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Introduction: The compliance of the distal arteries depends on their vasoconstrictor tone and distensibility and is sensitive to
endothelial function and aging. C2, a component of the Windkessel model, is a measure of distal arterial compliance, and establishes
the magnitude of the pressure rise during early diastole. It is calculated from the diastolic portion of the radial pulse wave
using sophisticated analyses. C2 is used as a cardiovascular risk indicator since it decreases with aging, high blood pressure, and
diabetes. Here, we propose an alternative method to assess the distal arteries distensibility by measuring the amplitude of the
oscillation that occurs at the beginning of diastole.

Methods: Peripheral pulse wave was evaluated noninvasively by applanation tonometry in 511 individuals (264 women) aged
between 13 and 70 years. Diastolic amplitude (DA) was measured as the peak-to-peak amplitude of the diastolic oscillation. Radial
augmentation index (RAIx) and pulse wave velocity (PWV) were also calculated.

Results: DA decreased approximately 2% per decade of life between 16 and 70 years from 19% to 7%, and was higher in men than in
women (p<0.0001). Linear regression analysis identified RAIx as the strongest predictor of AD (p<0.0001), followed by age and
height. Sex modified the age-related decrease in DA (p< 0.001). By applying the method to measure DA from previously published
data, we found a strong linear correlation with C2.

Conclusion: DA decreased linearly with age in a reciprocal manner to the increase in radial augmentation index, was greater in men
than women, and was independent of blood pressure and heart rate, as previously reported for C2. We propose that measuring
DA could provide an alternative index to evaluate distal arterial compliance and aging.
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Introduction

The compliance of the distal arteries depends on their vasomotor tone and distensibility and is sensitive to endothelial
function and aging. C2, a component of the Windkessel model, is a measure of distal arterial compliance, and establishes
the magnitude of the pressure rise during early diastole.

Otto Frank’s original Windkessel model (1899) explained the diastolic phase of the pulse wave by considering the
central arteries as an elastic reservoir that stores blood during systole and releases it during diastole.! Goldwyn and Watt
(1967) introduced the concept of proximal and distal compliance (C1 and C2 respectively) in a 4-element Windkessel
model.” Different reports also identify C2 as the elastic properties of the small distal arteries,” > which decreases with age
and cannot be attributed to a specific region.”” The Goldwyn and Watt model explains the damped oscillation super-
imposed on the exponential drop in diastolic pressure. It is produced by the energy exchange between L, C2 and
peripheral resistance.®’

C2 has been proposed as an index of endothelial function, but its clinical application is limited by its sophisticated
calculation explained by Segers et al, that requires a system of equations resolution that includes the empirical estimation

. . 3
of Rp and L, which could introduce errors.
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Figure | Radial pulse wave recording in a healthy adult. It was normalized in amplitude (0% —100%). The oscillation observed at the beginning of diastole depends on the
distal arteries compliance.
Abbreviations: DA, diastolic amplitude; RAIx, radial augmentation index.
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Figure 2 Effects of aging in healthy individuals. With increasing age, the systolic wave widens, and the oscillation amplitude flattens.

Superimposed on the exponentially decreasing diastolic profile, immediately after the incisure, follows a damped
oscillation that has been attributed to distal arterial compliance (Figure 1).” The physiological function of this oscillation
is to increase systemic flow during early diastole. Aging alters the contour of the pulse waveform during both systole and
diastole. While the systolic wave widens with aging at the expense of the increase in the augmentation pressure, the
diastolic wave flattens, at the expense of the decrease in the diastolic oscillation amplitude (DA). Illustrating this,
Figure 2 shows three representative radial pulse waveforms from healthy individuals of different ages.

Here we use DA as an alternative indicator of the distal compliance in the same way as the Diastolic Increase Index
from the aortic pressure wave proposed by Heim et al, as illustrated in Figure 1.* They measured the amplitude of the
oscillation during diastole in the aortic pressure waveform as its peak-to-peak amplitude. We applied the method
proposed by Heim to measure DA directly from the radial waveform and determine its relationship with age, radial
augmentation index (RAix), blood pressure, and heart rate in healthy men and women.
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Methods

Our study complies with the Declaration of Helsinki, and was approved by the Research Ethics Committee of the
National University of Mar del Plata, and registered with the code NO- 2021-31009786-GDEBA-DPEGSFFMSALGP.
All participants were informed about the purpose of the study and provided written consent. A parent or legal guardian of
participants under 18 years of age provided informed consent.

To verify how DA varies with age, a healthy population consisting of 247 men and 264 women between the ages of
13 and 70 was selected, with normal blood pressure values, cholesterol, blood glucose, BMI, and free of medication.
None of the participants reported chronic illnesses, drinking alcohol daily, or smoking cigarettes. It was requested to
avoid the ingestion of tea, coffee, and food in the previous two hours.

Brachial blood pressure was after 15 minutes of resting measured, in a sitting position, with the right arm resting at
the level of the heart, using a calibrated aneroid sphygmomanometer (Heine, Gamma 4.0), considering the average of
three readings taken at 1-minute intervals.

The pulse wave was obtained by applanation tonometry immediately after blood pressure measurement, using
a Murata 7BB-12-9 piezoelectric pressure sensor gently compressed at the radial palpation site.” The sensor output
was amplified with a maximum gain of 200 and a bandwidth of 15 Hz. It was then digitized, sampling at 8-bit resolution
and 200 Hz sampling rate, and finally, acquired on a PC and processed. The software used was Mathcad 7, which
includes signal processing.

Two one-minute radial pulse recordings for each subject in a sitting position were evaluated. The records were
processed by averaging the 8 cardiac cycles with maximum correlation. The averaged signal was normalized in
amplitude, corresponding the 100% amplitude to systolic pressure and 0% to diastolic pressure.

DA was measured from the averaged radial pulse wave contour, by tracing a line between the dicrotic notch and the
minimum value of the first cycle of the subsequent damped oscillation, as shown in Figure 1. The maximum difference
between the line and the pulse wave during diastole gives the DA value.® This determination is so simple that it can even
be carried out by hand on paper record if an appropriate software is not available.

Aortic PWV was calculated by dividing the estimated reflection distance proposed by Pierce et al through a regression
equation based on BMI and age, by the time difference between the peaks values of systolic pressure and the reflected wave.'”

RAIx was measured as the height of the inflection point produced by the reflected wave in the amplitude normalized
pulse wave record. The inflection point corresponds to the zero crossing of the fourth derivative function.'''?

Statistical analysis was performed using MATLAB® (MathWorks, Natick, MA, USA). According to the results of
Lilliefors test, normal distribution of data cannot be assumed. Wilcoxon rank sum test was used for comparisons between
studied variables. Results are expressed as mean + standard deviation (SD) or median and Ist-3rd quartiles, as
appropriated. A p value < 0.05 was considered statistically significant. Stepwise regression was used to perform the
linear regression model.

Results
At comparable mean age, men showed significantly higher Height, BMI, SBP, DBP, MAP, DA, and lower HR, RAIx, and
PWYV than women (Table 1).

When plotting DA as a function of age (Figure 3), women showed lower values than men across the whole age spectrum.
The Wilcoxon test indicated that with the same mean age, women show a lower DA value than men (p<0.0001). The
approximation curves are 2nd-order exponentials, which shows that the reduction in DA with age was practically linear in
the age range considered, decreasing approximately 2% per decade of life between 16 and 70 years.

Multiple linear regression analysis (Table 2) identified RAIXx as the strongest predictor of DA, followed by age and height. Sex
only had significance when associated with age. HR, blood pressure, PWV, and BMI, were not independent predictors of DA.
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Table |1 General Characteristics of All Cases
Males Women P
N [Cases] 242 251
Age [Years] 38 [26-49] 39 [25-51] 0.91
Height [m] 1.75 [1.70-1.80] 1.61 [1.58-1.66] <0.0001
BMI [Kg/mz] 25.90 [23.70-28.60] 23.40 [21.32-26.97] <0.0001
SBP [mmHg] 125.00 [116.00-135.00] | 115.00 [105.00—-120.75] <0.0001
DBP [mmHg] 80.00 [75.00-88.00] 74.00 [67.25-80.00] <0.0001
MAP [mmHg] 96.67 [90.00-103.33] 86.67 [80.00-93.33] <0.0001
HR [ppm] 71.81 = 10.42 76.38 £ 11.23 <0.0001
RAIx [%] 58.50 [44.00-70.80] 68.50 [51.70-79.85] <0.0001
DA [%] 14.91 [11.50-18.22] 11.60 [8.70-15.40] <0.0001
PWYV [m/s] 6.71 [5.77-7.75] 6.83 [5.83-8.33] 0.057
Notes: Results are expressed as mean * standard deviation (SD) or median and Ist-3rd quartiles, as
appropriated.
Abbreviations: BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure;
MAP, mean arterial pressure; HR, heart rate; RAIx, radial augmentation index; DA, amplitude of
diastolic oscillation; PWYV, aortic blood pressure wave velocity.
Discussion

The pulse wave is the pressure drop that occurs over the Windkessel output, consisting of the parallel formed by C2 and

peripheral resistance. The value of C2 affects particularly the oscillation that occurs at the start of diastole, since it forms

part of a resonant circuit together with L and C1. DA represents the amplitude of that oscillation.

We measured the amplitude of the oscillation DA directly from the radial pulse contour (Figure 1), in a manner

analogous to that applied by Heim for aortic pressure. We propose that DA represents a surrogate measure of C2, whose

calculation is based on the estimation of peripheral resistance and the application of mathematical algorithms.

DA (%)

13-15

Age (Years)

Figure 3 Variation of DA with age in healthy individuals of both sexes. Males: Gray diamonds, Females: Black squares. The approximation curves are 2nd order polynomials.

The determinant coefficient values are R?= 0.35 for females and R%= 0.49 for males.
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Table 2 Linear Regression Coefficients of the Variable DA, for

Both Sexes
F statistic: 120; p value « 1073 Adjusted R%: 0.55
Variable B Coefficient | Statistical t p value
RAIx —0.15 —-10.3 <0.0001
Age —0.11 —5.24 <0.0001
Height 5.06 2.04 0.04
Male sex —1.69 —1.68 0.09
Male sex*Age 0.07 3.17 0.001
Interception 18.31 4.36 <0.0001

Abbreviations: DA, amplitude of diastolic oscillation; RAIx, radial augmenta-
tion index.

The linearity of the relationship between DA and C2 can be obtained from the simulation carried out by Wang et al,
applying the method that we are proposing.'® They simulated the Windkessel output pressure during diastole for six different
values of C2, and determined values of L, C1, and peripheral resistance, within or close to the physiological range. They
obtained six pulse wave curves plotted against time. For each of these curves, the graphic calculation procedure explained in
Figure 1 was applied, obtaining six different values of DA. Plotting the DA values graphically calculated versus the
corresponding C2 values, obtained the relationship between both variables shown in Figure 4, in which a high correlation
is observed (R” = 0.99). This signifies that DA can also be considered an indicator of distal arteries stiffness, equivalent to C2.
The increase in DA with C2 can also be found in the graphs presented by Segers et al.®

In addition, the results of the multiple regression analysis indicate that DA behaves similarly to C2 in its relationship
with the variables that affect the cardiovascular system.

Linear DA regression revealed that the most significant predictors of DA were RAIx and age, followed by height and
sex (Table 2). DA was not significantly related to BMI, HR, MAP, PP, and PWV.

The strong association between DA and age shown in Table 2 resembles the correlation between C2 and age shown
by Mc Veigh et al, suggesting that radial DA would also be a marker of distal arterial aging.
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Figure 4 Variation of DA with C2.
Notes: Data from Wang et al.'®
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The high correlation between DA and RAIx could be due to a common dependence on endothelial function, as occurs
between the aortic augmentation index and C2.°

The explanation of the high correlations between DA, age, and AR, is the following.

The compliance of an artery is defined as the variation in volume produced by a variation in pressure. It increases
with arterial diameter and length, and decreases with the thickness and elastic modulus of its wall. In particular, the
microcirculatory compliance is proportional to the mass of the perfused skeletal muscle territory.

The diameter of muscular arteries depends on the contractile state or tone of their vascular smooth muscle,
determined by the balance between vasoconstrictor and vasodilator substances released by the endothelium into the
arterial wall.'”'®

Healthy endothelium ensures highly compliant aortic walls and low PWV. In addition, nitric oxide-dependent
vasorelaxation at the aortic reflection zone and the distal muscular arteries gives rise to a low amplitude reflected
wave that reaches the radial recording zone almost at the end of systole, causing a low RAIx value. In the distal arteries,
the relaxed walls increase C2 and DA.'*°

The effects of nitric oxide on the pressure waveform are reproduced by the administration of nitroglycerin as
illustrated by Munir et al. By measuring RAix and DA from the figure, a reciprocal change becomes apparent.
Nitroglycerin administration induced a decrease in RAIx, from 78% to 27%, and a concomitant increase in DA, from
10% to 19%.”'

Age-related endothelial dysfunction causes a decrease in C2, and a concomitant increase in RAIx.

The Increased distal arterial vasoconstrictor tone caused by age-related endothelial dysfunction contributes to the
decrease in C2.%* Decreasing C2 also decreases DA, according to the reports of Mc Veigh (1999) and Wang.'®"?

In contrast, our earlier finding of a higher radial DA in young elite athletes than in age-matched controls might
express the effects of improved endothelial function. This leads to an increase in the diameter of the small arteries that
supply the skeletal muscles that have become hypertrophied as a result of intense training.?****

Sex differences in DA could be determined by anthropometric factors. A shorter height and lower muscle mass than
men together with smaller arterial diameter might contribute to decrease distal compliance and AD in women.

Multiple regression analysis indicated that HR did not influence DA. The latter is consistent with that reported by
Heim at the central level, showing that in contrast to the strong inverse relationship of RAIx with HR, DA was
independent of it.®

In agreement with previous findings using C2, our results showed a weak relationship of DA with MAP and PP."

Perspectives

We propose that measuring DA directly from the radial artery waveform, instead of calculating C2, could avoid potential
errors derived from mathematical algorithms applications.'* >

DA measurement could easily replace C2 calculation for distal arteries assessment, which is a target of cardiometa-

bolic diseases and aging. Additionally, AD might represent a marker of cardiovascular adaptation to physical training.

Limitations
Although the proposed method is simple and DA measurement is always possible, we have noticed a considerable
dispersion of values in the set of volunteers.

Physical training or sports activity practiced continuously produces an increase in the diameter and a decrease in the
wall thickness of the distal arteries involved and increases the irrigation of the trained muscle mass.>* But the effects
depend on the intensity, the training time, the continuity and the various modalities offered in gyms. Anaerobic training
increases arterial stiffness, aerobic decreases it, and they are generally practiced in combination.*®

Despite the fact that none of the volunteers is a professional athlete, the dispersion could be attributed to individual
physical activity, which was not considered.
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Conclusions
AD is the pressure drop over C2, which represents the distal arteries compliance in the Windkessel model. Radial DA
could be used as an alternative index of distal arterial stiffness instead of the more sophisticated calculation of C2.
Both indicators, AD and C2, are closely related, as can be seen in the simulation carried out by Wang et al.
Supporting this relationship, we found that DA is higher in men than in women, decreases with age in both sexes, and
is independent of blood pressure and heart rate, as other studies have reported for C2.
Just as the RAIx evaluates aortic stiffness, DA measurement allows evaluating the distal arteries stiffness, related to
aging and cardiometabolic diseases.

Disclosure
The authors report no conflicts of interest in this work.
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