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ABSTRACT ARTICLE HISTORY

This study aimed to establish normal and reference pulse wave Received 23 October 2024

velocity (PWV) values and assess their relationship with the Accepted 12 June 2025

established cardiovascular risk factors in NZ. An observational

cross-sectional study of 120 adults above 18 years was conducted P . .
X . L ulse wave velocity (PWV);

at Auckland University of Technology within three age groups arterial stiffness:

(18-30, 31-60, and >60 years) and four blood pressure (BP) cardiovascular risk

categories (normal, elevated, stage 1 and stage 2) before being assessment; New Zealand

clustered as Normal Value Population (NVP) and Reference Value population; blood pressure

Population (RVP) based on BP and presence of other CVD risk.

PWV was measured using Doppler ultrasound via the direct

carotid-femoral method (distance x 0.8). Mean PWV for the whole

study population was 5.88 + 1.49 m/s and increased with age (p

< 0.001) and with a more profound rise in the RVP group (p <

0.001, z = -4.98). Overall PWV values were lower than

international reference standards, which may reflect population-

specific physiological or methodological factors. A significant

difference in mean PWV in the European and non-European

populations (p = 0.004) indicated that ethnicity was an important

part of the assessment. Age and mean blood pressure were the

strongest predictors of PWV, accounting for 54.5% of the variability.

KEYWORDS

Introduction

Arterial stiffness, characterised by the loss of elasticity and distensibility, is a hallmark of
vascular ageing and a key predictor of cardiovascular disease (CVD) events (Cecelja and
Chowienczyk 2010; Cecelja and Chowienczyk 2012; Cecelja and Chowienczyk 2012;
Palombo and Kozakova 2016). It has gained clinical prominence amongst other bio-
markers and associated measurement modalities as a non-invasive biomarker that
offers predictive value beyond traditional cardiovascular risk factors, particularly in indi-
viduals with diabetes, obesity and hypertension (Kingwell and Gatzka 2002; McLean et al.
2013; Upadhyay 2015; Weber et al. 2017; Lyngbakken et al. 2019; Kalra and Lowe 2020;
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Ojji et al. 2020; Anand et al. 2021; Dahiya et al. 2024). Among various methods available,
carotid—femoral pulse wave velocity (cf-PWV) remains the gold standard for evaluating
central arterial stiffness, reflecting the velocity of pressure wave propagation along the
aortic and central arteries (Cavalcante et al. 2011).

Pulse wave velocity (PWV) measurement protocols vary considerably across studies,
with approaches ranging from local site-specific assessments to regional segmental
measurements. These methodological differences - particularly in estimating arterial
path length, pulse transit time, device-specific protocols and participant inclusion criteria
— can significantly affect the comparability of PWV values. To address these inconsisten-
cies, expert consensus guidelines have established the cf-PWV as the gold-standard
method for non-invasive evaluation of central arterial stiffness (Laurent et al. 2006;
Van Bortel et al. 2012). This approach standardises the measurement of superficial dis-
tance and transit time between the common carotid and femoral arteries and has demon-
strated independent prognostic value for cardiovascular risk beyond traditional factors
(Laurent et al. 2006; Cavalcante et al. 2011; Van Bortel et al. 2012; Milan et al. 2019).
In alignment with these international recommendations, the present study employed
the cf-PWV method to allow comparison with global reference standards.

In the context of New Zealand (NZ), establishing normative PWV values is especially
important due to the country’s aging and ethnically diverse population. National data
show that Maori, the Indigenous people of NZ, experience disproportionately higher
rates of CVD compared to other ethnic groups (Cameron et al. 2012; Grey et al. 2018;
Mason et al. 2019; Gilheany-Black and Davis 2021; Brewer et al. 2022; Statistics New
Zealand 2024). According to the Global Burden of Disease (GBD) study, CVD and
stroke remain among the leading causes of mortality and morbidity in NZ (Institute
for Health Metrics and Evaluation (IHME) 2024). The economic burden is also signifi-
cant; each stroke is estimated to cost between $NZ 60,000 and $99,000 over five years,
contributing to a national cost exceeding $NZ 880 million annually (Hogan and Sid-
dharth 2018). These realities underscore the need for early, accurate risk identification
strategies — including vascular biomarkers like PWV - to inform targeted prevention
and reduce long-term healthcare costs.

While international guidelines such as those from the European Society of Cardiology
(ESC), the European Society of Hypertension (ESH) and the American Heart Association
(AHA) have established reference thresholds for PWV of 10 m/s, these are based on
population data that may not apply to NZ due to demographic differences (Laurent
et al. 2006; Mancia et al. 2007; Townsend 2015). The 2018 New Zealand CVD Risk
Assessment and Management Guidelines rely on five-year risk equations from the
PREDICT study, extended the Framingham risk score - a nationally integrated, web-
based tool that accounts for ethnic variability and incorporates real-world clinical data
(Wells et al. 2017; Ministry of Health 2018; Pylypchuk et al. 2018; Tawfiq et al. 2023;
Lin et al. 2024). However, this tool currently lacks normative PWV parameters relevant
to NZ’s population.

Given NZ’s multicultural population and wide ethnic diversity, reference values from
other published guidelines cannot be directly applied to the NZ population without con-
sideration. Due to limited local data, the current study aimed to (1) establish normative
and reference cf-PWYV values in a sample of the NZ population and (2) examine associ-
ations between PWV and traditional cardiovascular risk factors, including ethnicity.
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These findings are intended to support the integration of PWV into routine cardiovas-
cular risk assessments in NZ’s diverse primary care settings.

Methods
Study design

This cross-sectional observational study was conducted at the Auckland University of
Technology (AUT). The study was part of a doctoral project funded by the Vice Chan-
cellor Scholarship. We aimed to estimate normal and reference values for aortic pulse
wave velocity (PWYV) in a New Zealand adult population and examine its association
with cardiovascular risk factors. Participants were categorised into two subgroups -
Normal Value Population (NVP) and Reference Value Population (RVP) - to reflect
differing cardiovascular risk profiles. The first group, NVP, had normal BP with no
additional cardiovascular risk factors. The second group, RVP, expanded the normal
value sub-set to include people with cardiovascular risk factors without independent
influence on PWYV values.

Inclusion and exclusion criteria

Inclusion Criteria: Participants aged 18 years and of both sexes with all ranges of BP
were selected. The selected participants were categorised according to the 2017 AHA
guidelines (Whelton et al. 2018) for their blood pressure (BP) categories:

Normal: < 120/80 mmHg,

Elevated: systolic 120-129 mmHg and diastolic <80 mmHg,

Stage 1 Hypertension: systolic 130-139 mmHg or diastolic 80-89 mmHg,

Stage 2 Hypertension: systolic at least 140 or higher or diastolic at least 90 mmHg or
higher

Ll e

Exclusion Criteria: Individuals with known CVD, diabetes, renal disease, chronic
inflammatory conditions, or taking lipid-lowering or antidiabetic medications, pregnant
individuals, those with irregular cardiac rhythms (e.g. atrial fibrillation), or those with
poor-quality vascular recordings were excluded. It is known that PWV is dependent
on systolic blood pressure, and all anti-hypertensive drugs lower the PWV value
(Liu et al. 2013); therefore, participants on any BP-lowering drugs were also excluded.

Participant screening and recruitment

A total of 120 adult participants (aged >18 years) were recruited via public advertise-
ments, flyers and word-of-mouth. Interested individuals underwent initial verbal pre-
screening to determine eligibility. This study was approved by the New Zealand
Health and Disability Ethics Committee (HDEC; Reference: 18/STH/45). Eligible partici-
pants were invited for a 30-minute study session where they received a detailed Partici-
pant Information Sheet. The study aims, procedures and expectations were explained,
and participants were given the opportunity to ask questions. All participants provided
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written informed consent. Personal identifiers were removed, and participants were
assigned anonymised codes to ensure confidentiality and data security.

Outcome measures

Demographic data (age, sex, ethnicity, employment status), clinical history (smoking,
alcohol use, diabetes, cholesterol, medications) and anthropometrics (height, weight,
BMI) were recorded. Cardiovascular measurements included peripheral and central
blood pressure, mean arterial pressure (MAP), pulse rate (PR), augmentation index
(AIx) measured using Uscom BP+ automated BP measurement device, and carotid-
femoral PWV with ACUSON Sequoia ¢512 Echocardiography Ultrasound System.

Measurement procedure

BP measurement: BP was measured in a seated position. After a 5-minute rest, three
readings were taken at 2-minute intervals. If values differed by more than +10 mmHg,
additional readings were taken. The average of two consistent readings was recorded.
The device calculated the Alx automatically.

PWYV measurement: PWV was measured using Doppler ultrasound with a 613 linear
probe and ECG leads. Participants were placed supine, and ECG electrodes were attached
to the wrists and right ankle. Pulse transit time was measured from the ECG’s R-wave to
the pulse wave’s foot at the carotid and femoral arteries across three cardiac cycles
(Figures 1 and 2). Arterial path length was measured using a measuring tape (direct dis-
tance method), and PWV was calculated using the formula: PWV = (Distance x 0.8) /
Transit Time, in line with European reference protocols to ensure comparability with
established norms (Van Bortel et al. 2012).

Statistical analysis

All analyses were conducted using SPSS. Descriptive statistics were presented as means +
SD or medians (IQR), depending on data distribution. Group comparisons used t-tests or
ANOVA for normally distributed data and Mann-Whitney U or Kruskal-Wallis tests for
non-parametric data. The correlation between PWYV and cardiovascular risk factors was
assessed using Pearson or Spearman correlation coefficients. Effect sizes were interpreted
using standard thresholds (small =0.10, medium = 0.30, large = 0.50). ANCOVA was
used to adjust for covariates such as age and MAP, and linear regression models were
developed to predict PWV based on cardiovascular risk profiles.

Results

Out of 195 initial responses, 120 participants met the eligibility criteria and were
categorised into Normal Value Population (NVP, n=77) and Reference Value Popu-
lation (RVP, n=43) based on the presence or absence of cardiovascular risk factors.
Table 1 summarises the demographic and clinical characteristics across both groups.
The average age of the total population was 45.6 years, with a mean age of 39.7
years in the NVP and 56.5 years in the RVP. The overall population had a balanced
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Figure 1. Doppler ultrasound of the pulse wave at the common carotid artery.
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Figure 2. Doppler ultrasound of the pulse wave at the common femoral artery.

sex distribution (54 males, 66 females) and included 54.2% of participants of Euro-
pean descent. Significant differences were observed in blood pressure parameters
between the groups. The mean systolic BP (SBP) in the RVP group was 138
mmHg compared to 111 mmHg in the NVP.
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Table 1. Demographic and clinical characteristics of NVP and RVP study population.

Parameters Normal value population Reference value population Whole population
N 77 43 120

Age [years, mean (+ SD)] 39.69 (16.95) 56.52 (18.0) 45.58 (19.04)
Age range (years) 19-88 21-85 19-88

Sex (M/F) 37/40 17/26 54/66
Ethnicity (E/NE) 36/41 17/26 65/55
Height [m, mean (+ SD)] 1.69 (0.11) 1.66 (0.10) 1.68 (0.10)
Weight [kg, mean (+ SD)] 71.77 (14.46) 71.69 (16.06) 71.74 (14.99)
BMI [kg/mz, mean (+ SD)] 24.99 (4.31) 25.85 (4.70) 25.30 (4.45)
SBP [mmHg, mean (+ SD)] 111 (10) 138 (16) 121 (18)
DBP [mmHg, mean (+ SD)] 2(9) 6 (10) 7 (11)
CSBP [mmHg, mean (+ SD)] 105 (10) 131 (15) 114 (17)
CDBP [mmHg, mean (+ SD)] 3(9) 6 (10) 8 (11)
MBP [mmHg, mean (£ SD)] 8 (8) 107 (11 5 (13)
PR [bpm, mean (+ SD)] 6 (17) 1(15) 4 (17)
Alx % [mean (+ SD)] 63. 09 (40.65) 106. 48 (64.84) 78. 63 (54.55)
Smoking- Yes [n (%)] 3(17) 5(12) 8 (15)
Alcohol consumption [Yes, n (%)] (61) 32 (74) 6 (63)
Diabetes [Yes, n (%)] 0 0
Dyslipidaemia [Yes, n (%)] - 3(2.5) 3(2.5)
Hypertension [Yes, n (%)] - 30 (25) 30 (25)
Mean PWV [m/s, mean (+ SD)] 5.40 (1.21) 6.73 (1.56) 5.88 (1.49)

SD: Standard Deviation, M: Male, F: Female, E: European population, NE: non-European population, BMI: Body Mass Index,
SBP: Systolic Blood Pressure, DBP: Diastolic Blood Pressure, CSBP: Central Systolic Blood Pressure, CDBP: Central Dias-
tolic Blood Pressure, MBP: Mean Blood Pressure, PR: Pulse Rate, Alx: Augmentation Index, PWV: Pulse Wave Velocity,
n: number of participants.

The mean PWYV of the whole study population (n = 120) was 5.88 + 1.49 m/s. Partici-
pants with normal BP constituting the NVP group had the lowest mean PWV value at
5.40 £ 1.21 m/s, while in the RVP group with cardiovascular risk factors, the mean
PWYV was 6.74 + 1.56 m/s. The mean PWV values of the NVP and RVP groups were sig-
nificantly different (p < 0.001, z = —4.986) when compared using the non-parametric test
(Mann-Whitney Test).

PWYV across age groups

Participants were stratified into age categories (18-30, 31-60 and >60 years). The mean
PWYV values for each group in different age groups are shown in Table 2. A significant
difference in PWV was observed between the NVP and RVP within the 31-60 age
group (p =0.02), while no statistically significant differences were found in the youngest
and oldest age groups. The mean PWV for participants over 60 years was 7.08 m/s, the
highest among all age groups.

The mean and median PWYV values, along with the 25th and 75th percentile with age
across different age groups, are shown in Figure 3. The mean PWYV values compared
within the three age categories were significantly different, the highest being the over
60 years of age group with 7.08 m/s [18-30 vs. 31-60 (p < 0.001, z=—3.26), 18-30 vs.
> 60 (p < 0.001, z = —6.40), 31-60 vs. > 60 (p < 0.001, z = —4.16)].

PWYV differences by sex and ethnicity

When analysed by sex using a non-parametric Mann-Whitney test, no significant differ-
ences were found in PWV within individual age categories. However, the mean PWV for
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Table 2. Mean pulse wave velocity in the normal and reference groups as per the age category.
Mean PWV (£ SD) (m/s)

Age category (years) NVP n RVP n P-value
18-30 4.75 (0.75) 34 5.10 (0.22) 6 0.063
31-60 5.48 (0.97) 28 6.39 (1.32) 12 0.020%
> 60 6.72 (1.41) 15 7.30 (1.55) 25 0.171

All 5.40 (1.21) 77 6.74 (1.56) 43 0.007%**

PWV: Pulse Wave Velocity, SD: Standard Deviation, NVP: Normal Value Population, RVP: Reference Value Population,
*: p <0.05, **: p<0.01, ***: p < 0.001.

females across the entire population was significantly higher than for males (6.15 vs.
5.56 m/s, p=0.03; Table 3). A significant difference in PWV was also observed
between European (n = 65) and non-European (n = 55) participants (6.20 vs. 5.50 m/s,
p =0.004), suggesting ethnicity may play a role in arterial stiffness.

Correlation between PWV and cardiovascular risk factors

Correlation analysis revealed strong positive relationships between PWV and age (r=
0.71), mean blood pressure (MBP; r=0.49), BP categories (r =0.50), and population
group (NVP/RVP; r = 0.46), all statistically significant at p < 0.01. BMI showed a moder-
ate positive correlation (r=0.21), while sex showed a small effect (r=0.17, p =0.02).
Height and weight were not significantly correlated with PWV. Table 4 summarises
the correlation of cardiovascular risk factors with PWV. The association between the
mean PWYV and BP categories as per the age groups is depicted in Figure 4. For each
age group, the elevated BP group had lower PWV scores compared to other BP

11.30 I =]
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Figure 3. Box plot distribution of the mean pulse wave velocity (PWV) in different age groups
(***: p < 0.001 indicates a statistically significant difference of the respective age groups).
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Table 3. Mean pulse wave velocity by sex and age category.
Mean PWV (+ SD) (m/s)

Age category (years) Male n Female n P-value
18-30 4.91 (0.75) 23 4.67 (0.63) 17 0.35
31-60 5.48 (0.82) 19 6.00 (1.35) 21 0.54
> 60 6.92 (1.80) 12 7.15 (1.40) 28 0.44
All 5.56 (1.2) 54 6.15 (1.57) 66 0.03*

PWV: Pulse Wave Velocity, SD: Standard Deviation, NVP: Normal Value Population, RVP: Reference Value Population,
*.
:p<0.05.

categories. Notably, PWV values in the elevated BP categories were unexpectedly lower
than those in the normal BP group, particularly in younger participants.

Regression analysis: predictors of PWV

Linear regression was conducted to determine the association of the outcome variable or
dependent variable, i.e. mean PWV from a predictor or independent variable. As a car-
diovascular risk factor, age accounts for 48.8% of the variability in mean PWV [R* = 0.49,
F (1, 118) =112.32, p < 0.001]. It was evident that age significantly predicted mean PWV
(p=0.55, p<0.001). The regression equation having age as a predictor for mean PWV
was as follows:

PWV = 3.391 + 0.05 x Age

The graph in Figure 5 demonstrates the regression equation and the correlation between
age and mean PWV. The addition of MBP as a predictor variable into the age-centred
regression model influenced mean PWV significantly (p < 0.001). The enhanced predic-
tion by MBP accounted for 54.5% variability in an age-centred mean PWV [R*=0.54, F
(2,117) =70.17, p < 0.001]. The adjusted regression model equation was expressed as:

PWV = 0908 + 0.04 x Age + 0.03 x MBP

A multivariate model including age, BMI, BP category and population group status
(NVP/RVP) explained 57% of the total variance in PWV (p <0.001). A stepwise back-
ward method was used to enter the predictors in the model. Residual plots confirmed
the normality and validity of the regression model (Figures 6 and 7). A horizontal
regression line at R* =0 affirms the hypothesis. The regression equation was:

PWV = 2.708 + 0.04 x Age 4+ 0.04 x BMI + 0.69 x BP Category — 0.81
x NVP or RVP

Table 4. Correlation of cardiovascular risk factors with pulse wave velocity (PWV).

Cardiovascular Risk Factors Correlation Coefficient (r) p-value Effect size
Age 0.71 <0.01* Large
MBP 0.49 <0.01* Large

BP categories 0.50 <0.01* Large
NVP or RVP group 0.46 <0.01* Large
BMI 0.21 <0.01* Medium
Sex 0.17 0.02* Small

BP: Blood Pressure, MBP: Mean Blood Pressure, NVP: Normal Value Population, RVP: Reference Value Population, BMI:
Body Mass Index, *: p < 0.05.
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Figure 5. Mean pulse wave velocity (PWV) and age linear regression model.
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Table 5 and Figure 8 show a comparative analysis of multiple regression analysis from the
present study and data published by other international studies with similar age ranges
but varied sample sizes. Although coefficients varied across populations, age and BP con-
sistently emerged as primary predictors of PWV. The present study’s regression model
aligned most closely with findings from African and European populations with
similar age ranges.

Dummy regression by BP category

To further examine the influence of BP, dummy variables for BP categories were entered
into a regression model. The results showed significant increases in PWV for Stage 1 (B =
1.27, p<0.001) and Stage 2 hypertension (f =2.42, p <0.001) compared to normal BP,
accounting for 30.6% of the variability. The elevated BP category, however, did not sig-
nificantly affect PWV (= 0.33, p = 0.40), highlighting a non-linear association between
BP and arterial stiffness in this cohort. The regression of mean PWV on these dummy
variables resulted in the following model:

Mean PWV = 5406 + 2.42 x (Normal vs Stage 2) + 1.27 x (Normal vs Stage 1)
+ 0.33 x (Normal vs Elevated)

Histogram
Dependent Variable: Mean PWV (m/s)

Mean =-2.31e-15
25 -+ Std. Dev. = 0.983
N=120

20 o

Frequency
) &
~.
~N

T
-2 -1 0 1 2 3

Regression Standardized Residual

Figure 6. A histogram of the regression standardised residual.
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Table 5. Comparative analysis of regression analysis of the present study with other published

literature.

Reference

Unstandardised coefficient

Study sample description

Ferreira et al. 1999
Nguyen et al. 2008

Elias 2011

Santos et al. 2011

McEniery et al. 2005

Reusz et al. 2010

Magalhées et al. 2013

Present study

PWV =4.078 + 0.042 x age + 0.024 x SBP 120, 19-50 years, African and European
For white race, R?= 17.5 991, 24-44 years, white and black
MAP = 0.28, age = 0.22, smoking =0.13, HR = American

0.08, adiponectin =-0.006

For black race, R?= 23.1

MAP =0.32, age =0.18, smoking =0.14, HR =
0.12, adiponectin =- 0.13

PWV =10.059 + 1.069 x age group + 0.447 x BP 626, 40-93 years, American

diagnostic category + 0.081 x age group x BP
R’= 038

Ethnicity = 0.246, gender = 0.217, age = 0.071, 1427, 25-64 years, Brazil

MBP = 0.046, HR = 0.004, BMI = —0.041

Age =0.078, MBP = 0.034, HR = 0.016, gender 4001, 18-90 years, American

(female) = - 0.266
Adjusted R*= 0.65

PWV =1.129 + 0.049 x age + 0.008 x height + 450, European, healthy school children

0.024 x MAP and adolescents

PWV =1.899 + 0.065 x age + 0.057 x MBP — 301, 22-72 years, African

0.504 x gender (female)
R’= 0.34

PWV =2.708 + 0.04 x Age + 0.04 X BMI + 120, 19-88 years, New Zealanders

0.69 x BP Category - 0.81 x PopuNR

PWV: Pulse Wave Velocity, SBP: Systolic Blood Pressure, MAP: Mean Arterial Pressure, HR: Heart Rate, MBP: Mean Blood

Pressure, BMI: Body Mass Index, PopuNR: being in the normal or reference value population.
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Figure 8. Graphical representation of regression equations involving age and mean blood pressure
(MBP), Regression equations from the studies with African (Magalhaes et al. 2013 @) and European
(Reusz et al. 2010 m) populations plotted against the present study (m) multivariate regression model.

Discussion

This study provides the first known attempt to estimate normative and reference aortic
PWYV values in an NZ population using Doppler ultrasound, alongside analysis of cardi-
ovascular risk factors. Participants were stratified across the three age groups and four BP
categories and further classified into Normal Value Population (NVP) or Reference
Value Population (RVP) groups based on the presence or absence of CVD risk factors.
The NVP group had a mean age of 40 years, while the RVP group averaged 56.5
years, aligning reasonably with European reference data (39.7 vs. 33 years in NVP;
56.5 vs. 50 years in RVP) (The Reference Values for Arterial Stiffness’ Collaboration
2010). This demographic comparability enhances the external validity of our findings.
The overall mean PWYV of the study population was 5.88 + 1.49 m/s. As expected, the
RVP group had significantly higher mean PWV (6.74 m/s) than the NVP group (5.40 m/
s), consistent with the established relationship between arterial stiffness and cardiovascu-
lar risk factors (Cecelja and Chowienczyk 2012; Ben-Shlomo et al. 2014). However, our
mean PWV values were notably lower than those reported in European and international
reference datasets, where elderly European participants typically show PWV values above
8.0 m/s (Koivistoinen et al. 2007; Alecu et al. 2008). Interestingly, our findings were more
comparable to those from African and Arab populations (6.6-6.7 m/s) (Magalhaes et al.
2013; Al-Hashmi et al. 2014), suggesting potential ethnic and methodological influences.
The lower PWYV values observed may reflect differences in arterial anatomy or physi-
ology across populations, the use of Doppler ultrasound (as opposed to other commercial
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devices like SphygmoCor or PulsePen), and the study’s healthy, treatment-naive cohort
(Alecu et al. 2008; Al-Hashmi et al. 2014). Additionally, the direct distance method (mul-
tiplied by 0.8) was intentionally chosen to align with the methodology used in the Euro-
pean reference study for PWV value (Upadhyay 2015), thereby enabling meaningful
comparisons with existing normative data. Moreover, the literature notes that each dis-
tance definition yields different PWV values, contributing to variability and confusion in
interpretation across studies (Anand et al. 2021; Dahiya et al. 2024). While the 12 m/s
threshold cited in European Society guidelines corresponds to the full direct carotid—
femoral distance, the more recent reference values are based on 80% of the direct
carotid-femoral distance, which we applied to maintain consistency (Upadhyay 2015).
While this approach enables comparability, we acknowledge that it may contribute to
lower PWV values systematically.

Several cardiovascular risk factors correlated positively with PWV, including age,
mean blood pressure (MBP), BP category and group classification (NVP vs. RVP). Con-
sistent with the literature, age alone accounted for 48% of PWV variability, which
improved to 54.5% when MBP was included. Seated BP measurements may also have
influenced MBP estimates, as prior research shows that seated BP tends to yield slightly
higher MBP values than supine measurements (Finucane et al., 2020), potentially
affecting PWV outcomes.

Notably, sex was found to be positively correlated with PWV, though the effect size
was small (r=0.17, p=0.02). As reported in prior studies, men typically present with
higher PWV than women, particularly in younger age groups, likely due to structural
and hormonal differences affecting arterial compliance. This difference diminishes
post-menopause due to estrogen decline and vascular changes (Cecelja & Chowienczyk,
2009). The modest effect in our cohort may reflect age balancing or the influence of con-
founding variables like BP. This result should be interpreted cautiously since the study
was not powered specifically to explore sex-based differences. Nonetheless, these
findings support the inclusion of sex as a relevant, though modest, factor in vascular
health assessment.

Although smoking is a well-established modifiable risk factor for CVD, its treatment
in this study had inherent limitations. Smoking status was recorded as a binary variable
(Yes/No), without distinguishing between current and ex-smokers. Consequently, indi-
viduals who had previously smoked but responded ‘No’ may have been misclassified as
having no smoking-related risk, particularly in the NVP and vice-versa. This binary
classification likely underrepresents the cumulative vascular impact of past smoking
and may confound the interpretation of PWV values in the NVP group. Additionally,
the statistical analysis considered smoking as a general risk factor across the entire
cohort rather than exploring subgroup-specific effects between the NVP and RVP. We
acknowledge this limitation as this approach may have obscured differences in PWV
associated with smoking exposure within these subgroups.

Ethnic diversity in our sample, while reflective of Auckland’s demographic compo-
sition, did not mirror the broader NZ population. Ethnic groups did not stratify the
study population; participants were classified as either European (54.2% of the total
population) or non-European, including Maori, Chinese, Indian and others from
regions like Iran, Sri Lanka, and the Middle East. Auckland has a higher percentage of
Pacific Islanders (14.6%) and Asians (23.1%), influencing the recruitment results. Since
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ethnicity influences vascular properties, the observed mean PWYV in the European sub-
group (6.2 + 1.5 m/s) being lower than reported values in the literature (8.7 +2.3 m/s)
(Alecu et al. 2008) may reflect such population-specific differences.

Even though previous literature suggests that BP and age share a linear relationship
with PWYV, the findings in the present study have shown a more nuanced relationship.
This anomaly could be attributed to the smaller sample size in this subgroup or to
ethnic composition, where elevated BP participants were primarily of European and
Asian descent. In younger participants (18-30 years), higher BP categories were associ-
ated with lower PWYV, contrary to typical expectations. These observations suggest that in
younger adults, particularly those of Asian or European ethnicity, the relationship
between BP and PWV may not follow the same patterns observed in older populations.

Notwithstanding that MBP is a significant, positive predictor variable in linear
regression, low PWV values at high BP range in the younger age group and generally
lower PWYV values at elevated BP compared with stage 1 and stage 2 hypertension in
all age groups were study-specific findings. Because of these differences, BP categories
were included in a regression model as dummy variables. Explaining 30.6% of the vari-
ation in mean PWYV, stage 1 and stage 2 hypertension significantly increase mean PWV
values compared with a normal BP.

Regression analysis showed that group classification (NVP vs. RVP), age, BMI and BP
categories together explained 57% of the variance in mean PWV. The findings of our
study were consistent with the literature regarding age and BP categories being signifi-
cantly correlated. However, cardiovascular risk factors such as height and weight
showed no significant correlation, whereas BMI and sex had a minimal effect. The differ-
ences observed in our study could be due to the exclusion of some clinical parameters,
such as diabetes and dyslipidaemia, that are directly associated with high BMI scores
at the time of diagnosis (Balkau et al. 2006; Tirosh et al. 2011). Although BP and age
are traditionally viewed as having a linear relationship with PWV, our findings suggest
this relationship may be more complex in younger populations or mixed ethnic
groups. Dummy variable regression revealed that stage 1 and 2 hypertension contributed
significantly to PWYV increases compared to the normal BP category, accounting for
30.6% of the PWV variance.

Limitations and future work

This study represents a foundational step in establishing normative PWV values in a NZ
population. However, the limited sample size and ethnic imbalance - particularly the
underrepresentation of Maori and Pacific individuals - restrict generalizability. Exclu-
sion of participants with diabetes, dyslipidaemia, or anti-hypertensive treatment also
reduced ethnic diversity in the RVP group and may have biased results towards healthier
individuals.

The observed low PWYV values, even in older age groups, may reflect these selection
criteria and the recruitment of a predominantly healthy population. For instance, the
closest mean PWV value to international recommendations was found in the 60 + age
group (7.08 m/s), still below the expected 10 m/s threshold. This suggests caution
against universal PWV thresholds and underscores the need for population-specific
reference values.
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Future studies should include larger, more ethnically representative samples and par-
ticipants with varying levels of cardiovascular risk. Incorporating individuals with dia-
betes, high cholesterol and treated hypertension would provide greater insight into
PWYV variation and enhance applicability to clinical practice. A nationwide, multi-
centre study stratified by ethnicity and cardiovascular risk levels could help establish
robust normative PWV values and inform NZ-specific CVD prevention and manage-
ment guidelines.

Conclusion

This study first estimates normal and reference aortic pulse wave velocity (PWV) values
in a New Zealand population stratified by age and blood pressure categories. The findings
confirm that age and mean blood pressure are the most consistent and significant predic-
tors of PWV, while other factors such as sex, BMI and ethnicity showed more minor or
inconsistent effects. Notably, the mean PWV values observed were generally lower than
published international reference values, which may reflect differences in ethnicity,
measurement methodology, or the healthy profile of the study population.

Despite limitations such as a modest sample size and underrepresentation of some
ethnic groups, this study contributes valuable local data to inform cardiovascular risk
assessment in New Zealand. The observed variability in PWV, particularly among
younger individuals with elevated BP, underscores the importance of considering age,
ethnicity and other contextual factors in vascular health evaluation. Future research
with a larger, ethnically diverse cohort is warranted to refine normative PWV ranges
and better inform clinical guidelines for cardiovascular risk management in the New
Zealand context.

Acknowledgements

The authors would like to acknowledge the support provided by the Institute of Biomedical Tech-
nologies (IBTec) and the National Institute of Stroke and Applied Neurosciences (NISAN) at
Auckland University of Technology (AUT), Auckland, New Zealand. We would also like to
extend our sincere thanks to all the participants who contributed their time and effort to this
study, without whom this research would not have been possible.

Disclosure statement

No potential conflict of interest was reported by the author(s).

ORCID
Gautam Anand 2 http://orcid.org/0000-0002-3388-1225

References

Alecu C, Labat C, Kearney-Schwartz A, Fay R, Salvi P, Joly L, Lacolley P, Vespignani H, Benetos A.
2008. Reference values of aortic pulse wave velocity in the elderly. ] Hypertens. 26(11):2207-
2212. doi:10.1097/HJH.0b013e32830e4932.


http://orcid.org/0000-0002-3388-1225
https://doi.org/10.1097/HJH.0b013e32830e4932

16 (&) E DAHIYAAL

Al-Hashmi KM, et al. 2014. Reference values for arterial stiffness indices in an Omani Arab popu-
lation. Saudi Med J. 35(11):1367-1372.

Anand G, Yu Y, Lowe A, Kalra A. Mar. 2021. Bioimpedance analysis as a tool for hemodynamic
monitoring: overview, methods and challenges. Physiol Meas. 42(3):03TRO1. doi:10.1088/1361-
6579/abe80e.

Balkau B, et al. Mar. 2006. Prescreening tools for diabetes and obesity-associated dyslipidaemia:
comparing BMI, waist and waist hip ratio. The D.E.S.L.R. Study. Eur J Clin Nutr. 60(3):295-
304. doi:10.1038/sj.ejcn.1602308.

Ben-Shlomo Y, et al. Feb. 2014. Aortic pulse wave velocity improves cardiovascular event predic-
tion: an individual participant meta-analysis of prospective observational data from 17,635 sub-
jects. ] Am Coll Cardiol. 63(7):636-646. doi:10.1016/j.jacc.2013.09.063.

Brewer KM, et al. Jun. 2022. What are the gaps in cardiovascular risk assessment and management
in primary care for Maori and Pacific people in Aotearoa New Zealand? Protocol for a systema-
tic review. BMJ Open. 12(6):e060145. doi:10.1136/bmjopen-2021-060145.

Cameron VA, et al. 2012. A cohort study comparing cardiovascular risk factors in rural Maori,
urban Maori and non-Maori communities in New Zealand. BMJ Open. 2(3):¢000799. doi:10.
1136/bmjopen-2011-000799.

Cavalcante JL, Lima JAC, Redheuil A, Al-Mallah MH. Apr. 2011. Aortic stiffness. ] Am Coll
Cardiol. 57(14):1511-1522. doi:10.1016/j.jacc.2010.12.017.

Cecelja M, Chowienczyk P. 2009. Dissociation of aortic pulse wave velocity with risk factors for
cardiovascular disease other than hypertension: a systematic review. Hypertension,
54(6):1328-1336. doi:10.1161/HYPERTENSIONAHA.109.137653.

Cecelja M, Chowienczyk P. 2012. Arterial stiffening: causes and consequences. Artery Res.
7(1):22-27. doi:10.1016/j.artres.2012.09.001.

Cecelja M, Chowienczyk P. Jul. 2010. Arterial stiffening: cause and prevention. Hypertension.
56(1):29-30. doi:10.1161/HYPERTENSIONAHA.110.154005.

Cecelja M, Chowienczyk P. Jul. 2012. Role of arterial stiffness in cardiovascular disease. JRSM
Cardiovasc Dis. 1(4):1-10. doi:10.1258/cvd.2012.012016.

Dahiya ES, Kalra AM, Lowe A, Anand G. 2024. Wearable technology for monitoring electrocar-
diograms (ECGs) in adults: a scoping review. Sensors. 24(4):1318. doi:10.3390/s24041318.

Elias M. 2011. Norms and reference values for pulse wave velocity: one size does not fit all. ] Biosci
Med. 1:1-10. doi:10.5780/jbm2011.4.

Ferreira AV, Viana MC, Mill JG, Asmar RG, Cunha RS. May 1999. Racial differences in aortic
stiffness in normotensive and hypertensive adults. ] Hypertens. 17(5):631-637. doi:10.1097/
00004872-199917050-00006.

Finucane C, et al. 2020. Age-related normative changes in phasic orthostatic blood pressure in a
large population study: findings from the Irish Longitudinal Study on Aging (TILDA).
Circulation, 130(20):1780-1789. d0i:10.1161/CIRCULATIONAHA.114.009831.

Gilheany-Black L, Davis M. Jan. 2021. Cardiovascular health risk disparities in a rural New
Zealand general practice community. Heart Lung Circ. 30:563-S64. doi:10.1016/j.hlc.2021.05.
015.

Grey C, et al. Jul. 2018. Trends in ischaemic heart disease: patterns of hospitalization and mortality
rates differ by ethnicity (ANZACS-QI 21). N Z Med J. 131(1478):21-31.

Hogan S, Siddharth P. 2018. The social and economic costs of stroke in New Zealand, 2018.

Institute for Health Metrics and Evaluation (IHME). 2024. Global burden of disease 2021: findings
from the GBD 2021 study; [accessed 2024 Jul 22]. https://www.healthdata.org/research-
analysis/library/global-burden-disease-2021-findings-gbd-2021-study.

Kalra A, Lowe A. Jan. 2020. Development and validation of Motion Artefact Rejection System
(MARS) for electrocardiography using novel skin-stretch estimation approach. Sens
Actuators Phys. 301:111726. d0i:10.1016/j.sna.2019.111726.

Kingwell BA, Gatzka CD. 2002. Arterial stiffness and prediction of cardiovascular risk. J
Hypertens. 20(12):2337-2340. doi:10.1097/00004872-200212000-00006.

Koivistoinen T, et al. May 2007. Pulse wave velocity reference values in healthy adults aged 26-75
years. Clin Physiol Funct Imaging. 27(3):191-196. do0i:10.1111/j.1475-097X.2007.00734 x.


https://doi.org/10.1088/1361-6579/abe80e
https://doi.org/10.1088/1361-6579/abe80e
https://doi.org/10.1038/sj.ejcn.1602308
https://doi.org/10.1016/j.jacc.2013.09.063
https://doi.org/10.1136/bmjopen-2021-060145
https://doi.org/10.1136/bmjopen-2011-000799
https://doi.org/10.1136/bmjopen-2011-000799
https://doi.org/10.1016/j.jacc.2010.12.017
https://doi.org/10.1161/HYPERTENSIONAHA.109.137653
https://doi.org/10.1016/j.artres.2012.09.001
https://doi.org/10.1161/HYPERTENSIONAHA.110.154005
https://doi.org/10.1258/cvd.2012.012016
https://doi.org/10.3390/s24041318
https://doi.org/10.5780/jbm2011.4
https://doi.org/10.1097/00004872-199917050-00006
https://doi.org/10.1097/00004872-199917050-00006
https://doi.org/10.1161/CIRCULATIONAHA.114.009831
https://doi.org/10.1016/j.hlc.2021.05.015
https://doi.org/10.1016/j.hlc.2021.05.015
https://www.healthdata.org/research-analysis/library/global-burden-disease-2021-findings-gbd-2021-study
https://www.healthdata.org/research-analysis/library/global-burden-disease-2021-findings-gbd-2021-study
https://doi.org/10.1016/j.sna.2019.111726
https://doi.org/10.1097/00004872-200212000-00006
https://doi.org/10.1111/j.1475-097X.2007.00734.x

JOURNAL OF THE ROYAL SOCIETY OF NEW ZEALAND . 17

Laurent S, et al. 2006. Expert consensus document on arterial stiffness: methodological issues and
clinical applications. Eur Heart J. 27(21):2588-2605. doi:10.1093/eurheartj/ehl254.

Lin L, Poppe K, Wood A, Martin GP, Peek N, Sperrin M. 2024. Making predictions under inter-
ventions: a case study from the PREDICT-CVD cohort in New Zealand primary care. Front
Epidemiol. 4:1326306.

Liu M, Li G-L, Li Y, Wang J-G. Sep. 2013. Effects of various anti-hypertensive drugs on arterial
stiffness and wave reflections. pulse. 1(2):97-107. doi:10.1159/000354108.

Lyngbakken MN, Myhre PL, Rosje H, Omland T. Jan. 2019. Novel biomarkers of cardiovascular
disease: applications in clinical practice. Crit Rev Clin Lab Sci. 56(1):33-60. doi:10.1080/
10408363.2018.1525335.

Magalhdes P, et al. Dec. 2013. Age- and gender-specific reference values of pulse wave velocity for
African adults: preliminary results. AGE. 35(6):2345-2355. doi:10.1007/s11357-012-9504-9.
Mancia G, et al. 2007. 2007 ESH-ESC practice guidelines for the management of arterial hyperten-
sion: ESH-ESC task force on the management of arterial hypertension. ] Hypertens. 25(9):1751-

1762. doi:10.1097/HJH.0b013e3282f0580f.

Mason K, Toohey F, Gott M, Moeke-Maxwell T. Mar. 2019. Maori: living and dying with cardi-
ovascular disease in aotearoa New Zealand. Curr Opin Support Palliat Care. 13(1):3-8. doi:10.
1097/SPC.0000000000000404.

McEniery CM, Yasmin, Hall IR, Qasem A, Wilkinson IB, Cockcroft JR. Nov. 2005. Normal vas-
cular aging: differential effects on wave reflection and aortic pulse wave velocity: the Anglo-
Cardiff Collaborative Trial (ACCT). ] Am Coll Cardiol. 46(9):1753-1760. doi:10.1016/j.jacc.
2005.07.037.

McLean RM, Williams S, Mann JI, Miller JC, Parnell WR. 2013. Blood pressure and hypertension
in New Zealand: results from the 2008/09 Adult Nutrition Survey. NZ Med J. 126(1372):1-14.

Milan A, et al. 2019. Current assessment of pulse wave velocity: comprehensive review of vali-
dation studies. ] Hypertens. 37(8):1547-1557. doi:10.1097/HJH.0000000000002081.

Ministry of Health. 2018. Cardiovascular disease risk assessment and management for primary
care. Ministry of Health Wellington, 2018.

Nguyen QM, Srinivasan SR, Xu J-H, Chen W, Berenson GS. May 2008. Racial (Black-White)
divergence in the association between adiponectin and arterial stiffness in asymptomatic
young adults: the Bogalusa Heart Study. Am ] Hypertens. 21(5):553-557. doi:10.1038/ajh.
2008.14.

Ojji D, Libhaber E, Lamont K, Thienemann F, Sliwa K. 2020. Circulating biomarkers in the early
detection of hypertensive heart disease: usefulness in the developing world. Cardiovasc Diagn
Ther. 10(2):296. doi:10.21037/cdt.2019.09.10.

Palombo C, Kozakova M. 2016. Arterial stiffness, atherosclerosis and cardiovascular risk: patho-
physiologic mechanisms and emerging clinical indications. Vascul Pharmacol. 77:1-7. doi:10.
1016/j.vph.2015.11.083.

Pylypchuk R, et al. May 2018. Cardiovascular disease risk prediction equations in 400 000 primary
care patients in New Zealand: a derivation and validation study. The Lancet. 391(10133):1897-
1907. doi:10.1016/S0140-6736(18)30664-0.

Reusz GS, et al. Aug. 2010. Reference values of pulse wave velocity in healthy children and teen-
agers. Hypertens Dallas Tex 1979. 56(2):217-224. doi:10.1161/HYPERTENSIONAHA.110.
152686.

Santos PCJdL, et al. Mar. 2011. Ethnicity and arterial stiffness in Brazil. Am ] Hypertens.
24(3):278-284. doi:10.1038/ajh.2010.244.

Statistics New Zealand. 2024. 2023 Census population counts (by ethnic group, age, and Maori
descent) and dwelling counts, 2024.

Tawfiq E, et al. Feb. 2023. Performance of cardiovascular disease risk prediction equations in more
than 14 000 survivors of cancer in New Zealand primary care: a validation study. The Lancet.
401(10374):357-365. doi:10.1016/S0140-6736(22)02405-9.

The Reference Values for Arterial Stiffness’ Collaboration. 2010. Determinants of pulse wave vel-
ocity in healthy people and in the presence of cardiovascular risk factors: “establishing normal
and reference values”. Eur Heart J, 31(19):2338-2350, Oct. 2010. doi:10.1093/eurheartj/ehq165.


https://doi.org/10.1093/eurheartj/ehl254
https://doi.org/10.1159/000354108
https://doi.org/10.1080/10408363.2018.1525335
https://doi.org/10.1080/10408363.2018.1525335
https://doi.org/10.1007/s11357-012-9504-9
https://doi.org/10.1097/HJH.0b013e3282f0580f
https://doi.org/10.1097/SPC.0000000000000404
https://doi.org/10.1097/SPC.0000000000000404
https://doi.org/10.1016/j.jacc.2005.07.037
https://doi.org/10.1016/j.jacc.2005.07.037
https://doi.org/10.1097/HJH.0000000000002081
https://doi.org/10.1038/ajh.2008.14
https://doi.org/10.1038/ajh.2008.14
https://doi.org/10.21037/cdt.2019.09.10
https://doi.org/10.1016/j.vph.2015.11.083
https://doi.org/10.1016/j.vph.2015.11.083
https://doi.org/10.1016/S0140-6736(18)30664-0
https://doi.org/10.1161/HYPERTENSIONAHA.110.152686
https://doi.org/10.1161/HYPERTENSIONAHA.110.152686
https://doi.org/10.1038/ajh.2010.244
https://doi.org/10.1016/S0140-6736(22)02405-9
https://doi.org/10.1093/eurheartj/ehq165

18 (&) E DAHIYAAL

Tirosh A, et al. Apr. 2011. Adolescent BMI trajectory and risk of diabetes versus coronary disease.
N Engl ] Med. 364(14):1315-1325. doi:10.1056/NEJMo0al006992.

Townsend RR. 2015. Arterial stiffness and chronic kidney disease: lessons from the chronic renal
insufficiency cohort study. Curr Opin Nephrol Hypertens. 24(1):47-53. doi:10.1097/MNH.
0000000000000086.

Upadhyay RK. 2015. Emerging risk biomarkers in cardiovascular diseases and disorders. J Lipids.
2015:1-50. doi:10.1155/2015/971453.

Van Bortel LM, et al. 2012. Expert consensus document on the measurement of aortic stiffness in
daily practice using carotid-femoral pulse wave velocity. ] Hypertens. 30(3):445-448. doi:10.
1097/HJH.0b013e32834fa8b0.

Weber AB, Albert DV, Yin H, Held TP, Patel AD. Jan. 2017. Diagnosis of electrical status epilep-
ticus during slow-wave sleep with 100 s of sleep. J Clin Neurophysiol Off Publ Am
Electroencephalogr Soc. 34(1):65-68. doi:10.1097/WNP.0000000000000307.

Wells S, et al. 2017. Cohort profile: The PREDICT cardiovascular disease cohort in New Zealand
primary care (PREDICT-CVD 19). Int J Epidemiol. 46(1):22. doi:10.1093/ije/dyv312.

Whelton PK, et al. Jun. 2018. 2017 ACC/AHA/AAPA/ABC/ACPM/AGS/APhA/ASH/ASPC/
NMA/PCNA Guideline for the prevention, detection, evaluation, and management of high
blood pressure in adults: a report of the American College of Cardiology/American Heart
Association Task Force on Clinical Practice Guidelines. Hypertension. 71(6):e13-ell5.
doi:10.1161/HYP.0000000000000065.


https://doi.org/10.1056/NEJMoa1006992
https://doi.org/10.1097/MNH.0000000000000086
https://doi.org/10.1097/MNH.0000000000000086
https://doi.org/10.1155/2015/971453
https://doi.org/10.1097/HJH.0b013e32834fa8b0
https://doi.org/10.1097/HJH.0b013e32834fa8b0
https://doi.org/10.1097/WNP.0000000000000307
https://doi.org/10.1093/ije/dyv312
https://doi.org/10.1161/HYP.0000000000000065

	Abstract
	Introduction
	Methods
	Study design
	Inclusion and exclusion criteria
	Participant screening and recruitment
	Outcome measures
	Measurement procedure
	Statistical analysis

	Results
	PWV across age groups
	PWV differences by sex and ethnicity
	Correlation between PWV and cardiovascular risk factors
	Regression analysis: predictors of PWV
	Dummy regression by BP category

	Discussion
	Limitations and future work
	Conclusion
	Acknowledgements
	Disclosure statement
	ORCID
	References

