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Summary

People with type 2 diabetes (T2D) are at a greater risk of cardiovascular disease than

the general population. Both non-modifiable (age) and modifiable (low aerobic fitness,

high body fatness) factors are separately predictive of cardiovascular risk, although they

often occur concomitantly. This study aimed to examine the (1) association between

age and arterial stiffness, a subclinical marker of cardiovascular risk; and (2) effects of

body fatness and aerobic fitness on age-related increases in arterial stiffness in people

with T2D. Data from 64 individuals with T2D (age 59.8 ± 8.7 years, 40% female, HbA1c

8.4 ± 1.6%) were included in this cross-sectional analysis. Carotid-femoral pulse wave

velocity (cfPWV) was used to quantify arterial stiffness. Aerobic fitness (relative

V̇O2peak) was determined via indirect calorimetry during maximal exercise testing. Cen-

tral body fatness was determined using waist circumference. Data were analysed using

hierarchical multiple regressions. After adjustment for sex and duration of T2D, each

one standard deviation (SD) increase in age (8.68 years) was associated with a

0.63 m�s�1 increase in cfPWV (β = 0.416, p = 0.001). Following adjustment for aerobic

fitness and body fatness, the standardized β was unchanged (0.417). A one SD increase

in waist circumference (13.9 cm) and relative V̇O2peak (5.3 ml�kg�1�min�1) were associ-

ated with a similar magnitude of difference in cfPWV (0.47 m�s�1 and �0.44 m�s�1,

respectively). Therefore, age is a significant correlate of increased arterial stiffness in

T2D, with higher aerobic fitness attenuating, and higher body fatness exacerbating, this

increase. Interventions aimed at improving cardiovascular outcomes in people with T2D

should target both increased aerobic fitness and reduced body fatness.
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What is already known about this subject?

• People with type 2 diabetes are at a greater risk of cardiovascular disease than the general

population
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• Both non-modifiable (age) and modifiable (low aerobic fitness, high body fatness) factors are

separately predictive of cardiovascular risk, although they often occur concomitantly

• Arterial stiffness is a subclinical marker of cardiovascular health and may be an important

addition to inform risk beyond traditional risk factors such as blood pressure and cholesterol

profile

What does this study add?

• Age is a significant correlate of increased arterial stiffness in people with type 2 diabetes

• Higher aerobic fitness attenuates, and higher body fatness exacerbates, this age-related

increase in arterial stiffness

• Interventions which aim to improve cardiovascular health outcomes via reductions in arterial

stiffness in people with T2D should target both increased aerobic fitness and reduced body

fatness

1 | INTRODUCTION

Cardiovascular disease is the leading cause of death in people with

type 2 diabetes (T2D).1 Arterial stiffness is a subclinical marker of car-

diovascular health and may be an important indicator of cardiovascu-

lar risk, beyond traditional risk factors such as blood pressure and

cholesterol profile.2 Pulse wave velocity (PWV), which provides struc-

tural and functional information about arterial health, is the gold stan-

dard assessment of arterial stiffness,3,4 and one of the earliest clinical

signs of adverse changes to the vasculature.5 PWV is a strong, inde-

pendent predictor of mortality in people with T2D6 and is higher in

people with T2D than in age-, sex-, and body mass index (BMI)-

matched healthy controls.7

Age is a significant determinant of arterial stiffness,8 with a

2.5-fold increase in PWV from age 20 to 91 years.9 Previous

researchers have suggested that both aerobic fitness and body adi-

posity (i.e., fatness) are determinants of cardiovascular disease risk

and mortality,10 as reduced aerobic fitness11 and increased body

fatness12 are associated with higher (worse) PWV. These variables

may, therefore, represent useful therapeutic targets for the preven-

tion of age-related increases in arterial stiffness. However, as low

fitness and high fatness often occur concomitantly, it is unclear

whether one of these exerts a stronger influence on arterial stiff-

ness than the other.

Reported associations between fitness, fatness and PWV are

equivocal. Christou et al.13 have demonstrated strong associations

between body fatness variables, but not aerobic fitness, with aortic

PWV in 135 healthy men. An earlier study also reported a strong

association between body fatness and PWV in 52 adults with over-

weight/obesity and T2D,14 but aerobic fitness was not measured in

that study. In contrast, others have shown that aerobic fitness is

inversely and moderately associated with aortic PWV in apparently

healthy young people15 and in sedentary adults.16

Although the association between age and PWV is clear in

healthy adults, this has not been confirmed in people with T2D,

who have a two-to-five-fold greater risk of cardiovascular disease

than the general population.17 Understanding the associations of

fitness and fatness with arterial stiffness in this population is

important and may inform the development of interventions for the

prevention of cardiovascular disease in this target group. In light of

the contrasting evidence on the associations between age, fitness

and fatness with PWV in healthy adults, and the paucity of research

on these associations in people with T2D, the aims of this study

were to examine the (1) association between age and PWV; and

(2) effects of body fatness and aerobic fitness on age-related

increases in PWV in men and women with T2D. Based on previous

research, we hypothesised that there would be a positive associa-

tion between age and arterial stiffness, and that higher aerobic fit-

ness would attenuate and higher body fatness would exacerbate

the age-related increase in arterial stiffness.

2 | MATERIALS AND METHODS

2.1 | Design

In this paper, we report on secondary analyses of baseline data from

the ‘Exercise for Type 2 Diabetes (E4D)’ Trial (registration number

ACTRN12615000475549), which was a randomized controlled trial

investigating the short- and long-term efficacy, safety and feasibility

of low-volume combined aerobic and resistance high-intensity interval

training in people with T2D. The E4D Trial was approved by The Uni-

versity of Queensland Human Research Ethics Committee (ethics

approval number 2015000164). Prior to enrolment, potential partici-

pants were asked to read the information sheet and had the opportu-

nity to ask questions and have them answered, before signing an

informed consent form.

2.2 | Participants

Participants were eligible for the trial if they were aged 18–80 years

with a diagnosis of T2D, including a glycated haemoglobin (HbA1c) of

≥6.0%. Exclusion criteria were as per the American College of Sports
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Medicine's absolute contraindications to exercise18 including unstable

angina, recent myocardial infarction, coronary artery disease, and

uncontrolled, symptomatic heart failure. People were also ineligible if

they self-reported more than 150 min of moderate physical activity or

75 min of vigorous physical activity per week.

2.3 | Measures

For these analyses, we used measures of (1) arterial stiffness,

(2) aerobic fitness and (3) body fatness. Individual assessments

were conducted at The University of Queensland. Participants

were asked to avoid strenuous exercise, caffeine, alcohol, tobacco,

and maintain their normal medication regimen in the 24 h prior to

testing.

2.3.1 | Arterial stiffness

Assessment of arterial stiffness was completed after an overnight fast

(≥12 h). Participants rested quietly, supine, in a dimly lit, temperature-

controlled room (24�C) for 15 min. Measurement of arterial stiffness

was completed using a SphygmoCor® XCEL (AtCor Medical Pty Ltd.).

Carotid-femoral PWV (cfPWV) was used as it is the gold standard

assessment of (aortic) arterial stiffness.3 For cfPWV, a cuff was placed

around the mid-thigh, and a tonometer pressure sensor on the carotid

artery, to simultaneously capture the pulse waveforms at femoral and

carotid sites. The velocity of pulse wave from the carotid artery to the

femoral artery was measured and calculated using the subtraction

method, according to standardized guidelines.4

2.3.2 | Aerobic fitness

Participants completed a graded cardiopulmonary exercise test to

determine V̇O2peak and exercise capacity (time on test) in a

temperature-controlled environment. Participants were asked to

avoid food in the 2 h prior to the test and take their usual medica-

tions. For those able to walk/run, the test was completed on a tread-

mill. An upright or recumbent cycle ergometer test was used for those

unable to use the treadmill (e.g., due to orthopaedic limitations;

n = 9). The first stage of the warm-up was completed at 4 km�h�1 and

0% incline, or 0 W at 50–60 RPM, for 4 min. The second stage of the

warm-up was completed at the same speed or revolutions per minute,

but at a 4% incline or 25 W. Following the warm-up, participants

exercised in continuous 1-min stages at an individualized speed and

load, until voluntary exhaustion.

Pulmonary gas exchange was measured using either the Parvo

(n = 62; Parvo Medics TrueOne) or Metamax (n = 2; Metamax II sys-

tem, Cortex) metabolic systems. V̇O2peak was assessed as the mean of

the two highest 10-s values (where the difference in absolute V̇O2

between values was no greater than 150 ml�min�1) attained during

the test, and is reported relative to body weight.

2.3.3 | Body fatness

A tape measure was used to assess waist circumference according to

the International Society for the Advancement of Kinanthropometry

Standards.19 Dual-energy x-ray absorptiometry (Discovery or Horizon,

Hologic Inc.) was used to determine total body fat mass. To calculate

BMI, bodyweight was measured using floor scales (AWB120, Avery

Weigh-Tronix Bench) and height was assessed using a wall-mounted

stadiometer (Seca).

2.3.4 | Physical activity and energy intake

Accelerometry (Actigraph GT3X+) was used to assess physical activity

levels. The Actigraph is a reliable and valid measure of physical activity

in adults.20 Participants were asked to wear the device, on a waist

belt, during waking hours, for seven consecutive days. For data to be

included in analyses, participants must have had a minimum wear time

of 600 min�day-1 on 4 days, with at least one of those a weekend day.

Daily estimates of time spent in moderate to vigorous physical activity

(MVPA; min�week-1), and sedentary time (h�day-1) were derived from

the vertical axis data using ActiLife software version 6 (ActiGraph)

and previously established cut-points.21,22

Participants' daily energy intake (kJoules) was estimated by a sin-

gle investigator-administered 24 h recall,23 and analysed using

FoodWorks (Xyris, Version 9).

2.4 | Statistical analyses

Statistical analyses were conducted using SPSS version 25 for Win-

dows (IBM). The Shapiro–Wilk test, along with visual inspection of the

distribution of models' residuals, were used to assess normality. Non-

normally distributed variables (exercise capacity and energy intake)

were log transformed prior to analysis. Data are presented as mean

± standard deviation for normally distributed variables, median [inter-

quartile range] for non-normally distributed variables, and n (%) for

categorical variables. Statistical significance was set at p < 0.05.

Pearson's correlation coefficients were used to describe associa-

tions between baseline characteristics (age, sex, HbA1c, MVPA, dura-

tion of diabetes, energy intake, and anti-hypertensive use), body

fatness variables, and aerobic fitness measures, with cfPWV. The

strength of the correlation coefficients was interpreted as: <0.1, weak

or small association; 0.1–0.5, moderate association; and >0.50, strong

or large association.24 Sex was coded as 0, females and 1, males.

As waist circumference and relative V̇O2peak were the indicators

of fatness and fitness with the strongest correlations with cfPWV,

these variables were selected for inclusion in a series of multiple

regression models to investigate the associations between (a) age,

(b) fatness and (c) fitness with arterial stiffness (cfPWV). Absence of

collinearity between the independent variables was confirmed via

inspection of the correlation coefficients (<0.7) and tolerance values

(<0.1).25 The model for age and cfPWV was initially adjusted for sex

COX ET AL. 3 of 10
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and duration of diabetes, before examining the changes in the stan-

dardized regression coefficients resulting from introduction of both

waist circumference and relative V̇O2peak. The models for waist cir-

cumference and cfPWV, and for relative V̇O2peak and cfPWV, were

adjusted for age, sex, and duration of diabetes, before adjustment for

the fitness and fatness variables respectively. The covariates were

selected on the basis of the correlation coefficients in this study

(Table S1) and on previously reported associations.26 Estimates of

cfPWV in 10-year age categories were derived from the regression

models to illustrate the joint associations between waist circumfer-

ence and relative V̇O2peak with cfPWV.

3 | RESULTS

Data from 64 individuals with T2D (mean age 59.8 ± 8.7 years, 40%

female, HbA1c 8.4 ± 1.6%, duration of T2D 10.7 ± 7.9 years) were

included in the analyses. There were no missing data on any variable.

Summaries of participant characteristics and outcome variables are

presented in Tables 1 and 2, respectively. Based on published refer-

ence values,27 compared with a population of the same age with no

cardiovascular risk factors, our sample had elevated cfPWV (9.2 m�s�1

vs. 8.3 m�s�1). The mean waist circumference of our sample (109 cm)

was above the upper threshold for cardiovascular disease risk

(i.e., greater than 102 and 88 cm for males and females,

respectively).28 Our sample also had lower than average relative

V̇O2peak (24.4 ml�kg�1�min�1; 25th percentile for age and sex on aver-

age [range 5th to 90th percentile]).29

Pearson's correlations between arterial stiffness, demographics,

T2D severity, lifestyle, medications, body fatness, and aerobic fitness

variables are summarized in Table S1. Scatterplots with regression

equations are shown in Figure 1A–C. Age (r = 0.467, p ≤ 0.001),

duration of diabetes (r = 0.245, p ≤ 0.05) and waist circumference

(r = 0.304, p ≤ 0.05) were positively and moderately associated with

cfPWV. Relative V̇O2Peak (r = �0.281, p ≤ 0.05) was negatively and

moderately associated with cfPWV.

3.1 | Arterial stiffness and age

The results of the hierarchical multiple regression analyses to investi-

gate associations between age, body fatness, and aerobic fitness with

cfPWV are shown in Table 3. After adjustment for sex and duration of

diabetes, the standardized beta for the relationship between age and

cfPWV was 0.416. This indicates that each one standard deviation

increase in age (8.68 years) was associated with a 0.63 m�s�1 increase

in cfPWV. Following adjustment for both aerobic fitness and body fat-

ness, the standardized beta was largely unchanged (0.417).

3.2 | Arterial stiffness and waist circumference

The regression models for the relationship between waist circum-

ference and cfPWV show that, after adjustment for age, sex, and

TABLE 1 Participant characteristics

All (N = 64) Range

Demographics

Female, n (%) 24 (40)

Age (years) 59.8 ± 8.7 34–78

Type 2 diabetes severity

Duration of diabetes (years) 10.7 ± 7.9 0.25–31.0

HbA1c (%) 8.4 ± 1.6 6.0–12.5

HbA1c (mmol�mol) 68.6 ± 17.0 42.0–112.0

FBG (mmol�L) 8.3 [7.1–9.8] 4.6–16.5

Lifestyle

Past smoker, n (%) 14 (21.9)

Energy intake (kJ�day�1) 8602 [6577–9937] 3813–20 066

MVPA (min�week�1) 135 ± 108 6–594

Sedentary time (h�day�1) 10.4 ± 1.4 6.9–15.4

Medications

Oral anti-hyperglycaemic, n (%) 54 (84.4)

Insulin, n (%) 15 (23.4)

Anti-hypertensive, n (%) 46 (71.9)

Statin, n (%) 45 (70.3)

Note: Data are presented as mean ± standard deviation for normally

distributed variables, median [interquartile range] for non-normally

distributed variables, and n (%) for categorical variables. Range is

presented as minimum, maximum.

Abbreviations: FBG, fasting blood glucose; HbA1c, glycated haemoglobin;

MVPA, moderate to vigorous physical activity, assessed by accelerometry.

TABLE 2 Outcome variables

All (n = 64) Range

Vascular health

Brachial SBP (mmHg) 131 ± 14 98–173

Brachial DBP (mmHg) 77 ± 8 59–96

cfPWV (m�s�1) 9.2 ± 1.5 5.4–13.7

Body fatness

Weight (kg) 97.0 ± 19.4 66.4–152.1

BMI (kg�m�2) 32.8 ± 5.9 22.9–49.2

Waist circumference (cm) 109.1 ± 13.9 82.2–138.8

Total body fat mass (kg) 37.8 ± 11.0 17.8–67.3

Aerobic fitness

Absolute V̇O2peak (L�min�1) 2.3 ± 0.5 1.0–3.7

Relative V̇O2peak (ml�kg�1�min�1) 24.4 ± 5.3 12.8–39.2

Exercise capacity (s) 738 [686–879] 540–1480

Note: Data are presented as mean ± standard deviation for normally

distributed variables, median [interquartile range] for non-normally

distributed variables, and n (%) for categorical variables. Range is

presented as minimum, maximum.

Abbreviations: BMI, body mass index; cfPWV, carotid-femoral pulse wave

velocity; DBP, diastolic blood pressure; SBP, systolic blood pressure;

V̇O2peak, peak oxygen consumption.
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duration of diabetes, the standardized beta for waist circumfer-

ence was 0.315 (Table 3). This indicates that each one standard

deviation increase in waist circumference (13.9 cm) was

associated with a 0.47 m�s�1 increase in cfPWV. When relative

V̇O2Peak was added to the model, this estimate was attenuated to

0.35 m�s�1.

F IGURE 1 Relationships between
carotid-femoral pulse wave velocity and
age (A), waist circumference (B) and
relative V̇O2Peak (C). Sold line represents
bivariate unadjusted relationship

COX ET AL. 5 of 10
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3.3 | Arterial stiffness and relative V̇O2Peak

In the regression models for the relationship between relative V̇O2Peak

and cfPWV, after adjustment for age, sex and duration of diabetes,

the standardized beta for relative V̇O2Peak was �0.296 (Table 3). This

indicates that for each one standard deviation increase in relative

V̇O2Peak (5.3 ml�kg�1�min�1), there was a 0.44 m�s�1 decrease in

cfPWV. When waist circumference was added to the model, this esti-

mate was attenuated to 0.22 m�s�1.

The multivariable regression equations were used to derive esti-

mates of cfPWV in 10-year age groups for different values of waist

circumference and relative V̇O2peak (see Figure 2A,B, respectively).

Estimates of cfPWV for different combinations of waist circumference

and relative V̇O2peak are shown in Figure 2C.

4 | DISCUSSION

The first aim of this study was to examine the association between

age and arterial stiffness (cfPWV) in men and women with T2D. Our

findings indicate that age is a significant determinant of increased

arterial stiffness in this study sample, irrespective of sex and duration

of diabetes. As hypothesised, higher aerobic fitness attenuated, and

higher body fatness exacerbated, the age-related increase in arterial

stiffness. The effects of aerobic fitness and body fatness were similar

in magnitude, although in opposite directions, providing early indica-

tions that both are important determinants of age-related arterial

stiffening in people with T2D.

To our knowledge, this is the first study to investigate the

individual and combined effects of aerobic fitness and body fatness

TABLE 3 Regression models for
associations between (a) age, (b) waist
circumference and (c) V̇O2peak with
cfPWV

Model 1 2 3 4 5

(a) Age

Intercept (a) 4.399 4.478 0.663 6.819 2.804

Coefficient (b) (age) 0.081 0.072 0.034 �0.085 0.072

r 0.467 0.491 0.577 0.558 0.587

r2 0.218 0.241 0.333 0.311 0.344

p-Value <0.001 0.001 <0.001 <0.001 <0.001

Standardized β (age) 0.467 0.416 0.439 0.383 0.417

p-Value <0.001 0.001 <0.001 0.002 0.001

(b) Waist circumference

Intercept (a) 5.639 0.663 2.804

Coefficient (b) (waist) 0.033 0.034 0.025

r 0.304 0.577 0.587

r2 0.092 0.333 0.344

p-Value 0.015 <0.001 <0.001

Standardized β (waist) 0.304 0.315 0.234

p-Value 0.015 0.006 0.092

(c) Relative V̇O2Peak

Intercept (a) 11.198 6.819 2.804

Coefficient (b) (relative V̇O2Peak) �0.080 �0.085 �0.042

r 0.281 0.558 0.587

r2 0.079 0.311 0.344

p-Value 0.024 <0.001 <0.001

Standardized β (relative V̇O2Peak) �0.281 �0.296 �0.147

p-Value 0.024 0.017 0.322

Note: Italic type indicates p ≤ 0.05. V̇O2peak (peak oxygen consumption). Sex was coded as 0, females and

1, males.

Model 1: unadjusted.

Model 2: adjusted for agea, sex, duration of diabetes.

Model 3: adjusted for agea, sex, duration of diabetes and relative V̇O2Peak.

Model 4: adjusted for agea, sex, duration of diabetes and waist circumference.

Model 5: adjusted for agea, sex, duration of diabetes, relative V̇O2Peak and waist circumference.
aNot in the (a) age model.

6 of 10 COX ET AL.

 17588111, 2022, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cob.12519 by T

he U
niversity O

f N
ew

castle, W
iley O

nline L
ibrary on [29/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



on arterial stiffness in people with T2D. Other researchers have

reported positive associations between fatness,13,14 and inverse asso-

ciations between fitness,15,16 with arterial stiffness in various

populations, including healthy men, adults with overweight and

obesity, healthy young people and sedentary adults. However, most

of these studies estimated aerobic fitness using submaximal exercise

tests15,16; our findings confirm these associations using a gold stan-

dard, objective measure of aerobic fitness. A previous study of people

F IGURE 2 Estimates of carotid-
femoral pulse wave velocity by (A) age
and waist circumference, (B) age and
relative V̇O2Peak and (C) waist
circumference and relative V̇O2Peak (for
mean age of sample of 59.8 years). All
estimates are adjusted for sex and
duration of diabetes

COX ET AL. 7 of 10
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with metabolic syndrome examined the relationship between aerobic

fitness and arterial stiffness but did not account for body fatness.11

Our findings show that, while age is the strongest determinant of

arterial stiffness, both body fatness and aerobic fitness moderate the

relationship between age and arterial stiffness, with effects in oppo-

site directions. By carefully assessing the separate relationships

between body fatness and aerobic fitness, we show that a 13.9 cm

increase in waist circumference and a 5.3 ml�kg�1�min�1 increase in

relative V̇O2peak are associated with about the same magnitude of dif-

ference in arterial stiffness (0.47 and �0.44 m�s�1, respectively). In

joint analyses, these effects are modified; higher fitness attenuates

the positive association between waist circumference and arterial

stiffness, and vice versa.

The mechanisms underlying the association between aerobic fit-

ness and arterial stiffness are not fully understood, although it has

been suggested that high aerobic fitness, resulting from high levels of

aerobic exercise, prevents unhealthy arterial remodelling and dysfunc-

tion. That is, physical exercise from an early age decreases calcium

deposits in aortic the wall,30 which reduces arterial stiffness. High aer-

obic fitness is also associated with improved metabolic risk factors for

T2D, including glucose metabolism and inflammation31; the presence

of these risk factors has been implicated in the pathogenesis of

increased arterial stiffness.32,33

There are several mechanisms by which high body fatness poten-

tially exerts a detrimental effect on arterial stiffness. Excess adipose

tissue, leading to adipose tissue dysfunction and insulin resistance,34

can result in the activation of the renin-angiotensin system,35 low-

level chronic inflammation,36 and systemic oxidative stress.37 This

lipotoxic state reduces nitric oxide bioavailability and increases vascu-

lar tone, which results in arterial stiffening.38 This state may be ampli-

fied in T2D.39 Another mechanism may be the elevated circulating

levels of leptin that are seen in both obesity and increased arterial

stiffness40; leptin exerts a receptor-mediated influence on vascular

tone, stimulates vascular smooth muscle proliferation and migration,

and induces oxidative stress in endothelial cells.41 Leptin also

increases sympathetic nervous system activation which elevates

blood pressure, resulting in increased distension pressure and matrix

synthesis, ultimately causing increases in vascular thickness and arte-

rial stiffness.42 Another link between arterial stiffness, body fatness

and T2D is osteocalcin. Osteocalcin is a bone-derived hormone that

modulates glucose metabolism and fat distribution,43 with low circu-

lating levels implicated in obesity44 and associated adverse metabolic

outcomes such as T2D.45 Animal studies have shown that under-

carboxylated osteocalcin (ucOC) stimulates the phosphoinositide

3-kinase/protein kinase B (PI3K/Akt) signalling pathway to upregulate

nitric oxide in vascular cells, protecting endothelial function and

preventing atherogenesis46; consequently, low serum ucOC is also

associated with high arterial stiffness.47 We did not measure bio-

markers which may have elucidated the mechanisms underlying these

relationships, and future research could address this.

Given our findings, lifestyle interventions (e.g., regular exercise

and dietary changes) that increase aerobic fitness and reduce body

fatness are required to reduce arterial stiffness and consequently

improve cardiovascular health outcomes in people with T2D. While

any modality of regular aerobic exercise should be encouraged, some

modalities such as high-intensity interval training may be particularly

beneficial for improvements in aerobic fitness in people with lifestyle-

induced cardiometabolic disease.48 Where changes in body fatness

are the target, current guidelines promote high volumes of aerobic exer-

cise for weight loss and weight loss maintenance (300–420 min�week�1

of at least moderate intensity).49 Of note, a reduction in central adipos-

ity may be achieved with a lower volume of aerobic exercise (100–

150 min�week�1 of at least moderate intensity),49 and in the absence of

clinically meaningful weight loss.50 Moreover, given the combination of

diet and exercise has a greater impact on body composition than exer-

cise alone,51 inclusion of a parallel diet intervention is also rec-

ommended to elicit reductions in body fatness. As clinically meaningful

increases in aerobic fitness are likely to occur more quickly than reduc-

tions in body fatness, increasing fitness may represent a more useful

early therapeutic focus for reducing arterial stiffness in people with T2D

before reductions in fatness can be achieved. Specifically, in the present

study, we show a 5.3 ml�kg�1�min�1 increase in relative V̇O2peak is

required to reduce cfPWV. This is likely to be achieved in a shorter

period than the 13.1 cm reduction in waist circumference that is

required to achieve the same reduction cfPWV. Notably, a recent meta-

analysis by Liu et al.52 demonstrated an increase in relative V̇O2peak of

4.8 ml�kg�1�min�1, but a reduction in waist circumference of only

2.2 cm, following up to 16 weeks of exercise training in people

with T2D.

Limitations of the current study are worth noting. As the cross-

sectional nature of this study restricts the ability to determine causa-

tion, future studies should prospectively evaluate the association

between aerobic fitness, body fatness and arterial stiffness in people

with T2D. Another limitation is the relatively small sample size. While

the study indicates an influence of fitness and fatness on age-related

arterial stiffness in people with T2D, the results should be interpreted

with caution until they can be replicated in a larger sample. Finally,

although the measurement of waist circumference in clinical settings

is feasible and provides meaningful risk prediction beyond traditional

body composition markers (e.g., BMI), it relies on the accurate applica-

tion of methods and does not differentiate between subcutaneous

adipose tissue and visceral adipose tissue.53

5 | CONCLUSION

Our results provide preliminary evidence that age is a significant cor-

relate of increased arterial stiffness in people with T2D, with higher

aerobic fitness attenuating, and higher body fatness exacerbating, this

increase. The moderating effects were similar in magnitude, although

in opposite directions, indicating that both are important for reducing

arterial stiffness in people with T2D. Therefore, interventions which

aim to improve cardiovascular health outcomes via reductions in arte-

rial stiffness in people with T2D should target both increased aerobic

fitness and reduced body fatness. Larger studies are needed to con-

firm these findings.

8 of 10 COX ET AL.

 17588111, 2022, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cob.12519 by T

he U
niversity O

f N
ew

castle, W
iley O

nline L
ibrary on [29/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



ACKNOWLEDGEMENTS

Emily R. Cox, Wendy J. Brown, Jeff S. Coombes and Shelley

E. Keating were involved in study concept and design. All authors

were involved in the acquisition, analysis, and/or interpretation of

data. All authors were involved in writing the paper and had final

approval of the submitted and published versions. The authors would

like to acknowledge Mr Gary Wilson for his technical support, and

Diabetes Queensland for their assistance with participant recruitment.

This research received no specific grant from any funding agency in

the public, commercial, or not-for-profit sectors. Open access publish-

ing facilitated by The University of Newcastle, as part of the Wiley -

The University of Newcastle agreement via the Council of Australian

University Librarians. [Correction added on 20 May 2022, after first

online publication: CAUL funding statement has been added.]

CONFLICT OF INTEREST

The authors declare that there is no conflict of interest.

ORCID

Emily R. Cox https://orcid.org/0000-0002-1687-3522

Wendy J. Brown https://orcid.org/0000-0001-9093-4509

Trishan Gajanand https://orcid.org/0000-0002-3604-6567

Tom G. Bailey https://orcid.org/0000-0001-8531-2780

Sjaan R. Gomersall https://orcid.org/0000-0001-6808-0180

Veronique S. Chachay https://orcid.org/0000-0002-0765-5371

Nicola W. Burton https://orcid.org/0000-0002-3221-2265

Robert G. Fassett https://orcid.org/0000-0002-5318-6940

Stephen V. Cox https://orcid.org/0000-0001-6080-3698

Jeff S. Coombes https://orcid.org/0000-0002-6990-3596

Shelley E. Keating https://orcid.org/0000-0001-5357-2721

REFERENCES

1. Morrish NJ, Wang SL, Stevens LK, Fuller JH, Keen H, WHO Multina-

tional Study Group. Mortality and causes of death in the WHO multi-

national study of vascular disease in diabetes. Diabetologia. 2001;

44(2):S14-S21. doi:10.1007/PL00002934

2. Blacher J, Asmar R, Djane S, London Gérard M, Safar Michel E. Aortic pulse

wave velocity as a marker of cardiovascular risk in hypertensive patients.

Hypertension. 1999;33(5):1111-1117. doi:10.1161/01.HYP.33.5.1111

3. Sehestedt T, Olsen MH. Chapter 21—Traditional versus new models

of risk prediction. In: Nilsson PM, Olsen MH, Laurent S, eds. Early Vas-

cular Aging (EVA). Academic Press; 2015:213-223.

4. Townsend RR, Wilkinson IB, Schiffrin EL, et al. Recommendations for

improving and standardizing vascular research on arterial stiffness: a

scientific statement from the American Heart Association. Hyperten-

sion. 2015;66(3):698-722. doi:10.1161/HYP.0000000000000033

5. Cecelja M, Chowienczyk P. Role of arterial stiffness in cardiovascular dis-

ease. JRSM Cardiovasc Dis. 2012;1(4):1-10. doi:10.1258/cvd.2012.012016

6. Cruickshank K, Riste L, Anderson SG, Wright JS, Dunn G, Gosling RG.

Aortic pulse-wave velocity and its relationship to mortality in diabetes and

glucose intolerance: an integrated index of vascular function? Circulation.

2002;106(16):2085-2090. doi:10.1161/01.cir.0000033824.02722.f7

7. Zhang M, Bai Y, Ye P, et al. Type 2 diabetes is associated with

increased pulse wave velocity measured at different sites of the arte-

rial system but not augmentation index in a Chinese population. Clin

Cardiol. 2011;34(10):622-627. doi:10.1002/clc.20956

8. AlGhatrif M, Strait JB, Morrell CH, et al. Longitudinal trajectories of

arterial stiffness and the role of blood pressure. Hypertension. 2013;

62(5):934-941. doi:10.1161/HYPERTENSIONAHA.113.01445

9. Vaitkevicius PV, Fleg JL, Engel JH, et al. Effects of age and aerobic

capacity on arterial stiffness in healthy adults. Circulation. 1993;88(4):

1456-1462. doi:10.1161/01.CIR.88.4.1456

10. Ekblom-Bak E, Hellenius ML, Ekblom O, Engström LM, Ekblom B. Fit-

ness and abdominal obesity are independently associated with cardio-

vascular risk. J Intern Med. 2009;266(6):547-557. doi:10.1111/j.

1365-2796.2009.02131.x

11. Jae SY, Heffernan KS, Fernhall B, et al. Association between cardiore-

spiratory fitness and arterial stiffness in men with the metabolic syn-

drome. Diabetes Res Clin Pract. 2010;90(3):326-332. doi:10.1016/j.

diabres.2010.08.025

12. Selcuk A, Bulucu F, Kalafat F, et al. Skinfold thickness as a predictor

of arterial stiffness: obesity and fatness linked to higher stiffness

measurements in hypertensive patients. Clin Exp Hypertens. 2013;

35(6):459-464. doi:10.3109/10641963.2012.746357

13. Christou DD, Gentile CL, DeSouza CA, Seals DR, Gates PE. Fatness is

a better predictor of cardiovascular disease risk factor profile than

aerobic fitness in healthy men. Circulation. 2005;111(15):1904-1914.

doi:10.1161/01.cir.0000161818.28974.1a

14. Hegazi RA, Sutton-Tyrrell K, Evans RW, et al. Relationship of adipos-

ity to subclinical atherosclerosis in obese patients with type 2 diabe-

tes. Obes Res. 2003;11(12):1597-1605. doi:10.1038/oby.2003.212

15. Boreham Colin A, Ferreira I, Twisk Jos W, Gallagher Alison M, Savage

Maurice J, Murray Liam J. Cardiorespiratory fitness, physical activity,

and arterial stiffness. Hypertension. 2004;44(5):721-726. doi:10.

1161/01.HYP.0000144293.40699.9a

16. Davison, K., S. Bircher, A. Hill, A.M. Coates, P.R. Howe, and J.D.

Buckley, (2010) Relationships between obesity, cardiorespiratory fit-

ness, and cardiovascular function. J Obes 2010:191253. 10.

1155/2010/191253, 1, 7.

17. Hadi HA, Suwaidi JA. Endothelial dysfunction in diabetes mellitus.

Vasc Health Risk Manag. 2007;3(6):853-876.

18. Pescatello LS, Arena R, Riebe D, Thompson PD. In: American College

of Sports Medicine, ed. ACSM's Guidelines for Exercise Testing and Pre-

scription. 9th ed. Wolters Kluwer/Lippincott Williams & Wilkins;

2014:456.

19. Stewart A, Marfell-Jones M, Olds T, De Ridder H. International Stan-

dards for Anthropometric Assessment. International Society for the

Advancement of Kinanthropometry; 2011.

20. Aadland E, Ylvisåker E. Reliability of the actigraph GT3X+ accelerom-

eter in adults under free-living conditions. PLOS One. 2015;10(8):

e0134606. doi:10.1371/journal.pone.0134606

21. Matthews CE, Chen KY, Freedson PS, et al. Amount of time spent in

sedentary behaviors in the United States, 2003-2004. Am J Epidemiol.

2008;167(7):875-881. doi:10.1093/aje/kwm390

22. Troiano RP, Berrigan D, Dodd KW, Mâsse LC, Tilert T, McDowell M.

Physical activity in the United States measured by accelerometer.Med Sci

Sports Exerc. 2008;40(1):181-188. doi:10.1249/mss.0b013e31815a51b3

23. Gibson RS. Principles of Nutritional Assessment. Oxford University

Press; 2005.

24. Cohen J. Statistical Power Analysis for the Behavioral Sciences. 2nd ed.

Hillsdale, NJ; 1988.

25. Hair JF Jr, Black WC, Babin BJ, Anderson RE. Multivariate Data Analysis.

7th ed. Pearson Education Limited; 2014.

26. DuPont JJ, Kenney RM, Patel AR, Jaffe IZ. Sex differences in mecha-

nisms of arterial stiffness. Br J Pharmacol. 2019;176(21):4208-4225.

doi:10.1111/bph.14624

27. The Reference Values for Arterial Stiffness Collaboration. Determi-

nants of pulse wave velocity in healthy people and in the presence of

cardiovascular risk factors: ‘establishing normal and reference values’.
Eur Heart J. 2010;31(19):2338-2350. doi:10.1093/eurheartj/ehq165

COX ET AL. 9 of 10

 17588111, 2022, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cob.12519 by T

he U
niversity O

f N
ew

castle, W
iley O

nline L
ibrary on [29/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0002-1687-3522
https://orcid.org/0000-0002-1687-3522
https://orcid.org/0000-0001-9093-4509
https://orcid.org/0000-0001-9093-4509
https://orcid.org/0000-0002-3604-6567
https://orcid.org/0000-0002-3604-6567
https://orcid.org/0000-0001-8531-2780
https://orcid.org/0000-0001-8531-2780
https://orcid.org/0000-0001-6808-0180
https://orcid.org/0000-0001-6808-0180
https://orcid.org/0000-0002-0765-5371
https://orcid.org/0000-0002-0765-5371
https://orcid.org/0000-0002-3221-2265
https://orcid.org/0000-0002-3221-2265
https://orcid.org/0000-0002-5318-6940
https://orcid.org/0000-0002-5318-6940
https://orcid.org/0000-0001-6080-3698
https://orcid.org/0000-0001-6080-3698
https://orcid.org/0000-0002-6990-3596
https://orcid.org/0000-0002-6990-3596
https://orcid.org/0000-0001-5357-2721
https://orcid.org/0000-0001-5357-2721
info:doi/10.1007/PL00002934
info:doi/10.1161/01.HYP.33.5.1111
info:doi/10.1161/HYP.0000000000000033
info:doi/10.1258/cvd.2012.012016
info:doi/10.1161/01.cir.0000033824.02722.f7
info:doi/10.1002/clc.20956
info:doi/10.1161/HYPERTENSIONAHA.113.01445
info:doi/10.1161/01.CIR.88.4.1456
info:doi/10.1111/j.1365-2796.2009.02131.x
info:doi/10.1111/j.1365-2796.2009.02131.x
info:doi/10.1016/j.diabres.2010.08.025
info:doi/10.1016/j.diabres.2010.08.025
info:doi/10.3109/10641963.2012.746357
info:doi/10.1161/01.cir.0000161818.28974.1a
info:doi/10.1038/oby.2003.212
info:doi/10.1161/01.HYP.0000144293.40699.9a
info:doi/10.1161/01.HYP.0000144293.40699.9a
info:doi/10.1155/2010/191253
info:doi/10.1155/2010/191253
info:doi/10.1371/journal.pone.0134606
info:doi/10.1093/aje/kwm390
info:doi/10.1249/mss.0b013e31815a51b3
info:doi/10.1111/bph.14624
info:doi/10.1093/eurheartj/ehq165


28. National Health and Medical Research Council. Clinical Practice Guide-

lines for the Management of Overweight and Obesity in Adults, Adoles-

cents and Children in Australia. National Health and Medical Research

Council; 2013.

29. Kaminsky LA, Arena R, Myers J. Reference standards for cardiorespi-

ratory fitness measured with cardiopulmonary exercise testing: data

from the fitness registry and the importance of exercise national data-

base. Mayo Clin Proc. 2015;90(11):1515-1523. doi:10.1016/j.mayocp.

2015.07.026

30. Matsuda M, Nosaka T, Sato M, Ohshima N. Effects of physical exercise

on the elasticity and elastic components of the rat aorta. Eur J Appl Phy-

siol Occup Physiol. 1993;66(2):122-126. doi:10.1007/bf01427052

31. Hamer M, O'Donovan G. Cardiorespiratory fitness and metabolic risk

factors in obesity. Curr Opin Lipidol. 2010;21(1):1-7. doi:10.1097/

MOL.0b013e328331dd21

32. Schram MT, Henry RM, van Dijk RA, et al. Increased central artery

stiffness in impaired glucose metabolism and type 2 diabetes: the

Hoorn study. Hypertension. 2004;43(2):176-181. doi:10.1161/01.

Hyp.0000111829.46090.92

33. Jain S, Khera R, Corrales-Medina VF, Townsend RR, Chirinos JA.

Inflammation and arterial stiffness in humans. Atherosclerosis. 2014;

237(2):381-390. doi:10.1016/j.atherosclerosis.2014.09.011

34. Jia G, Aroor AR, DeMarco VG, Martinez-Lemus LA, Meininger GA,

Sowers JR. Vascular stiffness in insulin resistance and obesity. Front

Physiol. 2015;6:231-231. doi:10.3389/fphys.2015.00231

35. Giacchetti G, Faloia E, Mariniello B, et al. Overexpression of the

renin-angiotensin system in human visceral adipose tissue in normal

and overweight subjects. Am J Hypertens. 2002;15(5):381-388. doi:

10.1016/s0895-7061(02)02257-4

36. Yudkin JS, Stehouwer CDA, Emeis JJ, Coppack SW. C-Reactive pro-

tein in healthy subjects: associations with obesity, insulin resistance,

and endothelial dysfunction. Arterioscler Thromb Vasc Biol. 1999;

19(4):972-978. doi:10.1161/01.ATV.19.4.972

37. Keaney John F, Larson Martin G, Vasan Ramachandran S, et al.

Obesity and systemic oxidative stress. Arterioscler Thromb

Vasc Biol. 2003;23(3):434-439. doi:10.1161/01.ATV.0000058402.

34138.11

38. Seals DR, Gates PE. Stiffening our resolve against adult weight gain.

Hypertension. 2005;45(2):175-177. doi:10.1161/01.HYP.0000152199.

18202.a9

39. DeFronzo RA. Insulin resistance, lipotoxicity, type 2 diabetes and ath-

erosclerosis: the missing links. The Claude Bernard Lecture 2009.

Diabetologia. 2010;53(7):1270-1287. 10.1007/s00125-010-1684-1

40. Singhal A, Farooqi IS, Cole TJ, et al. Influence of leptin on arterial

distensibility: a novel link between obesity and cardiovascular

disease? Circulation. 2002;106(15):1919-1924. doi:10.1161/01.cir.

0000033219.24717.52

41. Schäfer K, Halle M, Goeschen C, et al. Leptin promotes vascular rem-

odeling and neointimal growth in mice. Arterioscler Thromb Vasc Biol.

2004;24(1):112-117. doi:10.1161/01.ATV.0000105904.02142.e7

42. Safar ME, Asmar R, Benetos A, et al. Interaction between hyperten-

sion and arterial stiffness. Hypertension. 2018;72(4):796-805. doi:10.

1161/HYPERTENSIONAHA.118.11212

43. Lee NK, Sowa H, Hinoi E, et al. Endocrine regulation of energy metab-

olism by the skeleton. Cell. 2007;130(3):456-469. doi:10.1016/j.cell.

2007.05.047

44. Liu X, Liu Y, Mathers J, et al. Osteocalcin and measures of adiposity: a

systematic review and meta-analysis of observational studies. Arch

Osteoporos. 2020;15(1):145. doi:10.1007/s11657-020-00812-6

45. Kunutsor SK, Apekey TA, Laukkanen JA. Association of serum total

osteocalcin with type 2 diabetes and intermediate metabolic pheno-

types: systematic review and meta-analysis of observational evi-

dence. Eur J Epidemiol. 2015;30(8):599-614. doi:10.1007/s10654-

015-0058-x

46. Tacey A, Qaradakhi T, Brennan-Speranza T, Hayes A, Zulli A,

Levinger I. Potential role for osteocalcin in the development of ath-

erosclerosis and blood vessel disease. Nutrients. 2018;10(10):1426.

doi:10.3390/nu10101426

47. Tacey A, Smith C, Woessner MN, et al. Undercarboxylated osteocalcin is

associated with vascular function in female older adults but does not

influence vascular function in male rabbit carotid artery ex vivo. PLoS

ONE. 2020;15(11):e0242774. doi:10.1371/journal.pone.0242774

48. Weston KS, Wisloff U, Coombes JS. High-intensity interval training in

patients with lifestyle-induced cardiometabolic disease: a systematic

review and meta-analysis. Br J Sports Med. 2014;48(16):1227-1234.

doi:10.1136/bjsports-2013-092576

49. Johnson NA, Sultana RN, Brown WJ, Bauman AE, Gill T. Physical

activity in the management of obesity in adults: A position statement

from exercise and sport science Australia. J Sci Med Sport. 2021;24:

1245-1254. doi:10.1016/j.jsams.2021.07.009

50. Verheggen RJ, Maessen MF, Green DJ, Hermus AR, Hopman MT,

Thijssen DH. A systematic review and meta-analysis on the effects of

exercise training versus hypocaloric diet: distinct effects on body

weight and visceral adipose tissue. Obes Rev. 2016;17(8):664-690.

doi:10.1111/obr.12406

51. Shaw K, Gennat H, O'Rourke P, Del Mar C. Exercise for overweight

or obesity. Cochrane Database Syst Rev. 2006;18(4):Cd003817. doi:

10.1002/14651858.CD003817.pub3

52. Liu JX, Zhu L, Li PJ, Li N, Xu YB. Effectiveness of high-intensity

interval training on glycemic control and cardiorespiratory fitness

in patients with type 2 diabetes: a systematic review and meta-

analysis. Aging Clin Exp Res. 2019;31(5):575-593. doi:10.1007/

s40520-018-1012-z

53. Ross R, Neeland IJ, Yamashita S, et al. Waist circumference as a vital

sign in clinical practice: a consensus statement from the IAS and ICCR

working group on visceral obesity. Nat Rev Endocrinol. 2020;16(3):

177-189. doi:10.1038/s41574-019-0310-7

SUPPORTING INFORMATION

Additional supporting information may be found in the online version

of the article at the publisher's website.

How to cite this article: Cox ER, Brown WJ, Gajanand T, et al.

Effects of fitness and fatness on age-related arterial stiffening

in people with type 2 diabetes. Clinical Obesity. 2022;12(3):

e12519. doi:10.1111/cob.12519

10 of 10 COX ET AL.

 17588111, 2022, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cob.12519 by T

he U
niversity O

f N
ew

castle, W
iley O

nline L
ibrary on [29/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

info:doi/10.1016/j.mayocp.2015.07.026
info:doi/10.1016/j.mayocp.2015.07.026
info:doi/10.1007/bf01427052
info:doi/10.1097/MOL.0b013e328331dd21
info:doi/10.1097/MOL.0b013e328331dd21
info:doi/10.1161/01.Hyp.0000111829.46090.92
info:doi/10.1161/01.Hyp.0000111829.46090.92
info:doi/10.1016/j.atherosclerosis.2014.09.011
info:doi/10.3389/fphys.2015.00231
info:doi/10.1016/s0895-7061(02)02257-4
info:doi/10.1161/01.ATV.19.4.972
info:doi/10.1161/01.ATV.0000058402.34138.11
info:doi/10.1161/01.ATV.0000058402.34138.11
info:doi/10.1161/01.HYP.0000152199.18202.a9
info:doi/10.1161/01.HYP.0000152199.18202.a9
info:doi/10.1007/s00125-010-1684-1
info:doi/10.1161/01.cir.0000033219.24717.52
info:doi/10.1161/01.cir.0000033219.24717.52
info:doi/10.1161/01.ATV.0000105904.02142.e7
info:doi/10.1161/HYPERTENSIONAHA.118.11212
info:doi/10.1161/HYPERTENSIONAHA.118.11212
info:doi/10.1016/j.cell.2007.05.047
info:doi/10.1016/j.cell.2007.05.047
info:doi/10.1007/s11657-020-00812-6
info:doi/10.1007/s10654-015-0058-x
info:doi/10.1007/s10654-015-0058-x
info:doi/10.3390/nu10101426
info:doi/10.1371/journal.pone.0242774
info:doi/10.1136/bjsports-2013-092576
info:doi/10.1016/j.jsams.2021.07.009
info:doi/10.1111/obr.12406
info:doi/10.1002/14651858.CD003817.pub3
info:doi/10.1007/s40520-018-1012-z
info:doi/10.1007/s40520-018-1012-z
info:doi/10.1038/s41574-019-0310-7
info:doi/10.1111/cob.12519

	Effects of fitness and fatness on age-related arterial stiffening in people with type 2 diabetes
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Design
	2.2  Participants
	2.3  Measures
	2.3.1  Arterial stiffness
	2.3.2  Aerobic fitness
	2.3.3  Body fatness
	2.3.4  Physical activity and energy intake

	2.4  Statistical analyses

	3  RESULTS
	3.1  Arterial stiffness and age
	3.2  Arterial stiffness and waist circumference
	3.3  Arterial stiffness and relative VO2Peak

	4  DISCUSSION
	5  CONCLUSION
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	REFERENCES


