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Abstract 
Since antiquity, the human arterial pulse represents an important parameter in the clinical as-
sessment. Besides being routinely assessed in the medical practice, such pulse is not observed in 
its completeness yet, once many of the data obtained through it cannot be evaluated using conven-
tional methods. Taking into account such methods, the measurement of arterial blood pressure 
using sphygmomanometry, although broadly widespread in the assessment and follow-up of pa-
tients who require accompaniment of their cardiovascular status, is not able to properly guide 
about parameters related to the central hemodynamic status, the latter most strongly associated 
with cardiovascular risk. Such incapability is due to the centrifugal augmentation of the pressures 
taken at different points of the arterial bed, based on the properties of the closed arterial system 
through which the blood flow travels. In this context, methodologies capable of assessing central 
parameters estimated using the pulse wave analysis, such as applanation tonometry, represent a 
promising adjuvant for evaluating patients with cardiovascular diseases, by providing detailed 
information concerning hemodynamic parameters otherwise inaccessible. In this scenario, the 
present review focuses on the applanation tonometry and its assessment on the radial artery, hig-
hlighting the importance of this method in the cardiovascular assessment, as well as its relevance 
in the clinical practice, when determining parameters peripherally obtained capable of estimating 
the central hemodynamic status. 
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1. Introduction 
“All we know is still infinitely less than all that remains unknown.”—William Harvey. 

Historically, many civilizations associated the changes in the patterns of the arterial pulse with pathological 
conditions [1]. In this sense, the interpretation of such pulse represented an important propaedeutic tool for Chi-
nese, Indian, Greek and Roman physicians, who used to explore the irregularity of the arterial pulse in the diag-
nostic assessment [1] [2]. The Greek physician Galen, for example, had already described 27 different varieties 
of pulse [2], being the assessment of the human arterial pulse as old as the Egyptian papyri, with references to 
the pulse examination dating back to 1600 BC [3], and the modern records being initiated in 1860, after the con-
struction of the sphygmograph by Jules Marey [3] [4] (Figure 1). 

In 1872, Frederick Akbar Mahomed, while describing the development of methods for recording the arterial 
pulse, highlighted that “Since the information which the pulse affords is of so great importance, and so often 
consulted, surely it must be to our advantage to appreciate fully all it tells us, and to draw from it every detail 
that it is capable of imparting” (apud O’Rourke et al., 2001 [5]; O’Rourke & Adji, 2008 [6]). More interestingly, 
despite the simplicity with which Marey and Mahomed registered the pulse waves, their records are surprisingly 
similar to those observed when using high technology devices currently available [2]. 

In this scenario, increasing attention has been given to the importance of the arterial stiffness in the develop-
ment of cardiovascular diseases, emphasizing hypertension, prediction of target organ damage and cardiovascu-
lar mortality [7]-[13], with the development of different devices increasingly sophisticated for this purpose [4] 
[14]-[17] (Figure 2). By allowing the pulse wave analysis, such devices help to recognize the clinical relevance 
of the aforementioned stiffness [18] [19]. Instead of being considered innovations in the field of the vascular 
function assessment, such devices represent the reintroduction, with substantial upgrading, of the pulse wave 
analysis so broadly present in the clinical practice since last century [6]. Thus, the use of these methodologies 
affords the diagnosis of vascular impairment even before the onset of clinical manifestations of the related dis-
eases [20]. In this context, the present review approaches some of the aspects related to the applanation tonome-
try, emphasizing the one performed in the radial artery, the meaning of its main parameters and its applicability 
in the clinical setting. 

2. Applanation Tonometry: The Fundamentals 
Among the different methods for assessing the vascular function, the applanation tonometry [“tonometry”—tono 
(from the Latin “tonus”): tension, stretch; metry (from the Greek, “métron”): measurement; “applanation”: flat-
ten] is a noninvasive, reproducible and reliable technique [3] [21] [22] capable of providing estimated values 
concerning the central pressures. When considered the evaluation of hypertensive statuses, these parameters are 
presented, pathophysiologically and clinically, as more important variables [23], once they constitute more ac-
curate predictors of cardiovascular risk than peripheral pressures [3] [6] [24]. The reliability of this method is 
expressed by low intra and interobserver coefficients of variation for the measurement of the Augmentation In- 
 

 
      Figure 1. Sphygmograph developed by Etienne Jules Marey in 1860 (redesigned from Nelson et al., 2010).    
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Figure 2. Representative sequence of the method of radial artery applanation tonometry. (A) Device for capturing the 
records; (B) microtransducer capable of identifying the pulse wave peripherally (arrow); (C) palpation of the left radial artery; 
(D) coupling of the tonometer on the radial anatomical correspondent; (E) positioning of the components in the upper limbs; 
(F) measurement of the pulse waves for determining the Augmentation Index (AI).                                   
 
dex (AI), with values of 3.6% and 2.4%, respectively, ensuring its reproducibility [25]. The methodology of ar-
terial applanation tonometry currently used is based on the technique of tonometry firstly applied in ophthal-
mology for measuring the intraocular pressure [26], being the arteries flattened without the occurrence of vascu-
lar occlusion [27]. 

The greater reliability provided by applanation tonometry comes from the fact that pressures obtained by as-
sessing the brachial artery, using the conventional method of sphygmomanometry, are not effective in estimat-
ing the intraaortic pressure, particularly the central systolic pressure and the central pulse pressure [28]. Con-
cerning this issue, the tonometry, in the evaluation of the anti-hypertensive response, is equally relevant. In fact, 
even though evoking similar reductions in blood pressure levels assessed by brachial artery, different associa-
tions of anti-hypertensive pharmaceuticals promote distinct reductions in blood pressure levels when evaluated 
the central pressures [2] [3] [28] [29]. Such observations reinforce the relevance of considering the central 
measures when it comes to the therapeutic response in the clinical management of hypertension [29]. 

The principle of the applanation tonometry is based on the observation of the hemodynamic properties identi-
fied along the arterial tree [3] [23]. During the cardiac cycle, two waves are observed: the ejection wave, origi-
nated after systole, and the reflected wave, due to blood return through the peripheral vascular system at the end 
of systolic contraction (Figure 3). In this sense, the pressure registered at any point of the arterial system results 
from the sum of the ejection and reflected waves, depending on three factors: 1) the amplitude of ventricular 
ejection, 2) the duration of ventricular ejection, and 3) the velocity of the reflected wave from periphery [3] [30]. 
The pressure of the reflected wave represents an important evaluative parameter, as this pressure obtained by the 
assessment of the radial artery is associated with the aortic systolic blood pressure [2]. 

Also, the increase in the central pressure may be quantified by the pressure added to the peak of systolic 
pressure based on the reflected wave, the so-called Augmentation Pressure (Figure 3). Equationally, the ratio 
between the reflected wave (P2) and the ejection wave (P1) is defined as the Augmentation Index (AI) [3] [20] 
[31]-[34]. The latter represents an indirect measure of systemic arterial stiffness [35] [36] (Figure 3), initially 
described as a parameter associated to the ventricular-vascular coupling [1] capable of providing complementary 
information while assessing the cardiovascular risk [37]. Considering that the reflected wave represents the nu-
merator for calculating the AI (Figure 3), it is possible to conclude that increases in the Augmentation Pressure 
imply increases in the AI values, the latter expressed in percentage in relation to the pulse pressure. Thus, the 
greater the percentage values obtained, the greater the arterial stiffness and, consequently, the vascular impair-
ment [7] [30] [36] [38]-[42]. 
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Figure 3. Representative scheme of the variables which determine the Augmentation Index (AI). With the advance of age, it 
is observed an increase in such index. Once the reflected wave (P2) is placed in the numerator of the ratio for calculating the 
AI, the greater the reflected wave, the higher the AI, ultimately leading to augmented arterial stiffness. Although it is 
expected the increase in the AI with ageing, this process of vascular ageing may be accelerated in the presence of 
cardiovascular risk factors. Adapted from Mota-Gomes et al., 2006.                                                

3. Local Noninvasive Arterial Assessment, Its Systemic Significance, and  
Applicability as a Predictor of Cardiovascular Risk 

The arterial mechanical properties play a relevant role in the maintenance of the arterial function, with innumer-
ous variables capable of interfering in the vascular dynamics. Thus, the increase in the arterial stiffness, and con-
sequently, the decreased vascular distensibility to the blood flow which comes with the ejection wave, augments 
the pulse wave. Such increase, in turn, promotes early return of the reflected wave [43]-[45]. This fact will imply 
an increment in the pulse pressure, augmentation pressure, ventricular afterload, with a reduction in diastolic 
pressure, ultimately leading to impairment in coronary perfusion, as in coronary circulation the arterial filling oc-
curs in the diastole [43]. 

The radial artery applanation tonometry allows to noninvasively and accurately assess the wave of central pulse 
pressure [3] [41], by using transducers (micromanometers) (Figure 2(B), arrow) which continuously record the 
peripheral pulse waves [25] [46], capturing changes of the intra-arterial pressure [26]. These tonometric sensors 
are able to detect the most pronounced pulse signals in the anatomy of the wrist, selecting the major amplitude 
among the recorded pulse waves [1]. Thus, these devices configure an important alternative for studying the ar-
terial status [23], once invasive procedures cannot be broadly used in the clinical setting [28]. 

This noninvasive approach presents itself as more predictive for cardiovascular events related to hypertension 
than the peripheral blood pressure evaluated by the conventional method of sphygmomanometry [3] [47]. Such 
advantage comes from the fact that the AI derived from the radial artery presents a strong correlation with that 
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identified in the aorta, with both indices bringing similar information [22]. Therefore, this observation allows to 
infer, by assessing peripheral data, about the condition in other vascular beds [48] [49]. Furthermore, the AI 
presents a positive correlation with coronary atherosclerosis and cardiovascular outcomes [50]. In this context, the 
index obtained from the radial artery may be used to identify patients with atherosclerotic disease [33]. 

With regard to the vascular tonometry assessment, the anatomical location must be considered, once each ves-
sel has a characteristic AI, being this one greater in the aorta than in the carotid arteries, and in these arteries, 
greater than in the radial arteries. Such capacity of a more refined evaluation, offered by the AI values, allows to 
obtain relevant data which cannot be assessed by using the conventional method of blood pressure measurement 
by sphygmomanometry in the brachial artery. According to this method, for example, it is not possible to distin-
guish between a normal pattern and a sustained pattern of vascular stress by the influence of the waves generated 
along the cardiac cycle, so that the data obtained by tonometry reflects both the degree of arterial damage and, 
consequently, a possible damage to cardiac function [15]. 

Besides allowing the indirect assessment related to the atherosclerotic vascular impairment, the data obtained 
from tonometry enable to evaluate disturbances associated with the endothelial function [41], because the AI is 
also described as an indicator of endothelial function [51]. This observation is of particular importance, once en-
dothelial cells can, via release of specific molecules—among which the nitric oxide (NO), the main vasorelaxing 
factor derived from the endothelium [52], and vasoconstrictor factors, such as endothelin-1 [53] and prostaglan-
dins [54]—modulate the arterial tone [55] [56]. 

In reference to the evaluation of specific vascular beds, the applanation tonometry in the radial artery is ana-
tomically easier, thanks to the fact that this artery rests on bone tissue [7] [46]. Technically, the segment of the 
anterior artery wall is easily flattened between the device and the distal part of the radius [6] [57]. Thus, this to-
nometric modality shows great advantage when compared to that used for the carotid assessment, mainly because 
in the latter, discomfort and difficulties may be observed while performing the procedure [25]. Furthermore, this 
vascular bed, for being located more internally in the neck, and circled by connective tissue, cannot be easily flat-
tened [25] [58]. Moreover, for performing the carotid tonometry, it is also necessary to consider the interference 
of respiratory movements during the signal capture [25], besides representing an exam which requires a highly 
trained professional for its execution [6] [22] [46] [58] [59]. 

Still regarding the carotid arteries, risks exist during its applanation, once the procedure may induce bradycar-
dia or even instability of atheromatous plaques [58]. The fact of not using the brachial artery tonometry, in turn, is 
based on the observation that this vessel is not firmly located in its anatomical territory, the reason why it could 
not be properly flattened because of its uncertain path along the humerus and the presence of the brachial apo-
neurosis, both of them representing direct interfering factors in the signal capture by the sensor [6] [58]. 

For the graph representation of the arterial pulse, literature describes the existence of three distinct patterns of 
behavior: A, B and C [60]. The first one is characterized by an oscillatory pulse, and its main characteristic is the 
accentuated pulse wave reflection, as indicated in Figure 3 (superior graph, right side, representing the pulse 
wave of an 80-year-old individual). For the C pattern, it is observed a less oscillatory, more regular presentation, 
with minor and more diffuse reflection, according to the superior graph, left side in Figure 3 (record of a pulse 
wave in a 20-year-old individual). Finally, type B pattern for the pulse wave represents an intermediated point 
between the above mentioned extremes (Figure 3, graph from a 40-year-old individual) [60]. 

Considering that the AI and the central pressure values represent indirect measures of the arterial stiffness [35] 
[36], it is of note to highlight that they actually constitute auxiliary data in the vascular assessment, as the pulse 
wave velocity (PWV) is recognized as the gold standard for evaluating the arterial stiffness [18] [44]. Thus, the 
AI values and the PWV values are not interchangeable, so that the ones obtained from the AI should not be taken 
as identical surrogates for the PWV, but as adjuvant data in the pulse wave analysis instead [4] [21]. In this regard, 
in line with the description of a strong correlation between the AI and the PWV [21], and the fact that some stu-
dies have shown central measures to be stronger predictors of cardiovascular risk than values peripherally ob-
tained [3] [6] [24], Vlachopoulos and colleagues (2010) [61], in a meta-analysis studying the predictive role of 
central hemodynamics, did find that central hemodynamic values independently predict cardiovascular outcomes. 
In such study, however, the investigators observed that the AI is capable of predicting clinical events irrespective 
of peripheral pressures, with the central pulse pressure showing a marginally but not significantly predictive abil-
ity in comparison to the peripheral pulse pressure values. Finally, the authors reinforce the importance of con-
ducting large-scale studies in order to better clarify the participation of these markers in the classification of car-
diovascular disease risk. 
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Besides the advantages described, some limitations concerning the use of radial artery tonometry deserve to be 
pointed. Among them, appears the limited number of studies using this noninvasive method, compared to the 
greater number of clinical studies based on the use of blood pressure measurements in the brachial artery, as well 
as well as the lack of knowledge about this technique by health professionals [3]. Moreover, the use of metho-
dologies for peripheral analysis, to further estimate central pressures, may require the application of transfer func-
tions for properly converting and estimating values [23] [25] [28]. Such necessity arises from the greater stiffness 
in peripheral arteries when compared to the central ones, resulting in a process of centrifugal amplification even 
in healthy individuals, putting this assessment at risk of mistaken analysis [3] [7] [58] [62]. In this context, the 
evaluation of these transfer functions represents a relevant aspect to be considered while using the applanation 
tonometry.  

4. Are Transfer Functions Imperative for Validating the Applanation Tonometry? 
The arterial tonometry has become a useful means for noninvasively assessing the arterial properties by the use 
of transfer functions, the latter applied to estimate the central pressure by using variables obtained peripherally 
[63]. Based on mathematical methods, these functions represent specific algorithms in the programming of the 
devices used, enabling the indirect study of central parameters via analysis of different arterial beds, such as the 
radial, brachial or carotid arteries [64]. However, the applicability of these functions in the tonometric assess-
ment has been questioned [25], due to their validation in selected groups of patients [2] [7] [65]. In this context, 
after comparing the invasive and noninvasive evaluations in patients undergoing diagnostic angiography, Munir 
and colleagues (2008) [63] demonstrated that such functions are not necessarily required to estimate the systolic 
central pressure, once it is possible to perform this estimation by using the peripheral pulse wave. The results 
obtained by the authors suggest that the pressure of the late systolic shoulder of the peripheral arterial wave (a 
representation of the reflected wave from the periphery, with centripetal direction) is capable of estimating the 
central systolic blood pressure in a similar way to that observed during the use of transfer functions. However, 
the authors highlight that such estimation could only be reliably performed if the values obtained by the device 
were calibrated taking as reference invasive records. 

Concerning the aforesaid calibration, many devices commercially available use transfer functions based on 
values obtained in patients who underwent invasive procedures (catheterization), ensuring the reproducibility 
and applicability of these methods [3] [28], enabling, thus, to estimate central pressures by the use of peripheral 
noninvasive records [46]. Exemplifying this validation, in a study with a tonometric device, Takazawa and col-
leagues (2007) [25] compared values obtained by invasive assessments with those recorded in radial arteries. 
Interestingly, the authors demonstrated that the pressure of the reflected wave, noninvasively recorded by radial 
artery applanation tonometry, allows to assess the aortic central pressure as precisely as when using validated 
transfer functions. Furthermore, in the same study, it was evidenced a significant correlation between the aortic 
AI and the radial AI.  

Methodologically, for the acquisition of more reliable values for the AI, it is important to consider the heart 
rate as one of the major influencing factors in the ventricular filling and, consequently, in the ejection wave [66], 
being recommended the percentage values obtained to be normalized for a uniform heart rate of 75 beats per 
minute [1] [3] [5] [67], as the augmentation increases with the reduction of heart rate, due to the increase in the 
period of ventricular ejection [5]. 

Besides the heart rate, other parameters may influence the determination of the AI [67]. Physiologically, the 
reflected wave depends on the route developed by the blood flow, and in taller individuals, the arterial tree is 
bigger, so that the reflected wave appears later [38]. Thus, at any age and at any arterial segment considered, the 
augmentation is higher in individuals of short stature [5]. For this reason, it is also important to consider this 
anthropometric parameter during the acquisition of tonometric data. In this regard, some devices automatically 
include this variable in the vascular assessment by the use of processing algorithms obtained with linear equa-
tions, this way enabling such adaptation, with the possibility of designing, with graphical representations, the 
arterial status of an individual [59] [68]. 

Still regarding the interference of others factors, literature also describes the direct relation between increases 
in the AI and ageing [5] [15] [37] (Figure 3), mainly due to histological changes in arterial components, with a 
marked reduction in elastin content in the media and its replacement by collagen, besides the increase in calcium 
deposition in the arterial wall [3] [47]. In this sense, unpublished data from our group based on the use of radial 
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artery tonometry, point to the directly proportional relation between the advance of age and the increase in the 
AI values. Furthermore, different cardiometabolic disturbances, among which hypertension and diabetes [7], 
importantly contribute to this negative profile, with the AI generally being negative in young individuals [1]. 

5. From Theory to Practical Application: The Applanation Tonometry Protocol 
The noninvasive assessment of the arterial function can be performed by applanation tonometry of the left radial 
artery (Figure 2), according to the protocol described by Mota-Gomes and colleagues (2006) [37], using a vali-
dated device for this purpose [17] [25]. 

Initially, the same care required for measuring the blood pressure is taken, in accordance with the VI Brazilian 
Guidelines for Hypertension (VI Diretrizes Brasileiras de Hipertensão, 2010) [69], with the patient in sitting po-
sition, without being bent, free from previous intake of alcohol or coffee, resting for at least 5 minutes before 
measurement, the arm aligned with the thorax at heart level and free from clothes, and the elbow slightly flexed 
(Figure 2(E)). The cuff is then placed approximately 3 cm above the antecubital fossa, with the patient not be-
ing in the immediate postprandial period, and not presenting urinary content. Also, the legs should be kept un-
crossed and, before measurement, the patient should be warned not to talk during the procedure. 

Blood pressure levels are initially recorded by an oscillometric method in the right arm (Figure 2(E)). Before 
the measures for obtaining the AI could be performed, two blood pressure measurements are taken as reference, 
so that the sequence for evaluating the AI could only be done in the presence of pressure stability, the latter cha-
racterized by a difference of no more than 10 mmHg or no more than 5 mmHg for systolic and diastolic blood 
pressure, respectively. Once identified this stability, three consecutive measures are taken by the device, those 
that will enable the assessment of other tonometric parameters, among which the AI [37]. 

For the analysis of the AI, the left arm is positioned on the support for the wrist, with the palpation of the left 
radial artery (Figure 2(C)). After its identification, the sensor is placed on its anatomical correspondent in the 
anterior side of the left wrist (Figure 2(D) and Figure 2(E)). For each patient, three measurements of the AI are 
taken (Figure 2(F)), and the standard deviation should not be greater than 10%, as higher values compromise 
the quality of the data obtained. For this parameter, as previously stated, increased percentage values are asso-
ciated with low arterial elasticity [2] [4] [37] [52]. Besides the data concerning the AI, the device also informs 
about systolic blood pressure, diastolic blood pressure, pulse pressure, the pressure of the ejection wave and the 
pressure of the reflected wave [17], allowing a detailed assessment of these cardiovascular parameters. 

6. Conclusions 
The criteria for noninvasively assessing cardiovascular variables using different methodologies, among which 
the radial artery applanation tonometry, have brought the notion that peripheral pressures, evaluated in the 
brachial artery, may not properly reflect the behavior of parameters related to the central pressures. 

Indeed, based on the improvement of hemodynamic knowledge applied to the clinical assessment, current 
evidences show that alternative methodologies have become available, with a high degree of reliability. These 
approaches enable to early diagnose the vascular damage, also making possible a more accurate evaluation con-
cerning the efficacy of the anti-hypertensive treatment. Finally, despite the fact that these proposals are not re-
cent, it is possible to recognize the need to introduce these methods in the clinical setting, with major dissemina-
tion of its applicability, as a means for assessing useful parameters in the cardiovascular study and which are 
unavailable while using conventional evaluation methods. 
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AI: augmentation index 
P1: ejection wave 
P2: reflected wave 
NO: nitric oxide 
PWV: pulse wave velocity 
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