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Sir: 
The possibility to continuously assess changes in blood pressure dictates the need to find proper ways of 
obtaining clinically relevant information from such signals. In the simplest linear case scenario pressure 
changes are directly proportional to volume changes. This could give some theoretical soundness to the use 
of photoplethysmographic signals for similar purposes1. Even when the PPG signal is not a "purely 
volumetric" signal, the fact that it is at least partially related to volume, can justify , in the sense of the 
Takens theorem, its use as a surrogate of continuous pressure signal. If this will work in practice, the 
amount of resources saved and the number of patients potentially evaluated can increase substantially. 

Augmentation Index (AIx) has been widely used as a purported indicator of arterial stiffness. AIx is 
defined as the proportion of the second, reflected wave to the systolic wave. In particular it has been shown 
that peripheral AI (pAIx) reliably reflects the relationship between central and peripheral pulse pressure2. 
Plausibly, AIx seems to measure the contribution of an early and substantial reflected wave superposed to 
an incident wave. It seems also reasonable to expect that the AIx will increase with both higher amplitude 
of the reflected wave as well as with a higher pulse wave velocity. 

On the other hand, it is known that both the amplitude and velocity of the reflected wave tend to increase 
with age and this would lead to steady increases in AIx with age3. Indeed, a positive age correlation has 
been confirmed in some reports4. Unexpectedly, there are various reports claiming that AI is not always 
significantly correlated with age. Some attempts to explain this fact have been put forward based on both 
mathematical5 and physiological grounds6. 

Here, age dependence of pAIx assessed from Photoplethysmographic signals recorded from a sample of 
purportedly healthy subjects (10-87 y) is addressed. Also, a simulation study was carried out to clarify the 
possible relationship between peripheral pAIx and both amplitude- and velocity of the reflected wave. 

Subjects. Fifty three volunteers were recruited in the city of Orense. They were free of clinical 
cardiovascular disease and medication, and Body Mass Index never surpassed 31 kgxm-2. Approval was 
obtained from the local research ethics committee, and written informed consent was obtained from all 
participants. Five-min-duration photoplethysmographic signals were obtained from the pointer finger of 
the right arm with the subject in supine position, using a validated oximeter (Nellcor 395, USA). Signals 
were digitized at 100 Hz and saved as ASCII files. Continuous pulse pressure signals digitized at 125 were 
downloaded from the "Fantasia" data base available at www.physionet.org. 
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Data analysis. Peripheral AIx determination. AI was estimated over an average wave obtained 
automatically from the superposition of at least 65 individual waves. For wave averaging, a pattern vector 
of length L (usually about 90 data points) was picked by visual inspection. Correlations were measured 
between the pattern vector and each individual vector of length L starting at the point I of the original 
signal. The obtained vector of correlations (corresponding to about 100 seconds of recording) was then 
submitted to further analysis. Those vectors with from the signal having a correlation higher than a certain 
threshold "Th" and corresponding to a local maximum of correlation were picked as individual waves and 
entered as rows of the matrix M of the waveforms. From M the average waveform was obtained from 
averaging over all rows. The main virtue of the method is that a representative wave is obtained without 
the need to rely on subjective opinions of experts. After estimating the first and second derivatives of the 
average wave, the inflexion points were determined. Peripheral AIx was obtained as the ratio of the 
amplitude at the inflexion point to the right of the peak to the maximum amplitude2. 

Simulations. The systolic part of the PPG wave was represented as the composition of an incident and a 
reflected wave. Expecting minor loss of generalization, each individual wave was simulated with a bell 
shaped symmetrical and infinitely derivable curve of the type: 

The relative amplitude of the reflected wave (a) changed from zero to 1; the value of t1 was fixed in our 
simulations at 40 (corresponding to 400 ms). For t2, values ranged between 46 and 65 (roughly 
corresponding to velocities between 4 and 17 m/s for a sampling rate of 100 Hz and a distance of 1 m 
between abdominal aortic bifurcation and the pointer finger). Aix was determined from these simulated 
signals using the same algorithm as the one used for average waves. 

Statistical analysis. Linear and nonlinear regression was indicated in some scatter plots, whereas other data 
are presented as means and standard deviations. 

Correlation of p AIX with age. Our data exhibited a negative correlation between pAIx and age (r=-0.505; 
p=0.0039; Figure 1). Since the PPG signal is a mere surrogate of pulse pressure, this result can be a 
consequence of the poor quality of the PPG signal as a proxy for pulse pressure signals. 
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Figure 1. Scatter plot relating peripheral augmentation index as a function of age.

Thus we decided to explore if pAIx changes with age in a sample of clinically healthy young and elderly 
patients recorded with a continuous pulse pressure technique. Data were downloaded from the "Fantasia" 
database at physionet.org. 

Results did not support the hypothesis of higher pAIx values among elderly patients. Here pAIx was 
estimated at 0.80 ± 0.16 among young subjects and 0.82 ± 0.11 among elderly (n. s. nonparametric 
permutation test) 

After confirming that pAIx does not necessarily increases as age increases, the next step was to explore if a 
model wave composed of an incident and a superposed reflected wave will behave as intuitively expected. 

For a comprehensive answer to this question, different waveforms shapes and a large set of possible 
parameters configurations need to be explored. In this case we explored the simple case of two symmetrical 
and infinitely derivable waves represented by a Gaussian-like function. (See methods section). We tried to 
make the wave duration comparable to that in real recordings (about 100 data points corresponding to 
1000 ms with a 100 Hz sampling rate). 

Fixing the velocity at 5 m/s (corresponding to a 200 ms time shift for a standard distance of 1 meter 
between aorta bifurcation and pointer finger) and changing the reflected wave amplitude, it was obtained 
that the simulated AIx steadily increases with amplitude (figure..) In this case the results from numerical 
experiments are coincident with the apparent expectations. Similar results are obtained if velocity is fixed 
at 20 m/s. 
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Figure 2 Simmulation results for the dependence of peripheral augmentation index respect to amplitude of 
the refected wave. 

Amplitude of the incident wave was set =1.

When fixing the amplitude of the reflected wave at 0.3 times the amplitude of the incident wave, a 
nonlinear dependence of AIx respect to wave velocity is obtained for the velocity range from 4 to 17 m/s 
(figure 3). 

Figure 3. Simmulation results for the dependence of peripheral augmentation index respect to wave 
velocity. 

Linear fit shos a tendency to reduction as velocity increases, whereas a 5th degree polynomial fit suggest a 
nonmonotonous dependence.
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As apparent from figure 3, depending on the velocity range AIxcan either increase (e. g. from 4 to 6 m/s or 
from 15 to 17 m/s)) or decrease (from 7 to14 m/s) of remain almost unchanged (from 5 to 7 m/s). The 
general trend for the whole range of velocities is decreasing. Even when these numerical experiments 
cannot be taken at "face value" they can provide a good explanation for the observed decrease of AIx with 
age. 

Thus far, this is the first report of a negative correlation between pAIx and age. The used data sample is 
characterized by a very homogenous ethnic and cultural origin (mostly citizens from Orense, a city at the 
heart of Galicia having a low rate of inmigrantion. Ethnic differences have been documented for AIx 
developmental equations7. However, this cannot be the only factor for the obtained results. At any rate, a 
brief review of literature can suggest that the claim about a positive correlation between AIx and age does 
not enjoy a great support. Thus some authors claim that the correlation is strongest for ages below 50 
years, vanishing for older ages8-9. Moreover, some authors have hypotesized a decreasing wave reflection in 
older persons10. On the other hand, some authors have found a negligible role of AIx as a surrogate for 
arterial stiffness under adrenergic estimulation11. In other studies, multivariate analysis has found no 
correlation with age for AIx12. 

Working with rabbits, it was found a non-significant correlation between Aix and age. Moreover, as 
arteriosclerosis progressed and arteries stiffened, this did not affect the AIx13. Similar results were 
obtained in humans14-15. 

In another report4 it was found that age significantly correlated with augmentation index only in healthy 
subjects but not in those with atherosclerotic disease. Additionally those authors found that augmentation 
index is not correlated with the presence of vasoactive medication in subjects without atherosclerotic 
disease. 

It is not excluded that the inverse relation reported between AIx and height is an indirect consequence of 
an increase in AIx after an increase in time shift for the reflected wave, as documented from our 
simulations. 

Such diversity of results can put in doubt the validity of this index as a marker of cardiovascular function. 
Results of our simulations can at least partially explain this diversity of results. As shown in figure 3 
depending on the range of pulse waves to be regarded, the relationship between AI and arterial stiffness 
can be either positive, negative or nil. 

The European Society of Cardiology-European Society of Hypertension guidelines of the year 2007 
attribute to consequences of arterial stiffness and wave reflection a major role on cardiovascular 
mortality16. But the authors claimed the "poor availability of devices and methods providing easy and 
widely suitable measuring of arterial wall stiffness or their surrogates like augmentation index (AIx)". 
However, our results are not supportive of AIx being a good candidate for such a role. Particularly, it 
seems that the validity of AIx as a vascular index needs more substantial support; it is not excluded that 
other new indices are required for assessing vascular function and its decline with age and pathological 
condition. 
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