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Background: Augmentation index (Aly) is used to quantify the augmented systolic aortic pressure that impedes
ventricular ejection. Its use as an index of wave reflections is questionable. We hypothesize that Al is quanti-
tatively different from the reflection coefficient under varied physiological conditions.

Hypertension
Vasodilation

Methods: 42 datasets of aortic pressure and flow waveforms were obtained during induced hypertension
(methoxamine infusion) and vasodilation (nitroprusside infusion) in our mongrel dog experiments (n =5) and
from Mendeley data during various interventions (vasoconstrictors, vasodilators, pacing, stimulation, hemor-
rhage and hemodilution). Wave reflections and principal components of reflection coefficients were computed
for comparison to Al and heart rate normalized Al

Results: Principal reflection coefficient, I', increased in hypertension and decreased in vasodilation, hemorrhage
and hemodilution. Al followed the trend in many cases but was consistently lower than I'; in almost all the
subjects. The Bland-Altman analysis also showed that both Aly and normalized Aly underestimated I';. The
relationship between augmentation index and reflection coefficient was explained by a linear regression model
= 0.23, p < 0.01) in which Al followed directional changes in I'; and the normalization of Al resulted in a
linear model that explained less variation in the relationship between Al and I';.

Conclusion: Aly is a reasonable clinical trend indicator, albeit not an accurate surrogate measure of the amount of

wave reflections.

1. Introduction

Hypertension has been recognized as a silent killer that precipitates
many forms of cardiovascular diseases [1,2]. Its associated elevation in
blood pressure results in a significantly increased vascular load to left
ventricular (LV) ejection [3]. Increased vascular stiffness and pulse wave
reflections are the dominant factors associated with the stubborn in-
crease in pressure, particularly the central aortic pressure [4].

The amplification of pressure pulses has been attributed to the in-
phase summation of reflected waves arising from structural and geo-
metric nonuniformities [1,5]. Pressure (P) and flow (Q) waveforms
measured at any site in the vascular system can be considered as the
summation of a forward (Py), or antegrade, traveling wave and a re-
flected (P,), or retrograde, traveling wave:

P=P +P, M
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Q = Qf + Qr (2)
Pr and P; can be resolved as

Pr=(P+0.7,)/2 3)

P, =(P~02)/2 “)

where Z, is the characteristic impedance. Forward and reflected waves
can also be resolved in the time domain [6].

Both forward and reflected waves are associated with a modulus and
phase that varies with frequency. Their ratio defines the reflection
coefficient:

PI‘

r=--
Py

(5)
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or
Ir'=I«®r (6)

Its principle component, I'; has the largest reflection magnitude.

Augmentation index (Aly) based on central aortic pressure has been
widely used to characterize both the increased vascular stiffness and
wave reflections [7,8]. The definition of Aly is based on the ratio of the
difference of peak systolic pressure (Ps) and pressure at the inflection
point during systolic upstroke (Pi), or the augmented pressure, AP to
pulse pressure (PP), viz:

AP

Al ==
PP

@)
where PP=Ps-Pd, is the difference between aortic systolic and diastolic
pressures. Pi is identified as the aortic pressure that corresponds to peak
aortic flow. This is illustrated in Fig. 1. The augmented pressure, AP has
been used widely as an index of wave reflections and the change in
augmented pressure is considered a proportional response of the
changes in the amount of wave reflection [9-12].

Additionally, Pi can be determined from pressure alone, making Al
not dependent on the ejecting blood flow. The simplicity of calculating
Al based on aortic pressure waveform alone led to many subsequent
approaches aimed at constructing central aortic pressure from nonin-
vasive superficial arterial pressure measurements via applanation
tonometry, most commonly from the radial artery, carotid artery or the
femoral artery [13-16]. Transfer function approach has been the most
popular. We have also introduced a new approach that has yet to be
implemented for tonometry applications [17].

The association of hypertension with increased large vessel vascular
stiffness has been well recognized. Al has also been widely used as an
index of vascular stiffness, along with pulse wave velocity (PWV).
Increased wave reflection has been shown to increase central aortic
pressure [1]. For this reason, Al has also been used as an index of wave
reflections.

In this study, we hypothesize that Al; is not equivalent to the
reflection coefficient and Al consistently underestimates the amount of
wave reflections.
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2. Materials and methods
2.1. Data collection

First, we performed our experiments that involved simultaneously
measured aortic pressure and aortic flow and the details have been re-
ported elsewhere [5]. Mongrel dogs (n=5) that weighed 22kg on
average were anesthetized intravenously using Nembutal (30 mg kg ™)
after the University IACUC approval had been obtained. A left thora-
cotomy was performed at the fifth intercostal space to facilitate the
placement of an electromagnetic flowmeter in the ascending aorta. A
Millar catheter-tip pressure transducer was placed at the flow mea-
surement site by advancing the catheter from the femoral artery.
Normotensive aortic pressure and aortic flow measurements were taken
as control, while hypertensive aortic pressure and flow measurements
were recorded after intravenous bolus infusion of methoxamine
(2-5mgml~!). Subsequently, vasodilation was induced with an intra-
venous bolus infusion of nitroprusside (50 pg ml™1). Moreover, lead II
electrocardiogram was established to record the rhythm of the heart.
The measured aortic pressure, aortic flow, and electrocardiogram were
later digitized at 100 Hz and then stored in the computer for further
analysis. In all, six normotensive, three hypertensive and three vaso-
dilated recordings were obtained covering a wide range of blood pres-
sures and waveforms for further analysis.

In addition to our own collected data, data of canine aortic pressure
and flow waveforms published by other researchers on Mendeley data
(Mendeley Ltd., London, United Kingdom) were also utilized. Aortic
pressure and aortic flow data from three normotensive, five vaso-
constricted and five vasodilated dogs were also collected [18-21].
Similarly, four datasets of aortic pressure and aortic flow in dogs whose
hearts had been electrically stimulated by a pacemaker were obtained
from Patel et al. [22]. Furthermore, four aortic pressure-flow measure-
ments were extracted from Ali et al. [23] in which the dogs had been
subjected to electrical stimulation of latissimus dorsi (LD) muscle after
cardiomyoplasty (CMP) with or without a vascular delay (VD) procedure
performed on them. Two sets of aortic pressure and aortic flow data with
expanded plasma were acquired from Dujardin et al. [24,25]. The
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Fig. 1. Definition of Augmentation Pressure Simultaneously recorded aortic pressure and flow waveforms, showing systolic pressure Ps, diastolic pressure Pd,
inflection pressure Pi, pulse pressure PP, and augmented pressure AP, in defining the augmentation index Al, = AP/PP. Conventional Alx is defined from pressure

only by 2nd derivative of pressure to identify Pi.
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former was also used to acquire three sets of aortic pressure-flow data
under control, fluid infusion and hemorrhage conditions. Aortic
pressure-flow data of a stenotic aorta and that of a vascular system that
caused diastolic oscillations along with their respective control states
were procured from Khir et al. [26] and Fogliardi et al. [27]
respectively.

The digitized data were resampled to 100 Hz using a linear inter-
polation on a 2.6 GHz Intel i5 Processor using Matlab 2017b (The
Mathworks Inc., Natick, Massachusetts, USA) and were stored for
further analysis. All the datasets were one heartbeat in length and the
stored aortic pressure data were then used to identify systolic pressure
Ps, diastolic pressure Pd, pulse pressure PP and inflection pressure Pi, in
the same heartbeat as defined in Fig. 1 and to resolve the aortic pressure
waveform into its forward and reflected components in order to calcu-
late the reflection coefficient. Furthermore, augmentation indices were
also calculated only with the pressure based on the method analyzed by
Segers et al. [28]. Here, we have used the notation Al for augmentation
indices that were calculated only with the pressure signal and the no-
tation Aly for augmentation indices that were calculated from both the
pressure and the flow signals.

The calculations were carried out based on the following steps with
the same specifications that were used for discrete interpolation:

Step 1. The characteristic impedance of the aorta (Z,) was calculated
by transforming the signals into the frequency domain. The process
involved computing the complex coefficients of the frequency compo-
nents through the Fast Fourier Transform (FFT) algorithm. The
computed coefficients were then used to define the characteristic
impedance as the average of the absolute value of the ratio of the higher
harmonics (3 Hz-10 Hz) of the pressure and the flow signals. Care was
taken to make sure that the average was not skewed towards mathe-
matical exceptions from Fourier coefficients by removing outliers using
the moving average technique. The results were independently verified
before the wave resolution step was performed.

Step 2. The calculated Z, was used to resolve the pressure signal into
its forward or antegrade traveling wave Ps and reflected or retrograde
traveling wave P;, using equations (3) and (4).

Step 3. The resolved pressure components were then utilized to
compute reflection coefficient which was defined as the absolute value
of the ratio of the fundamental (first) harmonic of the reflected wave to
that of the forward wave as in equation (5).

Step 4. A linear search algorithm was employed to find the peak of the
flow signal. The index of the peak was then used to record the inflection
pressure P;. Systolic pressure Ps was recorded by employing the linear
search algorithm on the pressure signal samples. The algorithm involved
comparing each sample with a designated maximum sample. The
designated sample was taken as the first sample and it was updated
every time a new maximum was found. At the end of the linear search,
the designated sample would be the maximum of the entire signal. The
diastolic pressure P4 was recorded as the amplitude of the last pressure
sample. Augmentation Index Aly was then calculated as the ratio of AP
and PP as described in equation (7). Similarly, the second derivative of
the pressure waves was calculated and the first two zero-crossings were
found using a linear search algorithm and median of the time between
the zero-crossings was stored as the inflection point. Then, the inflection
pressure was used to calculate Al similar to the calculation of Al

Furthermore, the calculated augmentation indices were normalized
with respect to heart rate to make the indices independent of peripheral
resistance changes [29]. The augmentation indices were normalized to
heart rate based on a linear regression of the augmentation indices and
the heart rate data that we had collected. The regression equation was
then used to find the difference component that normalizes the
augmentation indices to 100 beats per minute by the following
equations.
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AL, =0.4149 + 0.0017 x HR ®
AL, =0.482 +5.004¢™* x HR 9
2.2. Statistics

Based on the initial 12 datasets we collected, the overall difference
between Aly and I'; had a statistical power of 95% for 15 datasets and we
ended up collecting 30 more datasets from the literature. The collected
data were classified into four groups viz. normal, vasoconstriction,
vasodilation, and pacing. The groups had 12, 8, 12 and 8 datasets
respectively. Systolic Augmented pressures were then calculated based
on both reflected wave and inflection pressure and were tested for sig-
nificant differences by subjecting each group to a paired t-test that tails
to the right. Similarly, systolic forward amplitude and inflection pres-
sure were tested for significant differences by subjecting each group to a
paired t-test that tail to the left. Both the comparisons were also tested
for significance using paired t-tests so that the effects in both directions
are known to the readers. Moreover, Bland-Altman analyses were per-
formed to interpret the results [30]. The collected augmentation index
Al and reflection coefficient I'; data were then subjected to a one-way
ANOVA test along with the Tukey-Kramer method for post-hoc analysis
to quantify significant differences. Normality tests for the datasets were
performed using the Lilliefors test with the null hypothesis that the data
were normally distributed. Lilliefors test was chosen since the expected
value of the underlying population mean and standard deviation were
unknown before data analysis. Furthermore, a least-squares linear
regression model was developed to model the relationship between Al
and I'; and Bland-Altman analysis was performed to interpret how much
augmentation index agrees with the actual reflection coefficient that has
been defined in the literature. The significance sought for the statistical
methods was 95% confidence level. Two of the datasets could not be
grouped under any of the 4 groups. However, they were included in,
Bland Altman analysis and regression model analysis. Similarly, Bland
Altman analysis and regression model analysis were performed between
the normalized augmentation index and the reflection coefficient.
Moreover, one-way ANOVA was performed on normalized augmenta-
tion indices. Besides, correlates of Aly were computed based on Sherman
et al. [31], to find the parameters that vary with Aly other than the
reflection coefficient. The correlates that had been included were the
reflection coefficient, arterial reservoir pressure, ejection period and
heart rate.

3. Results

Representative pressure waveform that shows augmented pressure
under normotensive control conditions is shown in Fig. 2. The reflection
amplitude means were significantly higher than the augmented pressure
means under normal (M: 6.79 and SD: 3.62 mmHg vs M: 4.23 and SD:
2.31 mmHg, p = 0.025) and vasodilated (M: 4.57 and SD: 2.96 mmHg vs
M: 2.36 and SD: 3.00 mmHg, p = 0.042) conditions while there was no
significant difference under induced hypertension (M: 10.48 and SD:
7.02mmHg vs M: 9.77 and SD: 6.52mmHg, p=0.419) and pacing
conditions (M: 8.80 and SD: 9.48mmHg vs M: 13.06 and SD:
16.56 mmHg, p =0.731) compared to reflection amplitude. The two-
tailed t-test results between reflection amplitudes and augmented pres-
sures indicated there were no significant differences under normal
(0.053), vasoconstricted (0.837), vasodilated (p=0.083) and pacing
(p =0.541) conditions. However, forward amplitude means were not
significantly lower than inflection pressure means under normal
(p=0.489), vasodilated (p=0.521), vasoconstricted (p=0.499) and
pacing conditions (p=0.730). The two-tailed tests between the
considered variables resulted in insignificant differences under all
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Fig. 2. Resolution of Pressure and Flow waveforms Representative pressure and flow waveforms resolved into their forward and reflected components under
normotensive control conditions. Augmented pressures are also shown.
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conditions (normal: p=0.977, vasoconstriction: p=0.958, vasodila-
tion: p=0.999 and pacing: p = 0.541).

The normality test of augmented pressure and reflection amplitude
differences and inflection pressure and forward amplitude differences
rejected the null hypothesis. Bland-Altman analysis of augmented
pressure and reflection pressure showed a mean difference of —0.777.
Similarly, Bland-Altman analysis of inflection pressure and forward
amplitude showed a mean difference of 0.877. These plots indicated that
augmented pressure was underestimated compared to reflection pres-
sure and that inflection pressure was overestimated compared to for-
ward amplitude (Fig. 3).

Table 1 shows the reflection coefficient and the augmentation index
of all datasets. Augmentation index that was calculated based on both
pressure and flow or Aly was lower than the reflection coefficient in all
the subjects except three datasets from the pacing group. Moreover, the
augmentation indices were either close to or equal to zero in 16 subjects
when the reflection coefficients were greater than zero because the in-
flection pressures were close to their systolic pressures making AP close
to zero. The normality test failed to reject the null hypothesis for Aly of
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all the groups and I'; of normotensive and vasoconstricted groups while
the normality test accepted the null hypothesis for Aly of the vasodila-
tion group and the pacing group. One-way ANOVA test resulted in sig-
nificant differences in Aly between the normal and the pacing groups
(p=0.004) and between the vasodilation and the pacing groups
(p < 0.001). There were no other significant differences among the 4
groups. In the case of I';, there were significant differences between the
normal and the vasoconstriction groups (p = 0.009), the vasoconstric-
tion and the vasodilation groups (p < 0.001) and the vasodilation and
the pacing groups (p = 0.043). There were no other significant differ-
ences among the 4 groups. Augmentation indices Al and Aly differ by a
mean value of 0.100. The normality test failed to reject the null hy-
pothesis for Al under normotensive and pacing conditions and the test
accepted the null hypothesis for Al under vasoconstricted and vaso-
dilated conditions. ANOVA results indicated that there were no signifi-
cant differences among the groups.

The normality test of differences between Al and I'; rejected the null
hypothesis with p =0.022. Bland-Altman analysis revealed a bias line
that lied above the 95% confidence interval of the mean difference

Table 1
Summary of pressure parameters in comparison with reflection indices under different conditions.
S. No. P* (mmHg) P4" (mmHg) PP® (mmHg) P! (mmHg) P;° (mmHg) ALS AL# " Condition
1 120.0 96.0 24.0 120.0 118.0 0.000 0.083 0.504 Normotensive
2 111.0 96.0 15.0 110.0 109.0 0.048 0.095 0.293 Normotensive
3 132.0 105.0 27.0 132.0 125.0 0.000 0.259 0.453 Normotensive
4 114.0 90.0 24.0 114.0 112.0 0.000 0.083 0.458 Normotensive
5 105.0 80.0 25.0 104.0 99.0 0.040 0.240 0.518 Normotensive
6 128.0 103.0 25.0 127.0 125.0 0.040 0.120 0.387 Normotensive
7 156.0 130.0 26.0 151.0 145.0 0.192 0.423 0.556 Methoxamine
8 200.0 155.0 45.0 198.0 184.0 0.044 0.356 0.696 Methoxamine
9 164.0 132.0 32.0 158.0 149.0 0.188 0.469 0.675 Methoxamine
10 96.0 65.0 31.0 87.0 96.0 0.290 0.000 0.067 Nitroprusside
11 83.0 49.0 34.0 79.0 82.0 0.118 0.029 0.150 Nitroprusside
12 102.4 76.0 26.4 98.4 100.0 0.152 0.091 0.226 Nitroprusside
13 115.4 93.5 21.9 114.0 109.6 0.061 0.263 0.387 Normotensive
14 127.8 94.2 33.6 126.3 127.8 0.044 0.000 0.192 Fluid Infusion
15 110.2 84.9 25.3 86.6 110.0 0.933 0.010 0.215 Expanded Plasma
16 86.7 63.0 23.6 67.2 86.6 0.824 0.004 0.195 Hemorrhage
17 68.3 43.4 24.8 68.4 68.2 0.014 0.072 0.612 During pacing
18 68.0 50.5 17.6 68.4 68.0 0.036 0.141 0.548 After pacing
19 69.1 56.3 12.8 68.9 67.3 0.000 0.389 0.496 During pacing
20 70.8 50.5 20.3 70.5 65.2 0.005 0.164 0.108 After pacing
21 72.5 52.8 19.7 72.2 70.9 0.015 0.081 0.410 Normotensive
22 82.4 43.8 38.6 81.3 75.1 0.028 0.190 0.393 Normotensive
23 114.3 43.3 71.0 76.9 95.9 0.527 0.260 0.815 Vasoconstriction
24 93.4 77.7 15.8 93.4 85.6 0.000 0.497 0.586 During LD stimulation without VD
25 91.5 76.5 15.1 91.0 83.7 0.032 0.517 0.573 After LD stimulation without VD
26 116.4 60.2 56.2 116.3 75.6 0.002 0.726 0.598 During LD stimulation with VD
27 94.3 56.0 38.3 92.8 56.0 0.040 1.001 0.762 After LD stimulation with VD
28 64.9 38.9 26.0 59.2 61.3 0.218 0.137 0.700 Nitroprusside
29 96.3 76.7 19.6 96.0 94.4 0.014 0.094 0.886 Methoxamine
30 68.7 36.8 32.0 68.6 68.7 0.003 0.003 0.496 Nitroprusside
31 97.9 77.8 20.1 97.5 96.3 0.018 0.076 0.758 Methoxamine
32 127.2 85.0 42.2 123.1 121.4 0.099 0.138 0.737 Normal
33 214.4 152.0 62.5 209.3 188.7 0.083 0.412 0.752 Occlusion
34 172.0 125.2 46.8 171.6 170.1 0.008 0.040 0.272 Normotensive
35 208.1 154.3 53.8 206.4 203.2 0.033 0.091 0.335 Angiotensin
36 110.9 49.4 61.5 109.6 108.4 0.021 0.040 0.228 Hydralazine
37 91.5 47.0 44.5 91.2 91.5 0.006 0.000 0.239 Nitroprusside
38 73.5 53.4 20.1 73.5 66.5 0.000 0.351 0.410 Vasodilation
39 157.7 121.9 35.8 156.9 148.3 0.023 0.264 0.896 Vasoconstriction
40 171.8 137.9 33.9 167.0 162.6 0.142 0.273 0.559 Expanded Plasma
41 130.2 87.3 42.9 128.2 123.9 0.046 0.147 0.462 Normal
42 111.0 90.4 20.6 108.1 108.7 0.140 0.111 0.373 Diastolic Oscillations

# Systolic Pressure.
Y Diastolic Pressure.
¢ Pulse Pressure.

4 Inflection Pressure calculated from pressure only.
¢ Inflection Pressure calculated from flow signal.

f Augmentation Index calculated from pressure only.
8 Augmentation Index calculated from flow signal.

b Reflection Coefficient.
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between Al and I'7 (Fig. 4A). This showed that the reflections were
underestimated. The linear model (Fig. 4B) that was used to explain the
relationship between Al and I'; explained only 1.18% of the variation
between the variables and it was not significant compared to a zero-
slope model (p = 0.230). The normality test of the differences between
Aly and I'; failed to reject the null hypothesis with p = 0.244. A Bland-
Altman analysis of Aly and I'; revealed a bias line that lied above the
95% confidence interval of the mean difference between Aly and I'; (see
Fig. 4C). This showed that Aly underestimates the actual reflections even
when the flow signals were used to compute the augmentation index.
The relationship between augmentation index and reflection coefficient
was explained by a linear regression model (Fig. 4D). The constant term
in the regression equation revealed that the reflection coefficient was on
average 0.369 when the augmentation index was zero due to zero or
very small AP. The model accounted for 23.27% of the variation be-
tween Al and I'7 (adjusted R? = 0.233) and the model was significant in
comparison to a zero-slope model (p < 0.01).

Fig. 5 shows the calculated augmentation indices along with the
normalized indices along with their regression lines. The normality test
of the normalized Aly failed to reject the null hypothesis for the
normotensive and the vasoconstricted groups while the normality test
rejected the null hypothesis for the vasodilated and pacing groups. One-
way ANOVA revealed that there were no significant differences among
the groups. The normality test of the differences between the normalized
Al and I'l rejected the null hypothesis with p=0.003. Bland-Altman
analysis of the normalized Aly and I'; revealed that the bias line lied
above the 95% confidence interval of the mean difference line (see
Fig. 6A). This showed that the normalization of Al still underestimated
the reflections. The linear model that was generated to explain the
variations between normalized Al and I'; resulted in a model that is not
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significantly different from a zero-slope model (Fig. 6B). The normality
test of the normalized Aly failed to reject the null hypothesis. One-way
ANOVA resulted in insignificant differences among all the groups. The
normality test of the differences between normalized Al and I'; rejected
the null hypothesis with p = 0.001. Bland-Altman analysis revealed that
the bias line lied above the 95% confidence interval of the mean dif-
ference between normalized Aly and I'y (see Fig. 6C) which shows that
the normalized Aly also underestimates the actual reflections even when
the flow waves are used to calculate Aly. The linear regression model
(Fig. 6D) revealed that the reflection coefficient was 0.342 when the
normalized Aly was low due to low AP on average. The model accounted
for 7.81% of the variation between the normalized Aly and I'; and the
model was statistically significant compared to a zero-slope model (p-
value = 0.017). Analysis of correlates showed that the Al that was not
normalized with heart rate had the highest correlation value with
augmented reservoir pressure (r =0.794, p < 0.001). The correlates in
decreasing order of strength are reflection coefficient (r=0.501,
p <0.001), ejection period (r=0.382, p=0.013) and heart rate
(r=-0.333, p=0.031).

4. Discussion

Conditions that pertain to increase systemic blood pressure generally
tend to increase vascular stiffness, wave reflections and augmented
pressure. In this study, the augmentation index has been calculated from
a variety of scenarios under which the arterial system was either vaso-
constricted or vasodilated due to the action of pharmaceutical agents or
homeostatic compensation. Here, we have computed augmentation
indices using both aortic pressure and flow signals (Aly) and the pressure
signal only (Aly). Furthermore, the corresponding reflection coefficient
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was calculated for comparison. A Bland-Altman analysis (see Fig. 4A and
C) and a visual inspection of the Al and Aly data (see Table 1) showed
that the augmentation index, in general, underestimated wave
reflections.

The disparity between Al; and I'; has been explained below. The
inflection pressure, which is the pressure at which aortic flow is
maximum during a cardiac cycle, is close to the peak systolic pressure,
particularly under vasodilated and normal conditions. However, a linear
model between augmentation index with reflection coefficient shows
that Aly has a strong relationship with I'; (see Figs. 4D and 6D). Previous
researches have used the change in augmented pressure as an indicator
of change in wave reflections [4,7-12]. We have shown here that the
proportional changes in Aly or Aly differ from the reflection coefficient
or the fraction of the propagating wave that is reflected. These re-
flections are locally dispersed in space and time that contribute to the
reflection coefficient through its wave resolution process. Meanwhile,
when Al is calculated with its current definition, the lack of complete
underlying information on the wave dispersion phenomenon makes it an
inadequate marker of wave reflections.

Normalization of the augmentation index with respect to the heart
rate did not improve the results and further analysis reveals that even
normalized Al still underestimates the central reflections (see Fig. 6) A
recent review has shed light on how serial elevation in the heart rate
over prolonged time courses requires careful attention when augmen-
tation indices are calculated [32]. In addition to heart rate, our data also
showed that augmentation index was strongly correlated to the ejection
period and peak systolic pressure. Our Aly data were also correlated with
the ejection period. The change in different pressure states affects the
ejection period which is related to the temporal overlapping of forward
and reflection waves [33]. Besides, a recent computational modeling
study has revealed that variations in augmentation index depend on
both cardiac and vascular functions while the reflection parameter de-
pends on only vascular parameters [34]. The authors showed that
changes in left ventricular stroke work did not necessarily change Al
while wave reflections are affected by stroke work under a variety of
scenarios. We have previously shown that hypertensive and vasodilation
mechanisms severely affect the left ventricular stroke work and that
these changes can be tracked by computing wave reflection parameters
[5]. Our present results also indicate that both Aly and Aly are signifi-
cantly different under hypertensive and vasodilated conditions
compared to the normotensive scenario. These correlations indicate that
a simple heart rate normalization will not be enough to capture the
reflection phenomenon with the current definition of Aly.

Several studies have shown that Al is a good predictor of outcome in
specific groups of patients such as those with acute ischemic stroke [35],
end-stage renal failure [36] and those who undergo percutaneous cor-
onary interventions [2]. However, Al has also been shown to be a less
suitable measure of stiffness in the elderly [37] and type 2 diabetic
patient groups [38]. Our data also showed a trend among the different
groups. A true index of the augmentation phenomenon would differ-
entiate the hypertension group from the normal group and the vaso-
dilated group from the hypertension group as the reflection coefficient
identifies significant differences in means. Even though the difference in
Aly means among the normal, the vasoconstriction and the vasodilation
groups were not significant, the data followed a trend of increased Aly
under vasoconstriction and decreased Aly under vasodilation in com-
parison with the normotensive group. To sum up all the Al related re-
sults, ALy is not an accurate surrogate measure of wave reflections.

A recent study [39] on the validity of measuring augmentation index
showed that the measurements of Al; were highly reliable in terms of
determining them using a cuff-based pressure measurement method. It
must be noted that the validation of these indices was based on brachial
artery pressure measurements and the computations of the augmenta-
tion index and the reflection coefficient in our study have been based on
central blood pressure measurements. It must also be acknowledged that
there is a requirement for the broader consensus of the value of central
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blood pressure measurements [40]. However, the use of central blood
pressure as an indicator of characteristic aortic impedance and arterial
compliance has interesting applications in estimating arterial stiffness.
With the advent of non-invasive peripheral pressure signal measurement
techniques, the scope of Al can be extended by converting the periph-
eral pressure measurements into central pressure values with the use of
patient-specific transfer function techniques. These values can be further
used to compute non-linear compliance as defined in Kaya et al. [41]
and the reflection measures as calculated in the present study, can be
used to define a new augmentation index that does not underestimate
arterial stiffness. With such a device, the timing of the reflected wave
[42] can be used as an indicator of the effects of pharmacological agents
on diseased states such as isolated hypertension and heart failure. One of
the other major applications that the authors foresee is the use of
probabilistic learning techniques such as naive Bayes or logistic
regression to compute pathophysiology states along with computations
that we have done in our previous studies [5,41]. For example, with
access to routine data collection during catheterization and blood flow
estimation techniques, the parameters that we have calculated can be
utilized to classify different disease states that a set of simple regression
models cannot predict.

One of the limitations of this study is the heterogeneity of data. The
methods used to constrict or dilate the arteries were different for
different datasets since they had been collected from a variety of studies.
However, the datasets that have been used in the study are heteroge-
neous and they help understand why Al is underestimated under a
variety of clinical scenarios.
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