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Aortic size index enlargement is associated with
central hemodynamics in essential hypertension

Alberto Milan1, Francesco Tosello1, Mimma Caserta1, Diego Naso1, Elisabetta Puglisi1, Corrado Magnino1,
Chiara Comoglio2, Franco Rabbia1, Paolo Mulatero1 and Franco Veglio1

The aim of this study was to evaluate the association between brachial and central blood pressure (bBP and cBP) levels and

aortic root dilatation (ARD) in essential hypertensive patients. A total of 190 untreated and treated essential hypertensive

patients (mean age, 55±11 years) were considered for this analysis. We measured pulsatile hemodynamics and the proximal

aortic diameter directly using tonometry, ultrasound imaging (echocardiography) and Doppler. Ninety-one hypertensive patients

had an ARD (defined as aortic size index (ASi)42cm/m2). Central hemodynamic variables were significantly associated with

ASi. Patients with increased ASi were significantly older (60±10 vs. 50±11 years, Po0.0001) and had higher levels of the

augmentation index (AIx; 28±10 vs. 21±10 Po0.0001), augmentation pressure (AP; 13±6 vs. 8±5mmHg, Po0.0001),

and central pulse pressure (cPP; 44±10 vs. 39±8mmHg, Po0.0001) compared with patients with normal ASi. In a logistic

regression analysis, the AIx was the only significant predictor of ASi. In hypertensive patients, the AIx and cBP were associated

with ARD, whereas the bBP was not. Patients with an increased ASi may lose part of the elastic properties of the aorta,

demonstrating a strict correlation between ASi and central hemodynamic indexes, in particular, the cPP and AIx.
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INTRODUCTION

Elevated blood pressure (BP) is a leading cause of aortic root
dilatation (ARD) in people with hypertension and those genetically
pre-disposed to ARD, that is, those with bicuspid aortic valve disease
or Marfan’s disease.1 The wall tension, given by the product of the
circumferential stress and wall thickness, is directly proportional to BP
and the vessel diameter, thus explaining why both hypertension and
aortic dilation are risk factors for aortic dissection.1 Nevertheless,
brachial blood pressure (bBP) levels are only weakly associated with
aortic diameter.2 Recent studies have suggested that central aortic BP
may be better associated with target organ damage and clinical
outcomes in people with hypertension.3–7 Moreover, in Marfan’s
disease, it has been previously shown that central blood pressure
(cBP) has a key role in the pathogenesis of aortic aneurysms.8 In
hypertensive patients, the ARD, and in particular dilatation of the
sinus of Valsalva, is associated with more pronounced alterations in
cardiac structure and geometry than in normotensive subjects;2

however, the relationship between aortic root size and both the central
and the peripheral BP levels has not yet been fully investigated in
patients with hypertension and aortic dilatation.

The aim of our study was to evaluate the association between
bBP and cBP levels and the diameter of the proximal aorta in

essential hypertensive patients, both with normal and with dilated
aortic roots.

METHODS
We evaluated 190 adult outpatients with essential hypertension who were

referred consecutively to the echo lab of the Hypertension Unit at the

University of Turin, Italy for evaluation of target organ damage.

For the recruitment, all individuals underwent a full medical examination.

All BP measurements were performed according to the European Society

of Hypertension/European Society of Cardiology9 recommendations.

Hypertension was defined by systolic blood pressure (SBP)X140 and/or

diastolic blood pressure (DBP)X90 on three consecutive occasions or by the

assumption of the use of antihypertensive medications.

The exclusion criteria were the following: age o18 years or 470 years,

BMIX40, secondary hypertension, non-hypertensive cardiovascular disease,

any valvulopathy more than mild, a bicuspid aortic valve, diabetes, the presence

of associated clinical conditions as defined by the European Society of

Hypertension/European Society of Cardiology9 guidelines, a family history of

aortic rupture, or clinical characteristics suggesting a genetic pre-disposition

to ARD such as Marfan’s syndrome. The study was approved by our

Institutional Review Committee and all subjects provided their written

informed consent.
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BP and heart rate were measured three times, at 2 min intervals, on the non-

dominant arm using a validated automatic oscillometric device (Omron

Matsusaka, Kioto, Japan).

Augmentation index (AIx) and ‘central’ BP parameters
The central hemodynamic measurements employed in this study have

been previously validated.10 Radial artery waveforms were obtained with a

high-fidelity micromanometer (SPC-301; Millar Instruments, Houston, TX,

USA) from the wrist and a corresponding central waveform was generated with

a validated transfer function (Sphygmocor, AtCor Medical, Sydney, Australia),

as previously described in detail and validated.10,11 Calibration of the radial

arterial waveform obtained by applanation tonometry was carried out

with systolic blood pressure and DBP values recorded non-invasively on the

contralateral side using a validated automatic oscillometric device (Omron

Matsusaka). DBP and mean arterial pressures were assumed to remain constant

throughout the arterial tree.

The augmentation pressure (AP) was the height of the late systolic

peak above the inflection. The aortic or central AIx was calculated as the ratio

of the pressure difference between the ‘shoulder’ of the pressure wave and

the ‘peak’ systolic pressure (DP)12 and the pulse pressure (PP) according to the

following formula: AIx¼(DP/PP)�100. Values were considered positive if the

‘shoulder’ occurred before the peak pressure and negative if the shoulder

occurred after the pressure peak.

The central pulse pressure (cPP) was calculated as the difference between the

estimated aortic systolic and diastolic pressures.11

Arterial stiffness and wave reflection measurements
The arterial stiffness and wave reflection measurements were obtained follow-

ing current guidelines.10 BP and heart rate were measured three times, at 2 min

intervals, on the non-dominant arm, using a validated automatic oscillometric

device (Omron Matsusaka). The mean value from these three measurements

was used for further analysis. The pulse wave velocity (PWV), a classic index of

arterial stiffness, was measured along the descending thoraco-abdominal aorta

by the foot-to-foot velocity method, as previously published and validated.13

Briefly, waveforms were obtained transcutaneously over the common carotid

artery and the right femoral artery, and the time delay (t) was measured

between the feet of the two waveforms. The distance (D) covered by the waves

was assimilated to the distance measured between the two recording sites. The

PWV was calculated as PWV¼D (meters)/t (seconds)14 using the Sphygmocor

system (AtCor Medical) on the day of the echocardiography assessment and

after an overnight fast.

Echocardiography
A two-dimensional echocardiogram was performed at rest in the left lateral

decubitus position with commercially available ultrasound systems equipped

with tissue Doppler imaging software (ATL 5000; Bothell, WA, USA). Multiple-

frequency phased array transducers (2–4 MHz) were used.

Technical details have been reported previously.15 Briefly, the left ventricular

mass (LVM) was estimated from the end-diastolic left ventricular internal

diameter (LVIDd), interventricular septum and inferolateral wall thickness

(ILW) by Devereux’s formula 16 and was normalized to the body surface area

(BSA) and height.2.7

The BSA was calculated using the Dubois and Dubois formula:

BSA ¼ 0:20247 ½weight0:425�ðheight=100Þ0:725�:

The relative wall thickness was calculated as (2�ILW)/LVIDd. Patterns of

left ventricular geometry were defined according to European Society of

Hypertension/European Society of Cardiology9 recommendations. The left

ventricular systolic function was assessed by endocardial fractional shortening

((LVIDd-LVIDs)/LVIDd).

Aortic dimensions
Aortic size was measured using two-dimensional echocardiography; images of

the proximal aortic root were obtained from a parasternal long axis view, as the

maximal distance between the two leading edges of the anterior and posterior

aortic root walls at the end diastole.17 Consistently, the proximal aorta was

measured at the following sites: the sinus of Valsalva, usually called the aortic

root diameter, the sino–tubular junction and the ascending aorta 1 cm

immediately above the sino–tubular junction. All aortic sizes were normalized

to the BSA, as described above. For each patient, the maximal point of aortic

diameter normalized for BSA was considered the aortic size index (ASi).

Considering the current literature, the absolute aneurysm size is predictive

of negative events such as rupture, death or dissection, but the relative

aortic size better predicts the occurrence of rupture and death before operative

repair.1

Statistical analysis
The statistical analysis was conducted using SAS V8 software (SAS Institute

Cary, NC, USA). The parametric distribution of the variables was analyzed

using the Kolmogorov Smirnov test and a residual analysis. The data are

expressed as the mean±s.d. or as the median and 25th–75th percentile

difference if appropriate. Differences between means were examined using a

t test or ANOVA for normally distributed variables. Kruskal–Wallis or non-

parametric ANOVA were used for non-normally distributed variables.

Multiple regression analyses were used to assess the independent determi-

nants of ASi. Independent variables were selected based on their known or

expected association with ASi.

Statistical significance was assumed if the null hypothesis could be rejected at

Po0.05.

RESULTS

Baseline characteristics of the 190 study participants are shown in
Table 1. None of the subjects had a dilatation involving only the sino–
tubular junction; dilatation involved the sinus of Valsalva in most
patients (132 pts; 68%) and the ascending aorta in 32% of the
patients. Clinical and echocardiographic parameters were similar in
the two subgroups (Table 2). Furthermore, the central pressure and
arterial stiffness parameters (that is, AIx and PWV) were not signi-
ficantly different in patients with sinus of Valsalva and ascending aorta
dilatation. For this reason, we considered the patients all together in
the subsequent analysis.

Table 1 Clinical data of the population

Variable Mean±s.d.

n 190

Gender (M/F) 159/31 (84%/16%)

Age (years) 55.51±11.35

Hypertension duration (months) 96 (26–156)

Abdominal circumference (cm) 99.7±11.3

bSBP/bDBP (mm Hg) 137.54±13.91/82.62±9.49

bPP (mm Hg) 54.93±11.18

HR (bpm) 70.04±10.48

BMI (Kg m�2) 26.82±3.59

cSBP (mm Hg)/cDBP (mmHg) 125.74±12.99/83.84±8.82

cPP (mm Hg) 41.90±9.53

PWV (ms�1) 7.53±1.84

AIx (%) 24.49±10.64

AP (mm Hg) 10.70±6.00

AP�HR 8.70±4.99

Aortic diameter (SOV) (mm) 38±5

Sino–tubular junction (mm) 32.3±4.6

Ascending aorta (mm) 37.2±4.9

Aortic size index (cm m�2) 2±0.24

LVMi (gm�2) 102.04±27.55

Abbreviations: AIx, Augmentation index; AP�HR, AP corrected for heart rate; AP, augmentation
pressure; BMI, body mass index; cDBP, central DBP; cSBP, central SBP; DBP, diastolic blood
pressure; HR, heart rate; LVMi, left ventricular mass index; PWV, pulse wave velocity; SBP,
systolic blood pressure; SOV, sinus of Valsalva.
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First, we analyzed which anthropometric variables were associated
with aortic size. The dilatation of the proximal aorta was associated with
age (r¼0.37; Po0.0001), duration of hypertension (r¼0.20; P¼0.01)
and heart rate (r¼�0.21; P¼0.002). The correlation with the duration
of hypertension was not significantly influenced by age and the
association between aortic size and heart rate was no longer significant
after the correction for age. The aortic diameter was not significantly
associated with bBP (for example, brachial SBP: r¼0.05, P¼0.47).

The maximum diameter of the proximal aorta correlated with the
body size parameters, such as body weight (r¼0.46; Po0.0001),
height (r¼0.35; Po0.0001), abdominal circumference (r¼0.47;
Po0.0001) and BMI (r¼0.33; Po0.0001).

When we examined the central hemodynamic variables, we found
that the proximal aortic diameter did not correlate with the central
systolic blood pressure, DBP, MBP or PP (P40.05, data not shown).
The absolute value of the aortic size was not associated with the AIx
(r¼�0.05; P¼0.46) and PWV (r¼0.11; P¼0.18).

To minimize the impact of body size on the aortic dimensions, the
maximum diameter of the proximal aorta was indexed for BSA (ASi).

Considering the clinical variables, ASi was related to bPP (r¼0.19;
P¼0.008), but was not related to systolic or diastolic brachial blood
pressure (brachial SBP, brachial DBP; P40.05). Furthermore, ASi was
inversely related to heart rate (r¼�0.25; P¼0.0005).

ASi was significantly associated with age (r¼0.45; Po0.0001), but
not with BMI (r¼�0.09; P¼0.17) or abdominal circumference
(r¼�0.11; P¼0.27).

We found a significant association between cPP (r¼0.28;
Po0.0001) and ASi (Figure 1a), whereas the central systolic, diastolic
and mean BP were not related to ASi.

Considering parameters describing arterial stiffness, we observed a
significant association between AP (r¼0.36; Po0.0001), AIx (Figure 1b;
r¼0.30; Po0.0001) and ASi, even after correction for age.

Notably, PWV was not related to aortic dimension (P¼not signi-
ficant for both the absolute and the indexed value).

A value X2 cm m�2 in the ASi was considered the cutoff value to
define aortic dilatation. Table 3 summarizes demographic and clinical
characteristics of hypertensive patients grouped into normal vs.
enlarged ASi.

Hypertensive patients with enlarged ASi were significantly older,
had a longer history of hypertension and slightly lower BMI than
patients with normal ASi. Brachial SBP and brachial DBP were similar,
whereas PP was significantly higher in patients with increased ASi.
Analyzing the central hemodynamic, hypertensive patients with ASi
dilatation had a significantly higher central systolic and PP. We further
found a significantly higher AP and AIx in patients with increased ASi.

Interestingly, the association explored by the linear regression
analysis between ASi with AIx (P¼0.009), cPP (P¼0.007) and AP
(P¼0.01) was significant in the subgroup of patients with enlarged
ASi, whereas statistical significance was lost in patients with normal
ASi (o2 cm m�2).

Last, to evaluate differences in the hemodynamic variables that may
be influenced by ASi, we analyzed bBP and cBP levels in relation to the
proximal aorta absolute diameter in the two groups of patients
identified by normal or enlarged ASi values.

Patients with normal ASi demonstrated a significant inverse corre-
lation between cPP and the proximal aortic diameter (r¼�0.2;
Po0.05), whereas this correlation disappeared when we considered
subjects with enlarged ASi (Figure 2).

Considering the association between AIx and the absolute value of
the proximal aortic diameter, we observed (Figure 3) a significant
inverse correlation for both groups of patients having an enlarged and
normal aortic size, but the linear association was steeper (b 0.11 and
b 0.17, Po0.05 for both) in subjects with normal ASi.

Of note, both associations with cPP and AIx vs. the proximal aortic
diameter were not significant in the first set of analyses, in which
patients were considered as a sole group, irrespective of their ASi. This
finding supports the hypothesis of a different hemodynamic pattern in
the two groups.

Table 2 Clinical and hemodynamic parameters in patients with enlarged sinus of Valsalva or ascending aorta

Sinus of Valsalva Ascending aorta

60 27

Gender (M/F) 52/8 23/4 0.85

Age (years) 60.32±9.59 60.96±10.61 0.51

Hypertensive duration (months) 126 (48–192) 120 (36–156) 0.6

Abdominal circumference (cm) 99.1±9.46 101.46±10.45 0.62

bSBP/bDBP (mmHg) 137.5±12.56/81.7±9.90 140.59±16.02/81.70±8.67 0.12/0.46

bPP (mm Hg) 55.8±10.64 58.89±14.59 0.35

HR (bpm) 68.6±10.48 64.81±9.40 0.55

BMI (Kg m�2) 26.1±2.55 27.48±3.00 0.02

cSBP/cDBP (mmHg) 126.9±12.5/83.32±8.79 129.6±14.9/83.0±7.9 0.38/0.87

cPP (mmHg) 43.6±9.3 46.6±12.0 0.21

AIx (%) 28.42±11.51 28.6±7.3 0.95

PWV (ms�1) 7.56±1.96 8.24±2.53 0.27

LVMi (gm�2) 108.5±33.44 108.28±31.79 0.97

RWT 0.40±0.08 0.42±0.08 0.44

SOV (cm) 4.12±0.35 4.02±0.39 0.04

SOVind (cm m�2) 2.21±0.16 2.09±0.2 0.004

STj (cm) 3.410±0.40 3.41±0.49 0.99

Asc (cm) 3.83±0.3 4.26±0.37 o0.0001

ASi (cmm�2) 2.21±0.16 2.21±0.15 0.87

Abbreviations: AIx, Augmentation index; Asc, ascending aorta; ASi, aortic size index; bDBP, brachial diastolic blood pressure; BMI, body mass index; bPP, brachial pulse blood pressure; bSBP,
brachial systolic blood pressure; cSBP, central systolic blood pressure; HR, heart rate; LVMI, left ventricular mass index; PWV, pulse wave velocity; RWT, relative wall thickness; SOV, Sinus of
Valsalva; SOVind, sinus of Valsalva indexed for body surface area; STj, Sino–tubular junction.
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We further analyzed the cardiac organ damage associated with ASi
enlargement (Table 4).

ASi was significantly related to left ventricular mass (indexed for
BSA: r¼0.25, P¼0.0004; indexed for height2.7: r¼0.25, P¼0.0004), but
no association was observed with relative wall thickness.

Patients with increased ASi demonstrated a higher prevalence of left
ventricular hypertrophy (37%) compared with patients with normal
aortic dimensions (25%, P¼0.03).

Finally, the aortic dimension was significantly associated with the
left atrial volume (r¼0.29; Po0.0001).

Patients with higher ASi were treated with a significantly higher
number of drugs (Table 3). In particular, a significantly higher

Table 3 Clinical and hemodynamic parameters in patients with

normal and enlarged aortic diameter

Variable

Aortic size index

o2cmm�2

Aortic size

indexX2cmm�2 P

n 102 88

Gender (M/F) 83/19 76/12 0.46

Age (years) 51.27±10.88 60.47±9.82 o0.0001

Duration of hypertension

(months)

72 (24–120) 120 (48–180) 0.02

Abdominal circumference (cm) 99.75±12.89 99.72±9.59 0.98

BMI (Kg m�2) 27.01±4.13 26.59±2.83 0.02

bSBP (mm Hg) 136.63±14.10 138.60±13.68 0.86

bDBP (mmHg) 83.32±9.51 81.80±9.47 0.82

bMBP (mm Hg) 101.09±10.16 100.73±9.51 0.87

bPP (mm Hg) 53.30±10.26 56.81±11.94 0.02

HR (bpm) 72.24±10.25 67.49±10.22 0.001

cSBP (mmHg) 123.84±12.55 127.91±13.22 0.03

cDBP (mm Hg) 84.30±9.11 83.31±8.49 0.44

cMBP (mmHg) 101.70±9.89 101.77±9.72 0.96

cPP (mm Hg) 39.54±8.27 44.60±10.18 o0.0001

PWV (ms�1) 7.36±1.59 7.75±2.11 0.22

Ai (%) 21.16±9.75 28.32±10.38 o0.0001

Ai (HR75) 18.91±10.15 23.72±9.75 0.001

AP (mm Hg) 8.65±4.93 13.06±6.27 o0.0001

AP�HR (mmHg) 7.49±4.69 10.10±4.99 o0.0001

Treated (number of

treated vs. not treated)

75% (76/26) 100% (88/0) o0.0001

ACE-I (%) 16% (16/86) 23% (20/68) 0.23

ARB (%) 48% (49/53) 61% (54/34) 0.06

b-blockers (%) 16% (16/86) 33% (29/59) 0.003

CCB (%) 34% (35/67) 57% (50/38) 0.002

MR antagonists (%) 4% (4/98) 7% (6/82) 0.38

Thiazides (%) 20% (21/82) 35% (31/57) 0.01

Number of drugs 1 (0–2) 2 (1–3) o0.0001

Abbreviations: ACE-I, Aangiotensin-converting enzyme inhibitors; AIx (HR75A), AIx corrected for
heart rate; AIx, Augmentation index; AP�HR, AP corrected for heart rate; AP, augmentation
pressure; ARB, Angiotensin II receptor blockers; bDBP, brachial diastolic blood pressure; bMBP,
brachial mean blood pressure; BMI, body mass index; bPP, brachial mean blood pressure;
bSBP, brachial systolic blood pressure; CCB, Calcium channel blockers; cDBP, central
diastolic blood pressure; cMBP, central mean blood pressure; cPP, central Pulse Pressure;
cSBP, central systolic blood pressure; HR, heart rate; MR, mineralcorticoid receptor;
PWV, pulse wave velocity.

Figure 1 (a) Association between central the pulse pressure (cPP) and aortic size index (ASi). (b) Association between augmentation index (AIx) and ASi.

Figure 2 Linear regression between the proximal aortic diameter and

the cPP.
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percentage of these patients were under treatment with calcium
channel blockers, b blockers and thiazides compared with patients
with normal ASi.

To investigate the interactions among the different variables with a
potential effect on ASi, we performed a multiple regression analysis
(Table 5). Age and AP were significant, independent predictors of
increased ASi.

DISCUSSION

The present study has demonstrated for the first time the association
between the ASi and central hemodynamic indexes, in particular with
cPP and AIx, in a hypertensive population. We observed a significant
association between cardiac organ damage and aortic size, confirming
previous studies in this field.2

Moreover, considering the absolute value of the proximal aorta, we
demonstrated, for the first time, a significantly different hemodynamic
pattern between subjects with normal vs. enlarged ASi; subjects with
increased ASi had higher levels of AIx compared with the control
group. This finding is consistent with the hypothesis of a possible loss
of the buffering properties of the enlarged aorta at increased levels of
cPP in subjects with increased ASi.

The aging process directly affects aortic size in relation to the
progressive thinning and fragmentation of elastic fibers. In agreement
with previous reports,2,18 we confirmed the association between age
and aortic dimensions. However, older age cannot completely explain
the overall variance of aortic enlargement. Of note, about 20% of our
patients with aortic dilatation were younger than 50 years. It is then
reasonable to consider the possible role had by hypertension in ARD.
Arterial hypertension is thought to accelerate the age-associated
proximal aortic dilatation,19 even if previous studies demonstrated
a modest association between clinical BP levels and aortic size.2,20

We observed that the absolute aortic diameter was not significantly
associated with bBP levels, in agreement with previous studies.2,20

Different reports2,21,22 have demonstrated an association between
smaller aortic diameter and increased PP in patients with normal
aortic dimensions, suggesting that a smaller aortic root could be
responsible for an increased PP and aortic stiffness. We observed an
inverse relationship between ASI and AIx with aortic size in the
normal range; this supports the hypothesis of small aortic root size
pre-disposing patients to a higher CPP and AIx irrespective of PWV
(which appeared to be not statistically different). These findings
confirm previous reports in this field.18

The above mentioned inverse relation between cPP and the absolute
aortic dimension in the subgroup of patients having normal ASi could
not be demonstrated in subjects with enlarged ASi. This finding is of
particular value because such a subgroup of subjects has not been
analyzed in previous reports.

The aorta is a dynamic organ that undergoes remodeling in
response to hemodynamic demands.

We demonstrated that, in both groups (enlarged and normal ASi),
larger proximal aorta diameters corresponded to lower levels of AIx,
but considering the same absolute value of the proximal aortic
diameter, subjects with enlarged ASi may work at higher levels of
AIx compared with the normal ASi group.

These findings suggest an impairment of the aorta buffering
elastic properties in subjects with enlarged ASi and are consistent
with the hypothesis of the aortic diameter becoming dependent on the

Figure 3 Linear regression between the proximal aortic diameter and

the AIx.

Table 4 Echocardiographic parameters in patients with normal and

enlarged aortic diameter

Variable

Aortic size index

o2cmm�2

Aortic size index

X2cmm�2 P

n 102 88

Cardiac morphology

LAD (mm) 37.57±5.61 38.53±5.88 0.29

LAVi (cc m�2) 27.05±7.20 31.67±10.58 0.003

LVMi (gm�2) 98.45±25.26 108.57±32.58 0.02

LVMheight (g m�1 2.7) 43.50±12.18 48.41±15.72 0.03

RWT 0.40±0.08 0.41±0.08 0.43

EF (%) 62.81±13.97 62.09±18.95 0.99

Transmitral flow

E (ms�1) 0.63±0.16 0.59±0.11 0.01

A (ms�1) 0.64±0.16 0.70±0.16 0.01

E/A 1.03±0.31 0.89±0.34 0.003

Deceleration time (ms) 182.51±49.20 195.65±57.65 0.11

Abbreviations: A, transmitral atrial wave; E, transmitral early wave; E/A, transmitral E to A ratio;
EF, Ejection fraction; LAD, left atrial dimension; LAVi, Left atrial volume index; LVMheight, left
ventricular mass indexed for height2.7; LVMi, left ventricular mass index; RWT, relative wall
thickness; RWT, relative wall thickness.

Table 5 Multiple regression analysis

Variable b±s.e. T P

Intercept 1.73±0.1 10.7 o0.0001

Age (years) 0.008±0.001 5.25 o0.0001

Augmentation pressure (mm Hg) 0.008±0.004 2.3 0.04

CPP (mm Hg) �0.001±0.002 �0.57 0.56

Heart rate (b.p.m.) �0.003±0.001 �1.91 0.057

Abbreviation: cPP, central pulse pressure.
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variation of central hemodynamics (cPP and AIx) once aortic dilata-
tion has occurred.

It has been demonstrated that not only age but also body size
account for the aortic root diameter;23 to reduce the confounding
effect of body size, we normalized the aortic dimension to the BSA.

Of note, Pape et al.24 demonstrated that absolute aortic size alone is
not a good predictor of aortic dissection type A; the majority of
patients with acute type A aortic dissection had an aortic diameter less
than 5.5 cm, a measure that is considered the cutoff value for
suggesting aortic replacement by current guidelines. Even more strict
criteria (o5 cm) would fail to prevent 40% of the acute aortic
dissections. Thus, the absolute aortic diameter is not a good enough
marker of risk for aortic dissection.

Davies et al. demonstrated that ASi is the strongest predictor of
aortic rupture and death before operative repair.1 Thus, we investi-
gated the association between the ASi and different clinical, hemody-
namic and cardiac variables.

We observed an inverse relationship between heart rate and
ASi, in agreement with a recent paper by Williams et al.3 that
demonstrated a clear inverse association between heart rate and cPP
and AIx. This association was explained by an increased reflective
component of the aortic waveform. These findings considered
together with our results may suggest a potential role of low heart
rate in aortic dilatation. An increased reflective component due to low
heart rate may increase the AIx, resulting in an increased stress on the
aortic root.

We found that aortic size, normalized for BSA, was positively and
significantly associated with central hemodynamic variables. In parti-
cular, ASi was significantly associated with cPP, AP and AIx, before
and after the correction for age.

Interestingly, the positive associations between ASi and AIx, as well
as between cPP and AP were significant in the subgroup of patients
with enlarged ASi, whereas statistic significance was lost in patients
with normal ASi (less than 2 cm m�2).

Marfan’s syndrome can be considered a prototypical extreme of
great arterial medial wall abnormalities. Previous studies have shown
that aortic dilation in patients affected by Marfan’s syndrome was
related to cPP, but not bPP.8

In hypertensive subjects, collagen and elastin abnormalities are
usually more pronounced than in age matched normotensive sub-
jects,25 but this process is magnified in Marfan’s syndrome.

Based on our findings, hypertensive patients with enlarged ASi
should be considered an intermediate phenotype between Marfan and
normal aorta; in fact, they lose part but not all of the elastic properties
of the aorta, demonstrating a more strict correlation with central
hemodynamics than subjects with normal ASi. These findings may
suggest that the inverse relationship between aortic diameter and
central hemodynamics (cPP, AIx and AP) usually present in the
normal range of aortic dimensions is attenuated in hypertensives
with a larger aortic root. A larger aortic root could represent a type of
maladaptation of the aorta to the wall stress, pre-disposing it to
further dilatation.

In our study, we demonstrated a significant association between
ASi and cardiac organ damage. In particular, patients with enlarged
ASi had an increased prevalence of left ventricular hyper-
trophy and a more pronounced left atrial volume, than those with
normal ASi, confirming previous studies in this field.2 These
findings support the association between cardiac organ damage and
aortic size.

Current guidelines do not provide suggestions for the preferred
therapy for hypertensive patients with aortic dilatation. Marfan’s

syndrome is a genetic condition associated with aortic dilatation. In
studies performed in a relatively small population, it has been reported
that b-blockers delay ARD in patients with this disease. A recent
meta-analysis26 failed to provide significant evidence that therapy with
b-blockers affects long-term outcome. In a mouse model of aortic
dilation, treatment with losartan proved to be more effective than
propranolol in reducing and reverting aortic wall disarray.27

In agreement with this finding, two clinical trials recently demon-
strated that the inhibition of the renin–angiotensin–aldosterone
system by angiotensin-converting enzyme inhibitors28 or angiotensin
receptor blockers29 reduced the rate of aortic enlargement in patients
affected by Marfan’s syndrome.

Considering b-blocker therapy, we observed an increased percen-
tage of treatment in patients affected by aortic root enlargement.
Furthermore, b-blocker therapy was associated with a higher AIx, as
previously observed in the CAFÉ trial.30

LIMITATIONS OF THE STUDY

This is a cross-sectional study evaluating a relatively young popu-
lation (mean age, 55 years old); a significant percentage of our
patients had a mild proximal aortic dilatation. Longitudinal
studies will be required to describe the natural history of proximal
aortic dilatation and to determine whether younger individuals
with increased AIx or cPP are more likely to develop aortic dila-
tation and whether adult or older subjects with increased levels
of central hemodynamic (AIx or cPP) have a higher risk of aortic
dissection.

Almost all of the patients were under pharmacological treatment
with different classes of drugs. This treatment can potentially affect
several of the examined variables, particularly central hemodynamics
and PWV. In fact, all PWV values were within the normal range, and
the lack of association between PWV and aortic diameter can probably
be explained by the effect of the antihypertensive treatment. Fifty
percent of the patients enrolled in the study had an increase in aortic
dimensions and thus, for ethical reasons, we could not perform a
period of wash out in our patients. Further studies may be addressed
to evaluate the potential effect of drug therapy on aortic dimensions
and central hemodynamics.

Finally, in our paper we did not evaluate the aortic wall thickness,
which is related to wall stress. Wall stress increases in correlation with
the increased aortic radius and it is inversely related to the aortic wall
thickness according to La Place’s law. In this view, a more accurate
evaluation of the aortic wall thickness could improve our under-
standing of the physiopathological interactions between BP and aortic
enlargement. At the same time, it must be kept in mind that
assessments of wall thickness are often difficult during a standard
echocardiographic exam.

CONCLUSIONS

ARD is a common clinical feature in arterial hypertension. Our
study suggests that the most important clinical parameters associated
with aortic enlargement are cBP and AIx. Estimation of cPP
might then be useful in assessing the effectiveness of treatments to
reduce further increases in ASi, given that brachial indexes seem less
well related to aortic dimensions. Longitudinal studies will provide
more information about the pathophysiological role of the ‘central’
hemodynamic parameters in aortic root enlargement in hypertensive
patients.
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