement method
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