
Chapter 47
Effect of Dyslipidemia on a Simple
Morphological Feature Extracted
from Photoplethysmography Flow
Mediated Dilation

M. Zaheditochai, E. Zahedi, and M.A. Mohd Ali

Abstract Dyslipidemia is considered to be one of the main heart risk factors,
affecting the endothelial vascular function, which can be non-invasively investigated
by ultrasound flow-mediated dilation (US-FMD). However, US-FMD comes at a
high-cost and is operator-dependent. In this paper, the effect of dyslipidemia on the
photoplethysmogram (PPG) signal recorded from collateral index fingers is investi-
gated following a previous study where it was shown that results similar to that of
US-FMD can be replicated by the PPG. Two groups, consisting of 30 healthy sub-
jects free from any risk factors and 30 subjects who have only dyslipidemia as risk
factor were respectively considered. The percent change in the AC (peak-to-peak)
values versus time of the PPG after flow release following 4 min of brachial artery
blockage (reactive hyperemia) was obtained (PPG-FMD). Results indicate that a
very simple morphological feature allows for a significant .p<0:00001/ discrimi-
nation between the control and pathologic groups.
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47.1 Introduction

Atherosclerosis is one of the main major causes of cardiovascular disease (CVD).
Several risk factors such as smoking, high blood pressure, diabetes and high level of
the cholesterol in the blood (dyslipidemia) may lead to developing atherosclerosis.
An index which is capable to assess atherosclerosis using vascular endothelial dys-
function would therefore be beneficial to early diagnosis.
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47.1.1 Vascular Endothelial Dysfunction

Atherosclerosis causes a dysfunction in the endothelium cells action; therefore eval-
uation of the endothelial function plays an important role in its early detection.
Anatomically, the vascular wall is composed of three layers: the Intima, which is the
nearest to the lumen and affected by blood flow. The second layer (Media) includes
smooth muscle cells and the third layer is Adventitia. Endothelial cells are located
in the Intima, the interior surface of the vascular wall. Because of their strategic lo-
cation (contact with blood), endothelial cells play a critical role in various vascular
functions such as controlling the thrombosis by their anticoagulant and antithrom-
botic surface, interactions of leukocyte and platelet with vessel wall and regulation
of vascular tone and growth [1].

The endothelium maintains vascular homeostasis by establishing a balance
between endothelium derived relaxing (such as Nitric Oxide – NO) and con-
stricting factors. Any change in this balance makes the vasculature susceptible
to vasoconstriction as well as leukocyte adherence, platelet activation, mitogene-
sis, pro-oxidation, thrombosis, impaired coagulation, vascular inflammation, and
atherosclerosis [2]. The measurement of flow mediated dilation (FMD) has been
established as an effective method to evaluate endothelial dysfunction [3, 4]. This
technique (described in the next section) evaluates the ability of the vascular bed to
self-regulate its tone and control the blood flow in response to either a physical or
pharmacologic stimuli.

47.1.2 Flow Mediated Dilation

In this technique, a sphygmomanometric cuff is used to occlude the blood flow in
(usually) the brachial artery (BA) by cuff inflation to suprasystolic pressure caus-
ing ischemia in the lower arm. Consequently, the vessels below the occlusion dilate
through a self-regulated function. After 4–5 min of occlusion, the pressure is sud-
denly released leading to reactive hyperemia which causes shear stress on the inner
wall (Intima) of the blocked BA. Subsequently, the BA is dilated due to the release
of vasodilators. The diameter of the BA is measured from high-resolution longitudi-
nal ultrasound B-mode images. As various factors affect FMD (such as temperature,
food, drugs and sympathetic stimuli), subjects have to fast for at least 8 h without us-
ing any vasoactive medications for at least four half-lives, caffeine, high fat foods,
vitamin C and tobacco and finally should be studied in a temperature controlled
room [5, 8].

Unfortunately the above method proves to be expensive due to the equipment
involved, prone to errors requiring an experienced operator [9].

More recently, another non-invasive method based on photoplethysmography [9]
(PPG) has been developed. PPG is a signal reflecting pressure waves generated by
the function of peripheral vascular arteries due to heart contraction. Dynamic blood
volume changes due to the pulses are detected by a photoelectric probe placed on
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the finger tip (finger PPG) or ear lobes, among other sites. During systole, blood
volume is increased due to the heart ventricle’s contraction and as a result, light
transmission through the peripheral vasculature is reduced and vice-versa during
the diastole [11].

PPG pulse amplitude changes due to flow-mediated dilation in the index finger
are recorded following a 4 min brachial artery occlusion (PPG-FMD). As PPG re-
flects blood volume changes in the micro vascular bed of tissue [10], this means that
PPG is affected by the occlusion.

The investigated risk factors were obesity, diabetes, hypertension and hyperc-
holesterolemia [12]. Considering the effects of those risk factors, it was found that
PPG-AC curves followed closely the US-FMD responses (good correlation) except
for subjects who had more than one risk factor. In the present study the focus is on
one risk factor only: dyslipidemia [9], and how PPG-FMD data is influenced by this
single risk factor is investigated in the next sections.

47.2 Methods

47.2.1 Data Acquisition

The source of the raw database is from Universiti Kebangsaan Malaysia [9] (UKM).
As factors such as temperature, food, drug, caffeine and sympathetic stimuli affect
vascular flow-mediated vasodilation, each subject had adhered to a strict diet proto-
col before experimentation.

There are three steps for data acquisition: before occlusion, during occlusion and
after cuff deflation as shown in Fig. 47.1.

Fig. 47.1 Data acquisition: (a) before occlusion to establish the baseline (b) occlusion which lasts
4 min (c), after cuff deflation (reactive hyperemia) 4 min (Adapted from study [9])
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In the first step (a), PPG were simultaneously recorded from index fingers of both
right and left hand for 3 min without any blockage in order to establish the baseline.

In the second step (b), the left hand PPG was the reference, and a blood-pressure
cuff was used to create flow blockage (stimulus) in the brachial artery (BA) of the
right arm. The cuff was inflated to the suprasystolic pressure (50 mmHg above the
subject’s systolic blood pressure) inducing total arterial occlusion.

In the third step (c), after 4 min occlusion the flow was established again by rapid
cuff deflation, followed by reactive hyperemia in the BA and subsequent dilation.

PPG signals were recorded from both hands [5, 9] during the whole process and
the final sampling rate was 50 Hz. In this study, two groups of healthy and pathologic
subjects consisting of 30 subjects in each group were considered. Healthy groups are
without any history of heart diseases as well as heart risk factors. The pathological
group consists of subjects have only dyslipidemia as a risk factor.

47.2.2 Signal Processing

MATLAB (The Math Works Inc.) and SPSS (SPSS Inc.) software were used for sig-
nal processing. PPG signals contain both DC and AC components: the DC is related
to respiration, sympathetic nervous system activity and thermoregulation while AC
parameter is referred to the cardiac synchronous changes with each heart beat in
skin micro-vascular blood volume [13].

In this study, the focus is on the AC component of the PPG signal. PPG AC refers
to the difference between the amplitudes of the valley and the peak of the same heart
cycle in the PPG signal. For the first step the DC of the signal was removed and the
AC value was extracted. As the PPG-AC curves were subject dependent, the next
step was normalization.

It is assumed that the difference between the mean value (M) over 3 min of PPG
AC of the left (L) and right (R) index fingers are equal before occlusion and after it.
Therefore, the effect of hyperemia is removed from the baseline by Eq. (47.1) which
computes the new baseline (M .Rafter//.

M.LBefore/�M.RBefore/ D M.LAfter/ �M.RAfter/

M.RAfter/ D new baseline (47.1)

Equation (47.2) shows the normalized value for each subject based on its new base-
line which we used as PPG %AC change.

PPG %AC D Told � new baseline

new baseline
� 100% (47.2)

After normalization based on the new baseline, features were extracted to compare
two groups of healthy and pathologic subjects.
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Fig. 47.2 A schematic of FMD PPG %AC change after cuff deflation for a typical healthy subject
(a) and a pathologic subject (b) after cuff deflation

A common feature was needed to compare the plots with each other, to this end;
a threshold was defined for each subject. It was referred to the percent of the peak
value which is shown in Fig. 47.2. During processing threshold levels from 15% to
95% of the peak value by interval of 10% were tested.

Figure 47.2 shows a typical schematic of this behavior for both healthy and patho-
logic subjects, after normalization. It is clear that as a common behavior, the PPG
%AC change rises to its peak value and then falls towards the baseline. For the
healthy subjects, the graph shows a sharp slope in both directions whereas for the
pathologic subjects the response is rather blunted.

47.2.3 Feature Definition

Two features were extracted from the PPG %AC. In a previous study [14] the thresh-
old was placed at 35% of the graph’s peak, the time period between two cross points
of the graph with threshold was measured as Time feature. The results of the t-test
showed [14] that the mean of the two groups were significantly different (p-value is
4.4%). The present study was extended to extract other features as below:

� Area under the curve (AUC) before the peak time but above the threshold line:
depicted in Fig. 47.2 as A1. This feature reflects the increase in the micro vessels
diameter.

� AUC above the threshold after the peak but above the threshold line: depicted in
Fig. 47.2 as A2. This feature reflects the decrease in the micro vessels diameter
towards the baseline.
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47.3 Results

Figure 47.3 shows a typical PPG %AC change for a subject in the healthy group
whereas the origin of time indicates cuff deflation. The response increases and
reaches the peak value during hyperemia at about 210 s, as a consequence of the
stimulus on the vessel wall. Then the diameter goes back to its normal size. This
phenomenon is similar to the very well known US-FMD response corresponding,
but is obtained here through PPG %AC change. The two threshold values (15% and
85% of peak) are also shown as examples.

Figure 47.4 shows the same data for a subject who has dyslipidemia. As it can be
seen, the curve reaches the peak but goes down with some delay compared to the
healthy subject (Fig. 47.3). In other words the diameter of the vascular bed increases
due to hyperemia but it does not return to its normal size as sharply as it occurred in
healthy subjects. It was observed that in some subjects the trace did not even reach
the baseline again.

For the first feature (A1: AUC starting from the cuff release point to the peak
value), the mean value for pathologic subjects is generally higher than for healthy
ones. This could be explained by the sharp changes of the PPG %AC change for the
healthy subjects. It was found that by increasing the threshold to 85% of the peak
value, a significant difference between the two groups could be seen (Fig. 47.5).

On the opposite, for the second feature (A2: AUC starting from the peak time up
to the end), the value for healthy subjects is much more than pathologic subjects.
A very significant difference .p < 10�4/ is obtained when the threshold is at 15%
of the peak value. When the threshold is increased towards 85%, the difference
becomes less (Fig. 47.6).

Fig. 47.3 PPG %AC change for a typical healthy subject after cuff deflation
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Fig. 47.4 PPG %AC change for a typical dyslipidemic subject after cuff deflation

Fig. 47.5 Error plot of AUC (A1) where the threshold is 85% of the peak value including healthy
group (0) and pathological group (1)

Figure 47.7 shows the ROC curve for both features A1 (with 85% threshold) and
A2 (with 15% threshold).

The mean of the two groups were significantly different (T-test p-value of less
than 0.3%) and the 95% confidence interval of the difference was from 1,058 to
4,723 for A1. Figure 47.5 shows the error plot for two groups for A1.

The results show that the mean of the two groups were significantly different
(T-test p-value of less than 0.01%) and 95% confidence interval of the difference
was from �19,589 to �10,610 for A2. Figure 47.6 shows us the error plot for two
groups.
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Fig. 47.6 Error plot of AUC (A2) where threshold is 15% of the peak value including healthy
group (0) and pathological group (1)

Fig. 47.7 ROC curve for the feature of A1 where threshold is 85% of the peak value
(AUCminTOmax85) and the other is A2 where threshold is 15% of the peak value (AUCmax-
TOend15)

The result of the last two features shows that for the pathologic subjects the
vessels diameter cannot come back to its normal size compared to healthy subjects.
Table 47.1 lists out the characteristics of the test variables.
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47.4 Conclusion

Following brachial arterial blockage, the percent AC change in the PPG signal
undergoes through a very typical cycle. Dyslipidemic subjects show a significant
difference in the shape of this signal which was investigated in this paper. A simple
morphological feature and a low-cost setup have allowed a significant discrimina-
tion to take place.

The physiological reason for this observed phenomenon requires further study.
Evidence suggests that in healthy subjects – with a normal vascular function control
– the behavior of the vessel diameters after hyperemia differs from pathologic sub-
jects where this function seems to be altered. A larger population and other risk
factors should be studied to eventually reach a useful index assisting physicians in
their diagnostic of the vascular health.
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