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Abstract: In the current study, a non-invasive technique for systolic blood pressure (SBP)
measurement based on the detection of photoplethysmographic (PPG) pulses during
pressure-cuff deflation was compared to sphygmomanometry—the Korotkoff sounds
technique. The PPG pulses disappear for cuff-pressures above the SBP value and reappear
when the cuff-pressure decreases below the SBP value. One hundred and twenty
examinations were performed on forty subjects. In 97 examinations the two methods
differed by less than 3 mmHg. In nine examinations the SBP value measured by PPG was
higher than that measured by sphygmomanometry by 5 mmHg or more. In only one
examination the former was lower by 5 mmHg or more than the latter. The appearance of
either the PPG pulses or the Korotkoff sounds assures that the artery under the cuff is open
during systolic peak pressure. In the nine examinations mentioned above the PPG pulses were
observed while Korotkoff sounds were not detected, despite the open artery during systole.
In these examinations, the PPG-based technique was more reliable than sphygmomanometry.
The high signal-to-noise ratio of measured PPG pulses indicates that automatic
measurement of the SBP by means of automatic detection of the PPG signals is feasible.
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1. Introduction
1.1. Manual and Automatic Blood Pressure Measurement
The physiological and clinical significance of the systolic (SBP) and diastolic (DBP) arterial blood
pressure has motivated many efforts to develop a reliable noninvasive blood pressure measurement
technique. In sphygmomanometry (SPM), an external pressure cuff is used, and the commencement
and the cessation of the Korotkoff sounds when the cuff pressure decreases below the SBP and DBP
values, respectively, are identified. Auscultatory SPM uses audible detection of Korotkoff sounds, and,
when performed by a trained listener, is considered to be the most accurate non-invasive method, and
is accepted as a reference standard for evaluating the accuracy of other non-invasive methods for blood
pressure measurement. However, the auscultatory SPM is not convenient to use, depends on the
experience of the user and only provides single measurements. Furthermore, the presence of the
physician can influence blood pressure level, which is known as the white coat effect [1–3].
In order to avoid the drawback of the auscultatory SPM, non-invasive automatic blood pressure (NIBP)
meters have been developed. The automatic SPM detects the Korotkoff sounds by means of a
microphone but is prone to artifacts due to external noise and vibrations [4,5]. Oscillometry, the most
prevalent automatic NIBP technique, is based on the measurement of air pressure oscillations in the
pressure cuff induced by the pulsating arteries during cuff deflation, after inflating the cuff air pressure
to above the systolic blood pressure. SBP and DBP are derived from the envelope of the oscillometric
curve using empirical criteria [5–7]. These empirical criteria are based on statistical considerations and
are the main source of error in oscillometry, since the shape of the oscillometric curve envelope does
not depend merely on the SBP and the DBP values, but also on the characteristics of the arteries under
the cuff and the characteristics of the cuff itself [3,7–9]. It is important to note that the oscillometric
pulses in the cuff pressure also appear for cuff pressure values above the SBP value, even though the
arteries under the pressure cuff are closed, due to the impact of the arterial blood pulses on
the proximal (upstream) end of the cuff. Most of the NIBP meters use oscillometry, automatic
auscultation, or both [5].
The low accuracy of the available automatic NIBP meters can be deduced from the standards
imposed by the Association for the Advancement of Medical Instrumentation [10], the protocol
designed by the British Hypertension Society (BHS) [1] and the recommendations of the European
Society of Hypertension (ESH) [11]. The standards are based on comparing the automated NIBP meter to
manual SPM for three examinations performed on each member of a group of 85 or 33 subjects. [1,10–12].
The AAMI standard requires that the mean difference between the SBP (or DBP) values measured by
the auscultatory SPM and the device under examination should not exceed 5 mmHg, and the standard
deviation of that difference should not exceed 8 mmHg. According to these standards, a device is
acceptable even if 5% of its examinations differ from those of the reference device by 16 mmHg or
more. The recommendations of the BHS and ESH are similar. The reason for not demanding higher
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accuracy seems to be the low accuracy of the available devices that are generally based on the
oscillometry method.
Nevertheless several recent Editorial Commentaries in Hypertension [13–15] emphasize the added
value of home blood pressure measurements and ambulatory blood pressure monitoring. Increasing
evidence indicates that information about blood pressure variability obtained by monitoring provides
prognostic information regarding organ damage and cardiovascular events beyond that derived from
the average blood pressure value, obtained in office measurements [14,15]. Some studies even
show better prediction of cardiovascular events by single home blood pressure measurements than by
office measurements [13].
1.2. SBP Measurement
Several techniques have been developed for the measurement of SBP by using the collapse of the
artery under the cuff when the cuff pressure is above the SBP value. The reopening of the artery when
the cuff pressure decreases below the SBP value can be detected by a distal flow or pulse detector,
such as manual palpation, Doppler ultrasound, photoplethysmography (PPG) or strain gauge [16–25].
Each of these techniques uses the detection of a flow-related signal which starts to reappear when the
cuff pressure decreases below the SBP value, and the arteries under the cuff reopen for a short time
during the cardiac cycle. In contrast to oscillometry, these techniques (like the auscultatory SPM which
is based on the detection of Korotkoff sounds), enable the measurement of SBP with no need for an
empirical formula, that must be based on statistical grounds.
In a former study [24], we presented a cuff-based technique for automatic measurement of systolic
blood pressure, based on PPG signals measured simultaneously in fingers of both hands. PPG is the
measurement of light transmission changes during the cardiac cycle due to the arterial blood volume
changes in the tissue, induced by heart activity. After inflating a pressure cuff to a level above the SBP
value, it was slowly deflated, and the cuff pressure for which the PPG signal reappeared during the
deflation of the pressure-cuff was taken as the SBP value. However the first PPG signals in several
cases were small relative to the noise and their automatic detection required discrimination between
true PPG pulses and random fluctuations. The algorithm for the selection of the PPG pulses was based
on the values of two waveform parameters, calculated in the time-segments in which the PPG signals
distal to the cuff were expected to appear, utilizing a reference PPG signal from the free hand. The
detected pulses in these time-segments were identified as PPG pulses if they met two criteria that were
based on the pulse waveform and on the correlation between the signal in the current segment and the
signal in the two neighboring segments. The signal was taken as a PPG signal if minimal values of the
two calculated pulse shape parameters were obtained in several time-segments. The minimal values
and the number of time-segments were determined in order to achieve minimal standard deviation of
the differences between the values of the SBP values, obtained empirically by the PPG-based
automatic technique and auscultatory SPM, the reference standard.
That study considered the auscultatory method as the reference standard and tried to find another
technique, with measurement results as close as possible to those of the reference standard. The
determination of the pulses as PPG pulses was based on empirical criteria and was therefore of a
statistical nature, which is a potential source of error, similar to oscillometry. Furthermore, the
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auscultatory technique has its own inaccuracies, and these inaccuracies are also involved in the
PPG-based technique which is based on the auscultatory SPM.
In the current study, an improved noninvasive PPG-based method for the measurement of SBP is
presented and compared to auscultatory SPM. The PPG signal downstream to the cuff disappears when
the cuff pressure is greater than the SBP value and reappears when the cuff pressure decreases below
the SBP value. In the current study the PPG signal-to-noise ratio was increased relative to the former
study [24] and the detection was done visually off-line, by inspecting the light transmission curves
during the deflation period. Only pulses that were certainly recognized as PPG pulses were accepted
for the determination of the SBP. In general the signal-to-noise ratio of the PPG signal was high even
at cuff pressures slightly below the SBP and the detection of the first PPG pulses was unequivocal. In
the current study the comparison of the PPG-based method to the auscultatory SPM was not done in
order to determine the accuracy of the former relative to the reference standard. In the following we
show that in cases where the SBP measurements by the two techniques deviate, it is possible to
determine which result is more accurate without the need to utilize invasive intra-arterial SBP
measurement, the gold standard.
2. Experimental Section
2.1. Subjects and Method
PPG examinations and auscultatory SPM measurements were performed on 42 male subjects aged
25–73 years. We preferred to perform the examinations on male subjects, since in a previous study [26]
we found that the PPG signal in female subjects is generally small relative to that of male subjects.
Most of the examinees had no known cardiovascular disease, while others were diabetic or had cardiac
diseases. 37 of the subjects were normotensive (SBP < 140 mmHg and DBP < 90 mmHg). All subjects
had an arm circumference of 22–32 cm, compatible with the standard pressure-cuff that was used in
the study. In two subjects an auscultatory gap of about 10 mmHg was found, and their examinations
were not included in the current study.
The subjects were seated during the examination. Their forearms were placed comfortably on a
table, and the measurement was begun after a rest period of 10 min. A pressure cuff was applied to the
left arm and an electronic pump raised the air pressure to 140, 160 or 180 mmHg (according to the
SBP of the subject) at a rate of 15 mmHg per second. Then the air pressure decreased at a constant rate
of 1.5 mmHg per second. The cuff air pressure was measured by a piezoelectric transducer which was
calibrated by a mercury manometer. The SBP of each subject was measured five times, simultaneously
by auscultatory SPM and by the PPG method, using the same pressure-cuff. Korotkoff sounds were
detected by two researchers (MN and YA), using a double stethoscope. Each investigator pressed a
button when the first 4–5 Korotkoff sounds were heard and each button-press caused a notation (star)
to be inserted into the recording of the PPG (see Figure 1 in the Results Section).
The subjects were examined in the Jerusalem College of Technology. The study was approved by
the institutional ethical committee of Hadassah–Hebrew University Medical Center, Jerusalem. All
subjects signed an informed consent form.
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Figure 1. The PPG signals (VP) in the two hands of one of the subjects (above) and the
cuff pressure (Pc) as a function of time (below), during cuff inflation to above the SBP
value and subsequent slow cuff deflation. The PPG pulses distal to the cuff disappeared
when the cuff pressure increased to above the SBP value and reappeared when the cuff
pressure decreased below the SBP value. The arrows indicate the start and stop of the cuff
inflation. The stars above and below the PPG curve indicate the detection of the first
Korotkoff sounds by the two listeners.

2.2. The PPG-Based Device
Two reflection PPG probes, using infrared light sources were applied to the middle fingers of the
two hands. The light source and the detector of each probe were placed on the two ipsilateral sides of
the fingertip. This configuration was found to produce the highest signal-to-noise ratio. The PPG
signals were sampled (at a rate of 1000 samples per second and with 16 bit resolution) and stored for
further processing. The output of the piezoelectric transducer for the cuff air pressure measurement
was simultaneously digitized and stored.
The PPG signal in the hand distal to the cuff was used for the determination of the cuff pressure at
which the PPG pulses reappeared during cuff deflation. The PPG signal in the free hand was utilized
for the determination of the time-segments in which the PPG signal distal to the cuff was expected to
appear. In previous studies [24,27] we have found that the PPG signal distal to the cuff is expected to
appear about 100–300 ms after the PPG signal in the free hand, when the cuff pressure is slightly
below the SBP value. We used this information to validate that pulses in the finger distal to the cuff
were actually PPG signals.
The increase of the cuff pressure was relatively slow, at a rate of 15 mmHg per second—it took
more than 10 s to raise the pressure to a value of 160 mmHg. In an earlier study it was found that when
the cuff is inflated at a higher rate, 10%–20% of subjects show no PPG pulses until the pressure has
decreased significantly below the true SBP value (as measured by Korotkoff sounds). This effect
probably originates from the collapse of the finger arteries under the PPG sensor due to their drainage
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into the veins when the cuff air pressure increases above SBP. When the cuff air pressure is slightly
below the SBP value the blood volume pulses entering the arteries distal to the cuff are small and
cannot open the collapsed arteries under the sensor [24]. Increasing the cuff pressure to above the SBP
value slowly inhibits significant drainage of the blood from the arterial circulation and prevents the
possible collapse of the small arteries under the PPG probe.
Figure 2. The PPG pulses (VP) in the two hands of two of the subjects during cuff
deflation for cuff pressures in the neighborhood of the SBP value. The vertical dotted lines
indicate the start time of the systolic decrease in the cuff-free hand PPG pulses (the upper
curve in each figure). The star indicates the time of the first detection of the Korotkoff
sounds and the arrow indicates the start time of the free-hand PPG-pulse in which the first
star appeared. In these two examinations, the first Korotkoff sounds were heard in the same
heart-beat or nearly the same heart beat in which the first PPG pulses were detected.

2.3. Derivation of SBP
Five examinations were taken for each subject. The first examination was only a practice run and
was not used in the analysis. In general the next three examinations were analyzed for the
determination of the SBP value; if one of these examinations could not be used because of movement
noise, the fifth examination was used instead.

Sensors 2013, 13

14803

The Korotkoff sounds-based SBP value (SBPK) was determined off-line by the indications (stars)
marked by the two investigators. In order to compensate for the reaction time of the investigators
(of about 1/3 s), the SBPK value was determined as the cuff air pressure value, PC, at the start time of
the free-hand PPG-pulse in which the first star appeared (see Figures 2–4 in the Results Section). In
most cases the two investigators indicated their first stars in the same PPG pulse, but in some
examinations the two indications differed by one or two pulses. In these cases the SBPK value was
determined by the first star-indication to appear, corresponding to a higher value of SBPK, on the
assumption that the difference was either due to a difference in the hearing acuity of the investigators
or to a momentary lapse of attention on the part of one of the investigators.
Figure 3. The PPG pulses (VP) in the two hands of two of the subjects during cuff
deflation for cuff pressures in the neighborhood of the SBP value, and the cuff-pressure Pc.
As in Figure 2, the star indicates the time of the first detection of the Korotkoff sounds and
the arrow indicates the start time of the free-hand PPG-pulse in which the first star
appeared. In these examinations, the first Korotkoff sound (indicated by a star) was heard
several pulses before the PPG pulses reappeared. In these examinations Korotkoff sounds
technique is more reliable than the PPG technique.
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Figure 4. The PPG pulses in the two hands of two of the subjects during cuff deflation for
cuff pressures in the neighborhood of the SBP value, and the cuff-pressure Pc. As in Figure 2,
the star indicates the time of the first detection of the Korotkoff sounds and the arrow
indicates the start time of the free-hand PPG-pulse in which the first star appeared. In these
examinations, the PPG pulses reappeared several pulses before the detection of the first
Korotkoff sound (indicated by the star). In these examinations the PPG technique is more
reliable than Korotkoff sounds technique.

The PPG-based SBP value (SBPPPG) in each examination was obtained off-line by two observers
(SE and EH) from the value of the cuff air pressure, PC, at which the PPG pulses reappeared during the
deflation period. The two observers were blind to the corresponding pressure values determined by
auscultation. At cuff pressures slightly below the SBP value, the artery is only open for a short
time—when the arterial blood pressure is higher than PC—and the corresponding PPG pulses are
smaller than the corresponding pulses in the cuff-free hand. However the characteristic pattern of these
PPG pulses was distinct from the noise in most cases, and the first pulse was easily recognized. The
criterion used in our study to determine the reappearance of the first PPG pulse was qualitative as is
the criterion for the Korotkoff sounds. Only pulses whose appearance resembled the PPG pattern, that
showed significant decrease starting 100–300 ms after the start time of the PPG signal in the free hand,
were accepted. Only pulses that were recognized as PPG pulses by both observers were accepted. The
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SBPPPG value was determined as the cuff air pressure value at the start time of the PPG pulse in the
cuff-free hand in which the first PPG pulse had clearly reappeared.
2.4. Comparison of the Relative Accuracy of SBPK and SBPPPG
In order to obtain the absolute accuracy of the indirect measurement of SBP based on a pressure
cuff and on either Korotkoff sounds or PPG, comparison to invasive measurement by arterial
catheter—the gold standard—is required. In the current study a method for the assessment of the
relative accuracy of SBPK and SBPPPG was used, and this did not require invasive measurements.
In former studies we have found that in simultaneous measurements of SBP by Korotkoff sounds
and PPG, similar SBP values were obtained by both techniques in the majority of examinations. In
some examinations, however, differences in SBP values between the two techniques were found. Since
both techniques are indirect we cannot know a priori which of them is more accurate, but we can
reveal it in a given examination by finding the technique which first detects a pulse. When the first
PPG pulses are observed during the cuff deflation, it is evident that the artery below the cuff has been
reopened, and the SBP value is higher than the momentary cuff pressure. If Korotkoff sounds are not
detected at that time, it is a failure of the auscultatory technique. If Korotkoff sounds are heard in a
given examination while no PPG pulse is detected, it is a failure of the PPG technique, and the
Korotkoff technique is more accurate than the PPG technique in this examination.
3. Results and Discussion
3.1. Results
Figure 1 presents the two PPG curves in one of the examinations, in the finger distal to the cuff and
in the cuff-free hand, during the inflation and the deflation of the cuff. The cuff pressure as a function
of time is also shown. During cuff inflation the baseline of the PPG signal decreased (lower light
transmission) due to accumulation of blood volume distal to the cuff, which compresses the veins
underneath and prevents drainage of blood from the hand. The PPG baseline decrease stopped before
the cessation of the inflation, when the cuff pressure increased to above the SBP value and stopped
blood flow to the hand. When the cuff pressure increased to above the SBP value, the PPG pulses
distal to the cuff disappeared, and they returned when the cuff pressure decreased to below the SBP
value. Simultaneously with the reappearance of the PPG pulses, the baseline of the PPG signal
presented significant decrease, due to additional accumulation of blood in the finger. The stars in the
figure indicate the time at which Korotkoff sounds were heard by the two listeners. Similar curves
were obtained for all other examinations.
Figure 2 presents the PPG pulses in the two hands of two of the subjects during cuff deflation in the
neighborhood of the SBP value. The vertical dotted lines indicate the start of the systolic decrease in
the cuff-free hand PPG pulses. In these two examinations the first Korotkoff sound was heard in the
same heart beat or nearly the same beat in which the first PPG pulse was detected. Figure 3 presents
the PPG signals in the neighborhood of the SBP value in examinations in which the Korotkoff sounds
were heard before the first PPG pulses were detected, and Figure 4 presents similar PPG curves in
which PPG pulses were observed before the first Korotkoff sounds were detected.
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The curves below the PPG curves are the air pressure (Pc) curves during the cuff deflation. Note
the oscillations in the decreasing pressure curves that appear before the SBP values, both
those obtained by Korotkoff sounds and those obtained by the PPG pulses reappearance. These
oscillations are used in oscillometry to determine the systolic and diastolic blood pressure values
through empirical criteria.
In 97 out of 120 examinations of the 40 subjects, the difference between SBP values, measured by
PPG, and SBP values measured by Korotkoff sounds was less than 3 mmHg. The mean (±SD) of the
difference SBPPPG-SBPK for the 120 examinations was 0.81 (±2.49) mmHg, which is significantly
higher than zero (p < 0.001 in t-test). Figure 5 shows the number of examinations in which SBPK
differed from SBPPPG by 3, 4, 5, 6 and 7 mmHg or more.
Figure 5. The number of examinations in which SBPK and SBPPPG differed by more than
3, 4, 5, 6 and 7 mmHg. SBPPPG was higher than SBPK in more examinations than those in
which SBPK was higher than SBPPPG.

Figure 6 shows the Bland-Altman plot of the difference between the SBP values, measured by PPG
and by Korotkoff sounds, against the inter-method average. In many of the examinations, the
difference, SBPPPG-SBPK, was zero.
In the majority of the examinations in which SBPPPG-SBPK differed from zero, SBPPPG was higher
than SBPK. As was claimed above, in a given examination in which SBPPPG and SBPK differed,
detection of the PPG signal before the Korotkoff sounds during the cuff deflation indicates higher
accuracy of the PPG-based technique relative to the Korotkoff based-technique and vice versa.
Intra-subject variability is demonstrated in Figure 7, which presents the three values of the
difference SBPPPG-SBPK for each subject. The maximal intra-subject difference between the three
values of SBPPPG-SBPK was 0–9.4 mmHg (mean and SD 3.4 ± 2.5 mmHg).
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Figure 6. Bland-Altman plot of the difference between SBP values measured by PPG and
by Korotkoff sounds (SBPPPG-SBPK) as a function of their mean. The mean difference was
0.81 mmHg and the 2SD values were ±4.98 mmHg. More examinations showed positive
SBPPPG-SBPK than negative SBPPPG-SBPK.

Figure 7. Intra-subject variability. The figure presents the three values of SBPPPG-SBPK for
each subject.

3.2. Discussion
The various indirect non-invasive techniques for the measurement of systolic blood pressure are
based on applying decreasing external pressure by means of a pressure cuff on an underlying artery
and determining the systolic blood pressure by measuring some physiological parameter that changes
when the cuff pressure decreases from above the SBP value to below it. The indirect techniques
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assume that the counter-pressure applied on the arterial wall causes it to collapse when the cuff
pressure is higher than the arterial blood pressure, and the artery reopens when the arterial blood
pressure is higher than the cuff pressure. The arterial wall itself is assumed to be compliant when the
trans-mural pressure is zero and to exert negligible resistance force. In stiffened atherosclerotic
arteries, higher pressure than the arterial blood pressure is required to occlude the artery, and it affects
blood pressure measurement [3,8,28]. This effect, pseudo-hypertension, is common to all cuff-based
techniques for SBP measurements, and is not addressed in the current paper. We will discuss the
physiological parameters that change when the cuff pressure decreases from above the SBP value to
below it.
The cuff-based indirect techniques can be classified into three classes according to the type of these
physiological parameters:
•

•

•

SBP meters based on detection of a pulsatile parameter that is directly induced by blood flow and can
be detected non-invasively. These pulsatile parameters include pulse palpation, ultrasound Doppler,
PPG and strain gauge. SBP is determined from the cuff pressure at which the pulsatile parameter
reappears when the external pressure decreases below the SBP value and the artery reopens.
Auscultatory sphygmomanometry based on Korotkoff sounds. Korotkoff sounds are also
assumed to start when the external pressure decreases below the SBP value and the artery
reopens. However, they cannot be classified as directly induced by blood flow, since they are not
heard when no external pressure is applied on the artery, when blood flows uninterruptedly.
Oscillometry, which is based on the dependence on time of the air pressure pulses in the cuff
during cuff deflation—the oscillometric curve. The air pressure pulses appear even when the cuff
pressure is above SBP value, and the SBP is determined by the analysis of the oscillometric
curve using empirical criteria. Those empirical criteria are probably responsible for the low
accuracy of oscillometry [3,7–9], since the oscillometric curve changes significantly when there
are alterations in arterial properties.

Korotkoff sounds appear only when the cuff pressure is between the systolic and diastolic blood
pressure. The arterial blood flow itself does not generate these sounds, as they are not heard when the
cuff pressure is below the diastolic blood pressure value. Several effects have been suggested as the
origin for Korotkoff sounds: turbulence due to partial occlusion of the artery, flutter of the arterial
wall, impact of the pulsating blood on the stationary distal column of blood and more [18,29–31]. It is
reasonable to assume that several effects take part in the creation of the Korotkoff sounds.
Auscultatory sphygmomanometry, based on the detection of Korotkoff sounds, has been accepted
as the preferred non-invasive technique for the measurement of arterial blood pressure. Auscultatory
sphygmomanometry has been compared to direct intra-arterial measurement of SBP, and it
provided, in several examinations, significantly lower values than those obtained by the invasive
gold-standard [3,6,32–34]. It seems that in some examinations, when the cuff pressure is slightly
below the SBP value, the effects that generate Korotkoff sounds may not be strong enough to produce
audible Korotkoff sounds.
The PPG-based technique belongs to the first class, since the PPG signal can appear only when
the cuff pressure decreases below the SBP value, and it continues to appear when there is no
external pressure. In the current study we compared the PPG-based technique with auscultatory
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sphygmomanometry, which is considered to be the most accurate non-invasive method for blood
pressure measurement and is accepted as the method of choice. In our study we have found that during
cuff deflation, in the majority of the examinations in which SBPPPG differed from SBPK, SBPPPG was
higher than SBPK (see Figure 6). The mean of the difference SBPPPG-SBPK was positive, 0.81 mmHg,
and the number of examinations in which SBPPPG was higher than SBPK by 3, 4, 5, 6 and 7 mmHg or
more (in a given examination) was higher than the corresponding number of examinations in which
SBPK was higher than SBPPPG. Detection of the PPG signal before the Korotkoff sounds during cuff
deflation indicates the greater accuracy of the PPG-based technique relative to the Korotkoff
based-technique in that measurement, and vice versa. In the current study, the PPG-based
measurement of the SBP was found to be more accurate than the Korotkoff sounds-based technique of
the SBP measurement. It should be emphasized that the current study cannot provide information
regarding the absolute accuracy of the two techniques: in order to make such a determination,
comparison to intra-arterial measurement is required.
The study also showed that in some cases the PPG-based technique did not provide an accurate SBP
measurement. In those examinations in which Korotkoff sounds were heard before the reappearance of
the PPG signals, the latter were not detected despite the reopened artery, as proved by the detection of
the Korotkoff sounds. The small volume of blood added to the whole arm and hand during the short
time in which the arterial blood pressure was above the instantaneous cuff pressure could not create a
detectable change in light transmission in several examinations. It is reasonable, however, to assume that
increase of the PPG signal-to-noise ratio and more reliable detection of the PPG signal can provide higher
accuracy in the measurement of the SBP by the PPG-based technique. It is not reasonable to expect
that after 100 years of extensive use, the Korotkoff sounds-based technique can be significantly improved.
4. Conclusions
The current study shows that the PPG-based technique for the measurement of SBP is of
comparable accuracy to the Korotkoff sound-based technique, and probably of higher accuracy, though
this last claim should be validated in more comprehensive studies. It should be emphasized that the
study was performed on male subjects, who have PPG signal greater than that for female subjects. In
general, the typical pattern of the PPG signals can be clearly recognized even when the cuff pressure is
slightly below the SBP value, indicating that automatic measurement of SBP by means of automatic
detection of the PPG signals is feasible. The absolute accuracy of the automatic measurement of the
SBP by means of PPG-based technique has to be determined experimentally by comparing it to
invasive intra-arterial blood pressure measurements.
The main limitation of the PPG-based technique is that it only measures SBP but not diastolic blood
pressure. However, a blood pressure meter, that provides automatic and accurate measurement of SBP
together with diastolic blood pressure measurement either by the manual Korotkoff sound-based
technique or by the automatic oscillometry, seems to be of clinical merit.
During the long period since the invention of the Korotkoff sounds-based technique, efforts have
been made to use the technique automatically, using a microphone instead of a stethoscope, but the
automatic technique has not been shown to be accurate enough to replace auscultatory
sphygmomanometry. Audible artifacts are more reliably rejected by the human ear-brain combination
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than by sophisticated algorithm designed to analyze the microphone signals and to differentiate
between Korotkoff sounds and artifacts. The PPG signal seems to be more suitable for automatic
detection because in most cases the pattern of the PPG signals is conserved throughout the whole
deflation period and can be easily recognized.
Acknowledgments
The study was supported by Joseph Trust, UK.
Conflicts of Interest
The authors declare no conflict of interest except the following: one of the authors (Meir Nitzan)
has applied for a patent related to the content of the manuscript.
References
1.

O’Brien, E.; Petriel, J.; Littler, W.; de Swiet, M.; Padfield, P.L.; Altman, D.G.; Brand, M.; Coats, A.;
Atkins, N. The British Hypertension Society protocol for the evaluation of blood pressure
measuring devices. J. Hypertens. 1993, 11, S43–S62.
2. Pickering, T.G.; Blank, S.G. Blood Pressure Measurement and Ambulatory Blood Pressure
Monitoring. In Hypertension: Pathophysiology, Diagnosis and Management; Laragh, J.H.,
Brenner, B.M., Eds.; Raven Press: New York, NY, USA, 1990; p. 89.
3. Pickering, T.G.; Hall, J.E.; Appel, L.J.; Falkner, B.E.; Graves, J.; Hill, M.N.; Jones, D.W.; Kurtz, T.;
Sheps, S.G.; Roccella, E.J. Recommendations for blood pressure measurement in humans and
experimental animals, Part1: Blood pressure measurement in humans: A statement for
professionals from the subcommittee of professional and public education of the American Heart
Association council of high blood pressure research. Hypertension 2005, 45, 142–161.
4. Sebald, D.J.; Bahr, D.E.; Kahn, A.R. Narrowband auscultatory blood pressure measurement.
IEEE Trans. Biomed. Eng. 2002, 49, 1038–1044.
5. Ng, K.G.; Small, C.F. Survey of automated noninvasive blood pressure monitors. J. Clin. Eng.
1994, 19, 452–475.
6. Drzewiecki, G. Noninvasive Assessment of Arterial Blood Pressure and Mechanics.
In Biomedical Engineering Handbook; Bronzino, J.D., Ed.; CRC Press: Boca Raton, FL, USA,
1995; p. 73.
7. Liu, J.; Hahn, J.-O.; Mukkamala, R. Error mechanisms of the oscillometric fixed-ratio blood
pressure measurement method. Ann. Biomed. Eng. 2013, 41, 587–597.
8. Kaplan, N.M.; Lieberman, E.; Neal, W. Kaplan’s Clinical Hypertension, 8th ed.; Lippincott
Williams & Wilkins: Philadelphia, PA, USA, 2002; p. 2.
9. Ursino, M.; Cristalli, C. A mathematical study of some biomechanical factors affecting the
oscillometric blood pressure measurement. IEEE Trans. Biomed. Eng. 1996, 43, 761–778.
10. White, W.B.; Berson, A.S.; Robins, C.; Jamieson, M.J.; Prisant, L.M.; Rocella, E.; Sheps, S.G.
National standard for measurement of resting and ambulatory blood pressures with automated
sphygmomanometers. Hypertension 1993, 21, 504–509.

Sensors 2013, 13

14811

11. O’Brien, E.; Waeber, B.; Parati, G.; Staessen, J.; Myers, M.G. Blood pressure measuring devices:
Recommendations of the European society of Hypertension. Br. Med. J. 2001, 322, 531–536.
12. Asmar, R.; Zanchetti, A. Guidelines for the use of self blood pressure monitoring: A summary
report of the first international consensus conference. J. Hypertens. 2000, 18, 493–508.
13. Stergiou, G.S.; Siontis, K.C.M.; Ioannidis, J.P.A. Home blood pressure as a cardiovascular
outcome predictor. It’s time to take this method seriously. Hypertension 2010, 55, 1301–1303.
14. Stergiou, G.S.; Parati, G. How to best assess blood pressure? The ongoing debate on the clinical
value of blood pressure average and variability. Hypertension 2011, 57, 1041–1042.
15. Schillaci, G.; Pucci, G.; Parati, G. Blood pressure variability. An additional target for antihypertensive
treatment? Hypertension 2011, 58, 133–135.
16. Whyte, R.K.; Elseed, A.M.; Fraser, C.B.; Shinebourne, E.A.; de Swiet, M. Assessment of Doppler
ultrasound to measure systolic and diastolic blood pressures in infants and young children.
Arch. Dis. Child. 1975, 50, 542–544.
17. Stegall, H.F.; Kardon, M.B.; Kemmerer, W.T. Indirect measurement of arterial blood pressure by
Doppler ultrasonic sphygmomanometry. J. Appl. Physiol. 1968, 25, 793–798.
18. Sykes, D.A.; McCarty, K.; Mullkerin, E.; Fisher, D.J.; Woodcock, J.P. Correlation between
Korotkoff’s sounds and ultrasonics of the brachial artery in healthy and normotensive subjects.
Clin. Phys. Physiol. Meas. 1991, 12, 327–331.
19. Talke, P.O. Measurement of systolic blood pressure using pulse oximetry during helicopter flight.
Crit. Care Med. 1991, 19, 934–937.
20. Langbaum, M.; Eyal, F.G. A practical and reliable method of measuring blood pressure in the
neonate by pulse oximetry. J. Pediatr. 1994, 125, 591–595.
21. Fronek, A.; Blazek, V.; Curran, B. Toe pressure determination by audiophotoplethysmography.
J. Vasc. Surg. 1994, 20, 267–270.
22. Laurent, C.; Jonsson, B.; Vegfors, M.; Lindberg, L.G. Non-invasive measurement of systolic
blood pressure on the arm utilizing photoplethysmography: Development of the methodology.
Med. Biol. Eng. Comput. 2005, 43, 131–135.
23. Verrij, E.; van Montfrans, G.; Bos, J.-W. Reintroduction of Riva-Rocci measurements to
determine systolic blood pressure? Neth. J. Med. 2008, 66, 480–482.
24. Nitzan, M.; Patron, A.; Glik, Z.; Weiss, A.T. Automatic noninvasive measurement of systolic
blood pressure using photoplethysmography. Bio. Med. Eng. OnLine 2009, 8, doi:10.1186/
1475-925X-8-28.
25. Siennicki-Lantz, A.; Elmståhl, S. Phenomenon of declining blood pressure in elderly-high systolic
levels are undervalued with Korotkoff method. BMC Geriatr. 2011, 11, doi: 10.1186/
1471-2318-11-57.
26. Nitzan, M.; Babchenko, A.; Khanokh, B.; Landau, D. The variability of the photoplethysmographic
signal—a potential method for the evaluation of the autonomic nervous system. Physiol. Meas.
1998, 19, 93–102.
27. Nitzan, M.; Rosenfeld, C.; Weiss, A.T.; Grossman, E.; Patron, A.; Murray, A. Effects of external
pressure on arteries distal to the cuff during sphygmomanometry. IEEE Trans. Biomed. Eng.
2005, 52, 1120–1127.

Sensors 2013, 13

14812

28. Spence, J.D. Pseudohypertension. In Hypertension: Pathophysiology, Diagnosis and Management;
Laragh, J.H., Brenner, B.M., Eds.; Raven Press: New York, NY, USA, 1990; p. 87.
29. Chungchareon, D. Genesis of Korotkoff sounds. Am. J. Physiol. 1964, 207, 190–194.
30. Ur, A.; Gordon, M. Origin of Korotkoff sounds. Am. J. Physiol. 1970, 218, 524–529.
31. Cunningham, T. Korotkoff sounds. Stud. BMJ 2003, 11, 219–262.
32. Hunyor, S.N.; Flynn, J.M.; Cochineas, C. Comparison of performance of various
sphygmomanometers with intra-arterial blood-pressure readings. Br. Med. J. 1978, 2, 159–162.
33. Avolio, A.P.; Butlin, M.; Walsh, A. Arterial blood pressure measurement and pulse wave—their
role in enhancing cardiovascular assessment. Physiol. Meas. 2010, 31, R1–R47.
34. Ghione, S.; Franchi, D.; Ripoli, A.; Palagi, G.; Mezzasalma, L.; Nardi, G.C.; Belardinelli, A.;
Berti, S.; Bedini, R. On the contribution of biomedical engineering and technology to the
understanding and the management of arterial hypertension. J. Med. Eng. Technol. 1998, 22, 31–36.
© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).

