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Abstract Identification of end systole is often necessary when studying events
specific to systole or diastole, for example, models that estimate cardiac func-
tion and systolic time intervals like left ventricular ejection duration. In prox-
imal arterial pressure waveforms, such as from the aorta, the dicrotic notch
marks this transition from systole to diastole. However, distal arterial pres-
sure measures are more common in a clinical setting, typically containing no
dicrotic notch. This study defines a new end systole detection algorithm, for
dicrotic notch-less arterial waveforms. The new algorithm utilises the beta
distribution probability density function as a weighting function, which is
adaptive based on previous heartbeats end systole locations. Its accuracy is
compared with an existing end systole estimation method, on dicrotic notch-
less distal pressure waveforms. Because there are no dicrotic notches defining
end systole, validating which method performed better is more difficult. Thus,
a validation method is developed using dicrotic notch locations from simul-
taneously measured aortic pressure, forward projected by pulse transit time
(PTT) to the more distal pressure signal. Systolic durations, estimated by
each of the end systole estimates, are then compared to the validation systolic
duration provided by the PTT based end systole point. Data comes from ten
pigs, across two protocols testing the algorithms under different hemodynamic
states. The resulting mean difference + limits of agreement between measured
and estimated systolic duration, of —8.7 £ 26.6 ms verses —23.2 4+ 37.7 ms, for
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the new and existing algorithms respectively, indicate the new algorithms su-
periority.

Keywords End systole - Start diastole - Dicrotic notch - Cardiovascular
system - Pressure contour interpretation.

1 Introduction

The dicrotic notch is a combination of two turning points with respective
local minimum and maximum in arterial pressure signals, found between a
beats peak pressure and diastolic relaxation. It is formed by the reflection of
a wave off of the aortic valve, following valve closure [1]. Thus, it is clearest in
proximal pressure signals and determines transition from systole to diastole [2].
Specifically, aortic systolic duration, associated with left ventricular ejection,
lasts from the foot of the aortic pressure wave to the dicrotic notch [3-5].
Diastolic duration, associated with ventricular relaxation, is the remaining
time from the dicrotic notch to the next pressure waveform foot.

Given the physical significance of the dicrotic notch as a systolic/diastolic
time reference, it has been used in numerous applications, including, pulse wave
velocity calculations [6], models estimating cardiovascular function [7-12], and
left ventricular ejection time. Therefore there are many different algorithms
which apply different signal processing methods to dicrotic notch detection [2,
13-16].

Despite the convenience of the dicrotic notch indicating end systole, in a
clinical setting, measuring central arterial pressure high in the aorta is not
as common as more distal measures, such as in the femoral or iliac arteries.
However, as a pressure waveform travels away from the heart, its shape is in-
fluenced by changes in vascular properties and reflected waves [2], attenuating
the dicrotic notch to a notchless point of inflection or simply a slight change in
curvature. This attenuation makes end systole (¢.s) more difficult to identify in
distal pressure waveforms [2]. Additionally, the dicrotic notch shape is known
to deteriorate with age [17].

To simplify t.s estimation, previous studies have assumed it at the point
of maximum negative pressure gradient with respect to time (min %) [18,8,
19,11], typically occurring between the peak pressure of a beat and before the
start of diastolic relaxation. This simplification underestimates systolic dura-
tion (Tsys) and overestimates diastole [16] but provides consistent predictable
performance in signals with and without dicrotic notches.

This study presents a more appropriate method, estimating t., 42 p/as2 as a
d’pP

peak in the weighted second derivative ( ). Specifically, the second deriva-

dt?
tive is weighted so the resulting ‘ft]; peak corresponds to the local maximum
curvature in the region of downward concavity, making it appropriate for sig-
nals with and without dicrotic notches. The accuracy and robustness of the
new method is tested on the more difficult dicrotic notch-less signals, increasing

its clinical applicability. It is compared to a weighted first derivative method,




Accurate end systole detection in dicrotic notch-less arterial pressure waveforms 3

tes,ap/dt, Which is summarized in Appendix A and first published elsewhere
[11].

2 Methods
2.1 Ethics statement

Data in this study was obtained from a prior series of pig experiments con-
ducted at the Centre Hospitalier Universitaire de Liege, Belgium. Ethics ap-
proval for the experimental procedures, protocols and use of the data was
provided by the Ethics Committee of the University of Liege Medical Faculty,
permit numbers 1452 & 14-1726 respectively.

2.2 Porcine trial procedures

Data from 10 pure pietrain pigs weighing 18.5-29 kg were used in the anal-
ysis, from 2 separate experiments with different experimental protocols. The
original intention of each protocol are not relevant to this study. However, the
variety of hemodynamic modifications enables testing end systole estimation
across a wider range of hemodynamic states and thus pressure waveforms
shapes.

Each pig was sedated, anaesthetised and mechanically ventilated with a
baseline positive end-expiratory pressure (PEEP) of 5 cmH50O and tidal volume
of 10mlkg~!. Both protocols used high fidelity pressure catheters (Transonic,
Ithaca, NY, USA) to measure left ventricular (P,en:) and proximal aortic
pressure (Pproz). Dicrotic notch-less distal measures were from the abdominal
aorta and femoral artery (Py;st), for Protocols 1 and 2 respectively. Data was
sampled at 1000Hz for Protocol 1 and 250Hz for Protocol 2.

Pigs 1 — 4 are associated with Protocol 1, where a continuous infusion of
dobutamine modulated heart contractility and can also act as a vasodilator
[20,21]. Pig 3 was infused at a rate of 2.5 pgkg ™! min~—! while Pigs 1, 2 and 4
were infused at 5 g kg~! min~!. This protocol also measured an electrocardio-
gram (ECG) signal. A full description of the dobutamine protocol is available
elsewhere [11,22].

Pigs 5 — 10 are associated with Protocol 2, characterised by a 30 min in-
fusion of e. coli lipopolysaccharide (endotozin), inducing a septic shock like
response: inflammation, capillary leakage, decreased afterload, hypovolemia,
tissue hypoxia and eventual cardiac failure [23,24]. A full description of the
endotoxin protocol is available elsewhere [25].

In both protocols, lung recruitment manoeuvres (RMs) were used, where
PEEP is increased in 5 cmH>O increments up to a maximum of 15 cmHsO
for Pigs 4 and 9, and 20 cmH,O for all remaining pigs. Increases in PEEP can
reduce systemic venous return to the right heart and increase pulmonary resis-
tance. Thus, left ventricle preload decreases, leading to lower arterial pressure
[26].
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2.3 Data Selection Summary

The data used in the analysis is taken from three distinct stages of the two
experimental protocols. Thirty heart beats are used for each stage, meaning a
total of 900 heart beats are used in the analysis. The equal number of heart
beats analysed from each stage, ensures equal representation in statistical com-
parisons. The control stage was when a pig was at rest following anaesthesia,
before any hemodynamic modifications were applied. High PEEP comes from
the RM, specifically during the PEEP level of 15 cmH50. Pigs 1 — 4 have the
dobutamine stage of Protocol 1, where the 30 beats are during the continuous
dobutamine infusion. Protocol 2’s final stage is end endo, which for Pigs 6, 7
and 9 refers to 30 beats just prior to the cessation of the endotoxin infusion.
Pigs 5, 8 and 10 responded more dramatically to the endotoxin infusion causing
cardiac/circulatory failure before the full 30 min was complete. Therefore, the
end endo stage for these pigs is during the late part of their rapid decline in
hemodynamic stability.

2.4 Weighted second derivative algorithm implementation

In Py;st, end systole occurs in the region of downward concavity leading into
diastolic decay. Concavity can be measured using the second derivative with
respect to time (5571;). End systole (fes 42p/at2) corresponds to a prominent
peak in ‘f;t}; , in the region after the peak pressure, as shown in Fig 1.
However, noise amplification when calculating discrete data’s second
derivative, makes this peak more difficult to identify. Although filtering ‘ftf
removes most of the noise, noise at a similar frequency to the peak associated
with t.s g2 P/ds? cannot be removed, as seen in Fig 1. Therefore, a weighting
function, w(t), is applied to attenuate ‘f;tf peaks based on their distance from
the region in which t.; is expected to occur. The weighting is based on a beta
distribution probability density function, which is normalized so its magnitude

ranges from 0 to 1. The algorithm implementation is as follows:

1 ‘f;tf is calculated and passed through a zero phase delay Hamming low pass
filter, with a cut off frequency of 20 Hz and transition width of 5 Hz.

2. Time of start of systole for each beat (tf,0¢) is identified as the feet in
the pressure waveform, along with each beats peak pressure (¢p, ,, ). The
algorithm used is outlined in Appendix B, and discussed in more detail
elsewhere [16,22].

3. The weighting is calculated and applied to each beat individually according
to the following:

(a) The n'" beat (tfoot,n tO tfoot,nt1) is considered in isolation, so time is
with respect to the start of the beat, ranging from 0 to T, where T is
the duration of the beat

(b) The weighting function w(t) is calculated as follows:
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Fig. 1 The rationale for identifying end systole as a prominent peak in the
filtered second derivative (t.s 42p /dtz), corresponding to the transition to start
of diastole. This beat is taken from Pig 2’s high PEEP stage.

11 -1)f 1 t>tp where T(t) = p—fmas

max

0 t<tp,..
w(t) { " itp (1)

Where for ¢ > tp .., w(t) becomes a beta distribution probability s
density function, distributed over the remainder of the beat. With 0 < 153
T < 1 and 8 = 5, the basic shape of w(t) is defined. a allows control 15
over the final shape by shifting its peak, as shown in Fig 2. 155
« ensures an adaptive beat specific weighting, that places the w(t) s
peak (t,,,,.) in the expected vicinity of ¢.s. « is found according to the s

following equation: 158
gt =27  +1 t —tp ..
a = Wmazx Wmax where Twmaz — Wmax max (2)
1—Tu,.. T —1tpu.
. . . ape dw(t>tpmaac)
Equation 2 is derived from recognition T, ,, comes from ——ma> = 450

0. Thus, all that is necessary is to define t,, . in the location of the 10
expected end systole point (t.s) for the n'® beat according to the fol- e
lowing: 162
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Fig. 2 Same beat as for Fig 1. Two different possible weighting functions are
shown, illustrating the effect of o on the weightings peak location, t,,, . and
Tw,,a. Te€Spectively.

i.

ii.

« is also bound from 1.5 to 4.5, ensuring ¢

If n < 3, an empirical relationship gives an estimate of systolic
duration based on heart rate (Tys, Hr), where HR is in beats per
second [27]:

tun, = Tays.zr = —0.1HR + 0.45 (3)

Wmax
where Ty pr is used to define ¢ with respect to the start of

the beat.
Ifn > 3, ty,,.. is the mean systolic duration (T,s) from the pre-

vious three beats identified tcs 42 p/as2:

3
> Toysin-i (4)
i=1

is not placed too early

Wmax

= TSyS =

Wmax

W =

Wmax

in systole, or too late in diastole.
4. With w(t) calculated using equation 1, t., g2p/as2 is found as the time of

d’p

the most prominent peak in the product w(t)%;z, the weighted second
derivative. The culmination of all steps is shown in Fig 3, using the third
and fourth beats of Pig 2’s high PEEP stage. This way both steps 3(b)i

and 3(b)ii, for ¢

determination, are illustrated.

Wmazx



Accurate end systole detection in dicrotic notch-less arterial pressure waveforms 7

140 A

120 A

Pdlst
(mmHg)

100 A

1.5

1.0

0.5

0.0

F—=0.5

Tsys, HR Tys 1,2,3
Tsys,3 Tsys,4
T T T T T T T T
0 200 400 600 800 1000 1200 1400
time (ms)

—— Refer to primary y-axis label ~ ® toot, dist

—— w(t), weighting function A tp
—— Weighted 2nd derivative W ty,,
V tes apiat?

Fig. 3 Example end systole detection, using the 3rd and 4th beats of Pig 2’s
high PEEP stage. Note, beats 1-3 use Equation 3 to define t,,,,,, location.
Subsequent beats move t,,, . using the mean systolic duration of the previ-
ous three beats, per Equation 4, thus, beat four uses the mean of beats 1-3,
T

5Ys$.1,2,3°

3Ly

5. As stated in Section 1, tesq2pja> fidentification is easier when dicrotic
notches are present, since the associated second derivative peak has much
more prominence. However, filtering the second derivative in step 1 will
shift the tos a2 pjar> peak due to the removal of some frequency content. To
account for this, Appendixz C covers an optional additional step specifically
for dicrotic notch detection.

2.5 Validation: forward projection of dicrotic notch location

Since by eye, there is no definitive t.s location in a dicrotic notch-less arterial
waveform, validation of tcs 42p/qs2 is more difficult. However, pulse transit
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time (PTT), the time taken for the pulse to travel between two arterial sites,
provides a physiologically based t.s location. PTT is usually measured between
the feet of two different pressure measures, such as Pprop and P, [22].
However, absolute end systole/start diastole, can also be described as wave
propagation, with valve closure causing a forward travelling expansion wave,
reducing pressure as it travels along the arterial tree [28,29]. Fig 4 shows how
forward projecting a known end systole point, by PTT, accurately predicts the
time end systole is experienced at the downstream arterial site. Thus, t.s pr,
is found by forward projecting the dicrotic notch location, from Pp;.o., by PTT,
onto the the Py, signal, as shown in Fig 5. However, t.s prr is not definitive,
since the approach negates the effects of the changing waveform shape as it
travels along the arterial tree [30]. The changing waveform shape is partly due
to reflected wave phenomena, but also due to the relationship between wave
propagation velocity and pressure [31]. Specifically, because the pressure at
end-systole is higher than start-systole, it is possible the wave propagation of
end-systole is faster than start-systole. Thus, t.s prr could slightly overesti-
mate the true end-systole location in distal pressure waveforms. Additionally,
since tes, prT requires two arterial pressure signals, it is unlikely to be viable
in a clinical setting. However, it still provides a means of validating which of
les,dp/ar and teg g2 pra2 is the better estimate.

150
I Pprox

Paist
140 -

[~

130 A

Hg)

1204

110 A

Pressure (mm

100 A

0.1 0.2 0.3 0.4 0.5 0.6 0.7
time (ms)

Fig. 4 Example of how pulse transit time (PTT) describes the propagation of
the pressure disturbance associated with end systole/start diastole along the
arterial tree, marking the transition from late systole into diastolic pressure
decay.

Dicrotic notch detection (fes gic) in Pprop Was performed using an estab-
lished adaptive shear transform method, similar to that used for foot detection
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Fig. 5 Example of how pulse transit time (PTT) was used to compare the tes
algorithms using T, estimates. The example uses pressure waveforms from
Pig 9’s control stage.

in Fig 9. An example of the shear line used is shown in Fig 5 but its detailed
construction is discussed elsewhere [16]. In addition, using 30 beats for each
pig and stage, made checking the dicrotic notch detection in P, simple to
facilitate by eye.

2.6 Analyses

Rather than directly comparing the difference between the derivative based
end systole estimates (tes,qp/at & tes.a2p/ar2) and tes prr, their resulting sys-
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tolic durations are compared. The three systolic durations are shown in Fig 5
and summarized below with their respective end systole estimates:

— Tsys,prT, Where end of systole is tcs prr
— Tsys,dp/dt, Where end systole is tes gp/ar
— Tsys,q2p/de2, Where end systole is tes g2 p/as2

T,ys is used because, as discussed in the Section 1, end systole is often found
to determine systolic and diastolic time intervals [3-5].

The accuracy of Ty gpar and Ty 42 p/ar2 compared with Tgys prr, are
analysed using two formats. Correlation plots show the overall regression line
and coefficient of determination (r?) for the pigs. The coefficient of determina-
tion, r?, represents the fraction of the total observed variation in Tsys,d2P/dr?
or Tsys ap/dt, due to the observed variation in Ty prr. However, correlation
does not imply agreement [32] and therefore Bland-Altman analysis is also
used.

3 Results & Discussion
3.1 Correlation outcomes

Overall correlations shown in Fig 6a & 6b, r2 = 0.77 versus 0.87 respectively,
suggest more of the variability in T, 42p/as2 is explained by Ty prr, com-
pared with Ty, qp/q;- However, Pig 5 and Pig 8 have individual coefficients
of determination for Ty, 4p/a; higher than for T, 42 p/as2, shown in Table 1.
These two higher r? values can be misleading if used to assess agreement [32],
since for Pig 5, tes q2p/qi2 Was closest to tes prr for 87 of its 90 beats, with
only 3 beats during end endo where t., qp/q; Was closer to tes prr. Similarly
tes,azp/arz Was the better estimate in 17 of 30 beats in Pig 8 end endo.

As stated in Section 2.3, inadequate pulse pressures led to circulatory fail-
ure prior to the full 30 minutes of endotoxin infusion in Pigs 5 and 8. This is
to blame for the reduction in end systole detection accuracy and outliers in
Figures 6 and 7. Specifically, Pig 8’s femoral pressure fell to a mean value of
24 mmHg, with a pulse pressure of only a few millimetres of mercury, at which
point the effectively non-pulsatile signal makes end systole detection difficult
for either algorithm. Since Pp.., was maintained longer than Py during the
end endo stage, a dicrotic notch still enabled reasonable t.s prr estimation.

3.2 Bland Altman outcomes

Fig 7 shows the mean systematic error of the weighted second derivative
method was lower than its weighted first derivative counterpart, -8.7 ms verse
-23.2 ms respectively. Additionally, the new algorithm has narrower limits of
agreement (mean + 1.96 standard deviations), of £26.6 ms verses £37.7 ms,
confirming across all pigs and stages its superiority over the old algorithm.
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(b) Variation in T 42 p/ge2 described by Tsys prr

Fig. 6 The overall coefficient of determination (round to 2 d.p.), for both
Toys,ap/at (a) and Tyys g2p/ar2 (b) estimation methods. The data points are
numbered, corresponding to the pig they represent. The ten beats of highest
error are shown for each pigs stage, to improve clarity.
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Fig. 7 Bland-Altman analysis, where the mean bias between Ty, pr7 and the
derivative based T, estimates are shown, as well as the limits of agreement.
The data points are numbered, corresponding to the pig they represent. The
ten beats of highest error are shown for each pigs stage, to improve clarity.
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Table 1 Coefficient of determination (r?) for each Ty, estimate (Toys,apjar &
Toys,a2pjarz) V8 Tsys prr, for each individual pig (rounded to 2 d.p.).

Pig
1 2 3 4 5 6 7 8 9 10

Toys,ap/dt 1.0 1.0 099 083 059 093 098 044 098 0.87
T,yoazpjarz 1.0 1.0 099 083 001 094 097 00 098 0.87

Notably, ignoring Pig 8’s end endo stage outliers, explained in Section 3.1,
les,dp/ar consistently underestimates systolic duration, with all data points in
Fig 7a being less than zero, ensuring negative mean bias. This limitation is
expected, due to the first derivative trough (seen in Fig 8) describing a point of
maximum negative gradient, as opposed to a stationary point. Figures 5 and
8 show this max negative gradient lies between tp,  _ and t.s prr, with the
magnitude of the gradient reducing through ¢.s prr and into diastole. Similar
results have been published for the same analysis assessing the weighted first
derivative algorithms dicrotic notch detection in aortic pressure signals [16].

In contrast, the weighting in the second derivative algorithm is developed
specifically to estimate the location of an attenuated dicrotic notch. Interest-
ingly, despite this improvement, T, 42 p/qs2 still averaged 8.7 ms shorter than
Tsys,pTT, as shown in Figure 7b. However, this may not necessarily reflect error
in teg 42 p/qs2, but is possibly the error in tes prr hypothesised in Section 2.5.
Specifically, t.s, prr may slightly overestimate the true location of ¢.s in the
distal pressure waveform, due to a higher wave speed being expected at the
higher end-systole pressures relative to start-systole. Regardless, the results
indicate, despite no dicrotic notch being present, physiologically based end
systole detection is still possible, without compromising accuracy by using the
first derivative method. More importantly, the t., q2p/q;2 approach improves
clinical applicability of other algorithms and methods that require end systole
detection as an input [33].

3.3 End systole detection limitations

The study is generalizable to human arterial signals measured from the prox-
imal aorta to the femoral artery. However, a reduction in performance may
occur in even more peripheral arterial signals, where reflected waves can cause
turning points that appear similar to a dicrotic notch but do not correspond to
end systole, for example in the radial artery [2,14]. The algorithm has not yet
been tested on such peripheral signals as this study extends only as far as the
femoral artery, which is readily accessible in intensive care and similar clinical
situations [34,35], and is less prone to wave reflection induced distortions [30].

This study used a range of hemodynamic states found in an intensive care
setting, including recruitment manoeuvres, dobutamine admission and septic
shock like response. While this diversity ensured both stable and unstable
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hemodynamics were tested, it is possible other behaviour not tested could
cause issues. For example, cardiac arrhythmia can significantly alter expected
pressure waveform shape beat-to-beat. It is likely the algorithm presented in
this study would suffer reduced performance under these conditions. However,
in a clinical setting, severe cardiac arrhythmia would not be left unresolved and
end systole detection under such conditions is unlikely of immediate clinical
need or interest.

4 Conclusions

The study develops a simple end systole detection algorithm for use in dicrotic
notch-less arterial pressure waveforms, that improved end systole detection
over an existing method. The results showed the new adaptively weighted
second derivative method was better able to track changes in systolic duration,
with less bias and narrower limits of agreement, when compared with the
existing method (—8.7 £ 26.6 ms verses —23.2 4 37.7 ms).
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Appendices

A The weighted first derivative method for tc, 4p/as

The method of finding ., 4p/q¢ is shown in Fig 8. The weighting is calculated and applied
to each beat individually, considering the start of each beat to be time zero. The weighting
is calculated according to the following:

¢
@57p5770
w(t) = %o where 0<t<T (5)

Where T is the beat duration. This method is taken from [11], with the addition of the 0.25
denominator to normalized the function (0 < w(t) < 1).
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Fig. 8 Example of the weighted first derivative method used to find t., qp/dr,
using the same beats as shown in Fig 3. t.g g2p/a> points from Fig 3, and
tes, prr reference points, are also shown for comparison.

B Start systole detection

Start of systole for Ppror and Pg;s; was identified as the feet of the waveform according to
Fig 9.

First, the approximate start time of ventricular contraction was identified for a beat
as either the ECG R-wave (Protocol 1 pigs) or the foot of the Pyent waveform (Protocol
2 pigs). Before Pyent feet could be found, minima (Pyent,min) and maxima (Pyent,maz)
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Fig. 9 Example of how start systole is found as the feet
waveforms. The example uses a beat from Pig 2’s control
a Protocol 1 pig, the ECG R-wave is used to define shear
identifying Ppror and Py feet.
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of the pressure
stage. Thus, as
line start when

were required. These were found between the intercepts of the waveform with a moving
mean of window length 1s, as shown in Fig 9 [16]. A shear line was then constructed from
each Pyent,min to a point whose pressure was halfway between Pyent,min and the next
Pyent,maz- A foot is then found under each shear line, as the point with maximum vertical
displacement from the shear line. This is equivalent to the minima after shear transforming

the segment under the shear line.

Once the start time of ventricular contraction was identified, it served as the shear
line start point in identifying Pproz and Pg;s¢ feet. The shear line end point and feet are
then identified in the same manner as for Pyent. This method of start systole detection is

discussed in further detail elsewhere [22].



Accurate end systole detection in dicrotic notch-less arterial pressure waveforms 19

C Finding tcs g2 p/as2 in signals with dicrotic notches

As outlined in Section 1, the second derivative peak associated with a dicrotic notch has
significant peak prominence, due to abrupt changes in curvature. Thus, when applying the
method to proximal or distal signals with dicrotic notches, t., 42 p/q;2 peak detection is
easier, as shown in Fig 10.

Dicrotic notch
110 A zoom
=
x
g% 100 A
o g
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80 T T T T T T T T
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% % 0.01+ F0.5
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Fig. 10 Example of t.4 42 p/a¢> detection in a pressure waveform with a dicrotic
notch. The example uses a proximal pressure waveform from Pig 3’s control
stage.

However, due to filtering removing some frequency content from the second derivative,
tes,q2p/qt2 May no longer be the very bottom of the dicrotic notch. The degree of error
depends on the filter properties and the dicrotic notch shape, and in most applications
would be negligible. For example, when applying the second derivative method to Pproz,
the error between i, 42p/qi2 and tes dic Was less than 9 ms for all pigs stages. The exception
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being Pig 8’s end endo stage, whose maximum shift was 24 ms due to wide dicrotic notches
at the low mean proximal aortic pressure of only 20 mmHg.

However, if this error is undesirable, the bottom of the notch can be found with an
additional step: A local maxima in pressure following t.; 42 p/4;2 is the second turning point
associated with a dicrotic notch and marks the start of diastolic relazation (t4,-). To find end
systole as the bottom of a dicrotic notch, t.s gic, can be defined as the minimum pressure
between tp, .. and tg, as seen more clearly in the zoomed panel of Fig 10. Alternatively,
when dicrotic notch presence is known a priori, the dicrotic notch detection algorithm
presented in [16] and used in this study to identify tes gic, can be used.



