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ABSTRACT
 

المرجعية  القيم  لتحديد  الدراسة  هذه  إجراء  تم  الأهداف:  
 Applanation“ال تقنية  باستخدام  الشرايين  تصلب  لمؤشرات 

Tonometry” على مجموعة من العرب العمانيين الأصحاء.

الأعضاء  وظائف  علم  بقسم  الدراسة  هذه  أجريت  الطريقة:  
الاكلينيكي بمستشفى جامعة السلطان قابوس، مسقط، سلطنة 
تم  2013م.  يونيو  حتى  2011م  يونيو  من  الفترة  خلال  عمان 
قياس مؤشر التكبير “AIx” ومؤشر سرعة موجة النبض الأبهري 
من   120 لدى  المركزي  النبض  ضغط  وكذلك   ”AoPWV“
اختيارهم  تم  واللذين  والنساء  الرجال  من  الأصحاء  المتطوعين 
يدعى  جهاز  باستخدام  القياس  تم  وقد  عشوائي.  بشكل 
للرجال  مرجعية  نطاقات  تحديد  تم  ولقد   .”SphygmoCor“
باستخدام  وذلك  للنساء  المرجعية  النطاقات  عن  منفصل  بشكل 

.97.5th2.5 وth  النسب المئوية

النتائج:  كان متوسط عمر الرجال 38 عام بينما كان متوسط عمر 
النساء 35 عام وذلك ضمن الأعمار اللتي تراوحت بين 20 إلى 53 
بينما   (13±11%)  ”AIx“ التكبير  مؤشر  متوسط  كان  عام. 
 ”AoPWV“ الأبهري  النبض  موجة  سرعة  مؤشر  متوسط  كان 
لدى  أعلى   ”AIx“ التكبير  مؤشر  كان   .(6.7±1.6 m/s)
مؤشر  متوسط  كان  (vs 10%، p<0.001 %17) بينما  النساء 
الرجال  لدى  أعلى   ”AoPWV“ الأبهري  النبض  موجة  سرعة 
المرجعية  القيم  تحديد  تم   .(7.1m/s vs 6.3m/s، p=0.003)

لدى المتطوعين حسب العمر والجنس.

الشرايين  تصلب  لمؤشرات  المرجعية  القيم  دراسة  تم  الخاتمة:  
الدراسة هي  العمانيين وتعتبر هذه  العرب  السكان  لمجموعة من 

الأولى من نوعها في هذا المجال.

Objectives: To determine the reference values of 
arterial stiffness indices, particularly augmentation 
index (AIx) and pulse wave velocity (PWV) using 
applanation tonometry in a healthy Omani Arab 
population. 

Methods: This prospective study was carried out in the 
Department of Clinical Physiology, Sultan Qaboos 
University Hospital, Muscat, Oman over a 2-year 
period from June 2011 to June 2013. The central AIx, 
aortic PWV (AoPWV), and central pulse pressure 
(CPP) were recorded from 120 healthy subjects 
recruited randomly from a normal population using a 
SphygmoCor device. The 2.5th and 97.5th percentiles 
were used to determine the reference ranges for men 
and women separately. Analyses were performed using 
univariate statistics. 

Results: The mean age of the cohort was 38 years 
for men, and 35 years for women, with the ages 
ranging from 20-53 years. The overall mean central 
AIx was 13±11%, and for AoPWV was 6.7±1.6 m/s. 
The central AIx was higher in women (17 versus 
10%; p<0.001), whereas the AoPWV was higher in 
men (7.1 versus 6.3 m/s; p=0.003). Subjects were 
categorized according to the gender and age decade, 
and reference values for CPP, central AIx, and AoPWV 
were obtained.  

Conclusion: This study reports the reference values 
for arterial stiffness indices from an Omani Arab 
population; the results of which should be interpreted 
in the context of its limitations.
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Cardiovascular disease is the leading cause of 
mortality and morbidity worldwide.1 High central 

pulse pressure (CPP) and increased aortic pulse wave 
velocity (AoPWV) resulting from stiffness of large 
arteries have been recognized as an independent risk 
factor for cardiovascular disease.2-5 The European 
Hypertension Society guidelines recommended the 
pulse wave velocity (PWV) to be used for risk assessment 
stratification of hypertensive patients.6 Several non-
invasive techniques have been developed to assess 
arterial stiffness parameters.7,8 Applanation tonometry 
developed by O’Rourke and other investigators9-12 
is a simple, reproducible, and validated method used 
to assess arterial stiffness indices in healthy subjects 
and in subjects with various cardiovascular diseases. 

In addition to direct analysis of peripheral pulse wave 
forms to determine peripheral augmentation indices, 
this method can also be used to calculate central (aortic) 
augmentation indices and central blood pressure by 
using validated algorithms.12 A large number of studies 
from different European populations, African, and Asian 
nations have assessed reference ranges and correlates 
of arterial stiffness using applanation tonometry.13-16 

However, studies on reference values of arterial stiffness 
in Arab populations are scant. Considering variations in 
genetic and environmental factors between populations, 
differences in arterial stiffness values in health and 
cardiovascular disease individuals are expected. There is 
a lack of previous studies on normal arterial stiffness 
indices in an Omani Arab population. Normal reference 
values from healthy subjects are particularly pertinent 
for proper clinical applications. Therefore, this study 
aimed to determine the reference values of arterial 
stiffness indices particularly augmentation index (AIx) 
and PWV using applanation tonometry in a healthy 
Omani Arab population.

Methods. This prospective study was carried out in 
the Department of Clinical Physiology, Sultan Qaboos 
University Hospital, Muscat, Oman over a 2-year 
period from June 2011 to June 2013. Participants were 
recruited from staff and students at Sultan Qaboos 
University (SQU), Muscat, Oman. Staff and students 
of SQU are from throughout the country and represent 

a good random mix of the general population. E-mails 
were sent to the randomly selected subjects inviting 
them to participate in the study. Subjects were then 
invited to the Department of Clinical Physiology at 
SQU hospital. A verbally read and explained written 
consent was signed by each participant. A full medical 
history was obtained from all consenting subjects. 
Subjects who reported having hypertension, diabetes 
mellitus, hyperlipidemia, previous or concomitant 
cardiovascular disease, smokers, or on any medications 
that have been reported previously to influence pulse 
wave analysis or velocity were excluded from the study. 
A total number of 150 subjects were interviewed and 
30 subjects (20%) who met the exclusion criteria were 
removed. Subjects were advised to refrain from coffee 
intake for at least 5 hours before the examination on the 
day of appointment.

The study was approved by the Medical Research 
Committee in the College of Medicine and Health 
Sciences, SQU. The study was conducted according to 
the principles of the Helsinki Declaration. 

Height (to the nearest 2 cm) and weight (to the nearest 
0.5 kg) were measured with the participant wearing 
light clothes and no shoes. Body mass index (BMI) was 
calculated as weight in kilograms divided by the height 
in meter square. Brachial blood pressure measurements 
were recorded according to the recommendation of the 
European Society of Hypertension.6 After 5 minutes 
rest in a sitting position, 2 brachial blood pressure 
measurements were recorded. If the difference between 
the 2 measurements was more than 5 mm Hg, a third 
reading was obtained and the average of the closest 2 
readings was used for the analysis. All measurements 
were obtained in a quiet room after the participant had 
rested for at least 15 minutes in the supine position. 
Pulse wave analysis and velocity were measured in 
accordance with the recommendations of the European 
consensus.7,8

A high-fidelity SPC-301 micromanometer (Millar 
Instrument, Inc., Houston, TX, USA) interfaced with 
a laptop computer equipped with the SphygmoCor 
software (AtCor Medical Pty, New South Wales,  
Australia) was used to record radial waveform from 
the dominant arm. Recordings were performed for 8 
seconds and any recordings with systolic or diastolic 
variability of consecutive waveforms exceeding 5%, 
or if the amplitude of the pulse wave signal was <80 
mV were discarded.  Central (aortic) pulse waves were 
then generated by the SphygmoCor software using a 
generalized transfer function. The AoAIx was used in the 
analysis and it was defined as the difference between the 
second and the first systolic peak given as a percentage of 
the aortic pulse pressure. Blood pressure measurements 
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recorded immediately before the recordings were used 
to calibrate the pulse wave. The AoPWV was measured 
by sequential recording of the arterial pressure 
waveform at the carotid and femoral arteries. Distances 
from the suprasternal notch to the carotid recording 
site (distance A), and from the suprasternal notch to 
the femoral artery site (distance B) were measured. 
Subtraction distance (distance B minus distance A) was 
used for AoPWV calculation. The intersecting tangent 
algorithm was used to detect “the foot” of the analyzed 
wave. Three PWV measurements were taken for each 
participant, and the closest 2 readings were used for 
analysis. All studies were performed by 2 observers. 
The intra and inter-observer coefficient of variations 
were 2.85 and 4.6, for central AIx, and 3.7 and 6.2 for 
AoPWV.

Statistical analyses were performed using version 
12.1 of Stata, (StataCorp, College Station, TX, USA). 
Descriptive statistics were used to describe the data. For 
categorical variables, frequencies and percentages were 
reported. For continuous variables, mean and standard 
deviation, as well as median, and 2.5th and 97.5th 
percentiles were presented. Differences between groups 
were analyzed using Student’s t-tests. An a priori was 
set at 0.05. 

Results. Characteristics of the participants. Table 1 
represents the characteristics of participants by gender. 
Men (51%) were older than women (p=0.021), they 
were taller and heavier, but there was no statistical 
significant difference in body mass index (p>0.05). 
Both peripheral and central blood pressures except CPP 

were higher in men (p<0.01 for all). The average central 
AIx for all participants was 13±11%, and the average 
aortic PWV was 6.7±1.6 m/s. Central AIx was higher in 
women (17 verus 10%; p<0.001), whereas AoPWV was 
higher in men (7.1 versus 6.3 m/s; p=0.003). 

Hemodynamic measurements. Table 2 shows detailed 
statistics for CPP, corrected AIx and PWV stratified by 
gender and age. Taking the 2.5th and 97.5th percentiles, 
the table provides the reference ranges for each category 
for the respective age and gender. For all age categories, 
men had higher AoPWV and lower central AIx.  

Figures 1-3 demonstrate the relationship of CPP, 
central AIx and PWV with age in men and women. 
There was a significant increase in all parameters with 
an increase in age for men and women. The increase 
in CPP and central AIx was steeper in women than in 
men.

Proposal for diagnostic thresholds. To determine the 
diagnostic threshold for men and women, the 97.5th 
percentile at the age of 30 years was used (Figures 1-3). 
The proposed thresholds from this procedure were as 
follow; 45 mm Hg for CPP for both men and women, 
30% for men and 25% for women for central AIx, 
and 8 m/s for men and 7 m/s for women for AoPWV. 
To account for the changes in these parameters with 
age, these thresholds would need to be adjusted by 
approximately 3 mm Hg for CPP, 5% for central AIx, 
and 1 m/s for AoPWV for each decade that age differs 
from 30 years.

Discussion. In the present study, we determined 
the reference values and estimated the diagnostic 

Table 1 - Baseline demographic and clinical characteristics (N=120).

Characteristic All Men (n=61) Women (n=59) P-value
Demographic
    Age, years   36 ± 8   38 ± 7   35 ± 9 0.021
    Height, cm 163 ± 8 169 ± 6 157 ± 6 <0.001
    Weight, kg     71 ± 15     77 ± 14     65 ± 13 <0.001
    BMI, kg/m2   27 ± 5   27 ± 5   26 ± 5 0.268
Clinical
    p-SBP,  mm Hg   118 ± 13    122 ± 12   113 ± 12 <0.001
    p-DBP mm Hg     69 ± 10     72 ± 11     66 ± 10 0.005
    p-PP mm Hg   49 ± 8   51 ± 8   47 ± 8 0.006
    c-SBP mm Hg   105 ± 13   108 ± 12    101 ± 13 0.006
    c-DBP mm Hg     70 ± 11     73 ± 11      68 ± 10 0.008
    c-PP mm Hg   34 ± 7   35 ± 6    34 ± 7 0.319
    corr-AIx %     13 ± 11   10 ± 9      17 ± 12 <0.001
    AoPWV m/s     6.7 ± 1.6     7.1 ± 1.7      6.3 ± 1.3 0.003

Data are means ± standard deviation in parenthesis. BMI - body mass index,
 p-SBP - Peripheral systolic blood pressure, p-DBP - Peripheral diastolic blood pressure, 

p-PP - Peripheral pressure, c-SBP - Central systolic blood pressure, c-DBP - Central diastolic 
blood pressure, c-PP - Central pressure, corr-AIx - Corrected augmentation index, 

AoPWV - Aortic pulse wave velocity
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Table 2 - Central pulse pressure, corrected augmentation index and pulse wave velocity stratified by gender and age 
categories (N=120).

Characteristic Men Women
20-30 years

(n=7)
30-40 years

(n=32)
40-53 years

(n=22)
20-30 years

(n=21)
30-40 years

(n=20)
40-53 years

(n=18)
Central pulse pressure, mm Hg
    Mean   33 34 37 29 35 38
    Standard deviation     7   7   8   6   6   8
    2.5th percentile   26 28 26 20 24 26
    50th percentile   36 33 36 29 37 37
    97.5th percentile   44 48 56 48 48 57
Corrected AIx, %
    Mean     5   9 12   6 20 26
    Standard deviation   11   8    9 10   8   9
    2.5th percentile -15 -9 -12 -17   6   8
    50th percentile   6 11 14   3 19 24
    97.5th percentile 22 21 26 33 39 47
AoPWV, m/s
    Mean 6.3 7.1 7.4 5.7 6.3 7.0
    Standard deviation 0.7 1.8 1.7 0.8 0.8 1.7
    2.5th percentile 5.6 4.8 4.2 4.6 4.8 5.6
    50th percentile 6.0 6.7 7.2 5.7 6.0 6.5
    97.5th percentile 7.5 7.8 11 7.6 7.4 13

corr-AIx - corrected augmentation index, AoPWV - aortic pulse wave velocity

Figure 1 - Central pulse pressure against age stratified by gender. The 
upper and the lower dash lines represent the 2.5th and 97.5th 
percentile.

Figure 2 - Corrected augmentation index against age stratified by gender. 
The upper and the lower dash lines represent the 2.5th and 
97.5th percentile

thresholds for arterial stiffness indices in a sample 
of Omanis. Similar to results from previous studies 
on different populations, our study also showed a 
significant increase in CPP, central AIx, and AoPWV 
with increasing age in  men and women. The increase of 
central AIx and AoPWV with age was more pronounced 
in women. Therefore, different diagnostic thresholds 
for these indices were proposed for men and women. 
Wojciechowska et al,14 reported reference values and the 
estimated diagnostic thresholds for a white European 

population from 3 European countries.14 They proposed 
the following thresholds for subjects at age of 30 years; 
38 mm Hg for CPP for both men and women, and 22% 
for men and 29% for women for central AIx, with a 
suggestion to adjust the thresholds according to changes 
with age.14 Our thresholds were slightly higher for CPP 
and for women’s central AIx. In another study of South 
African subjects,16 the proposed thresholds were 50 
mm Hg for CPP, and 40% for central AIx for men and 
women which are higher than our study and in white 
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Europeans of similar age groups. As the mean age in our 
study was similar to these 2 studies,14,16 our thresholds 
were closer to the thresholds of white Europeans than 
those of black South Africans. In the Framingham 
Heart Study Offspring Cohort, Wojciechowska et al14 

calculated the carotid AIx for healthy subjects with a 
mean age of 57 years. They estimated thresholds of 
33% for men and 37% for women. However, direct 
comparison of this study with ours is limited due to the 
differences in age, which is a known factor that affects 
the AIx. 

Carotid to femoral PWV is considered the gold 
standard method for arterial stiffness assessment. 
Several studies in various populations have reported 
that an increase in PWV is an independent risk factor 
for cardiovascular disease.2,5 Pulse wave velocity  was 
also recommended in risk assessment for hypertensive 
patients.6 In the current study, we are reporting reference 
values for PWV using a SpygmoCor device. We used 
the subtraction method to calculate the distance for 
PWV assessment. A recent invasive study showed that 
the subtracted distance gave the closest PWV to the 
value measured using the catheter withdrawal from 
the ascending aorta to the aortic bifurcation.17 Studies 
using MRI to measure PWV also supported the use of 
subtracted distance.18 In the article “The reference values 
for the arterial stiffness collaboration”14 the investigators 
reported the reference values for PWV from different 
techniques used to measure PWV. Some of the studies 
included in this article used the applanation tonometry 
by SphygmoCor. However, all data included in this 
study was from centers in the European countries.14 A 
more recent study also reported reference levels from a 
Uruguayan population.15 In comparison to this study, 
the proposed thresholds for AoPWV at age of 30 in 

our study (8 m/s for men and 7 m/s for women) were 
lower. Their threshold was approximately 10 m/s. The 
threshold for AoPWV in our study was closer to the 
thresholds published for the European populations.14 
Similar thresholds to the current study were also 
reported from the South African population.16 

Study limitations. The results of our study should 
be interpreted within the context of its limitation. The 
sample size in the current study was relatively small, 
and the number of subjects aged 50-60 years was also 
small. However, all subjects in our study were healthy 
non-smokers and non-alcoholics with no cardiovascular 
risk factors. The results of this study should not be 
extrapolated beyond this age, and further studies need 
to be conducted to estimate the reference values and 
thresholds for older age groups. Although the selected 
population in the study was a good representative of 
the general Omani population, selection bias could not 
be excluded and randomized stratified selection would 
have been more appropriate. The thresholds proposed 
in this study should be considered as preliminary 
thresholds for diagnoses of increased arterial stiffness 
indices. Validation for their use should be confirmed 
in prospective outcome studies including subjects with 
different risk factors for cardiovascular disease. 

In conclusion, age and gender related reference values 
for central AIx, Ao PWV and central pulse pressure 
were obtained for healthy Omani subjects. This is an 
important step in order to apply these indices clinically 
for example, in the risk stratification of hypertensive 
patients and their management as recommended in 
the European Hypertension Society guidelines and for 
further research. The diagnostic thresholds for men and 
women at different age were also estimated. However, 
the values obtained in this study should be validated 
in prospective outcome studies including subjects with 
different risk factors for cardiovascular disease.  
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