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 Cardiovascular Risks Associated with Metabolic syndrome
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Abstract
Objective: While diet and exercise reduce the risk of cardiovascular morbidity in overweight populations, the 

effects of combined aerobic and resistance training on arterial health has not been comprehensively examined.

Methods: We investigated changes in both central and peripheral arterial stiffness using carotid artery distensibility 
and carotid to radial pulse wave velocity (PWVc-r), respectively, in twenty-five overweight, young women who participated 
in 16-weeks of 5-7 d/wk aerobic exercise, 2 d/wk resistance training, and hypo-caloric diet intervention. Pro-Collagen 
Type I C-Peptide (PIP) was used as a marker of type I collagen synthesis and C-telopeptide of type I collagen (CTX), 
a marker of type I collagen degradation.

Results: Carotid artery distensibility was unaltered (Pre: 5.1×10-3 ± 3.9×10-4 vs. Post: 5.5×10-3 ± 3.5×10-4, p=0.26); 
however, PWVc-r increased following the intervention (Pre: 8.1 ± 0.3 m/s vs. Post: 8.9 ± 0.3 m/s, p<0.05). There were 
no changes in PIP (Pre: 1188 ± 91 ng/mL vs. Post: 1222 ± 94 ng/mL, p = 0.69), however, CTX increased with the 
intervention (0.65 ± 0.01 ng/mL vs. Post: 0.80 ± 0.02 ng/mL, p<0.001). There were no relationships between markers 
of collagen turnover and arterial stiffness measures.

Conclusion: The intervention did not alter carotid artery distensibility or circulating markers of type I collagen 
synthesis but was associated with increased PWVc-r and CTX. Therefore, 16-weeks of diet and combined aerobic and 
resistance training may lead to increased peripheral artery stiffness, as measured by PWVc-r, however, cardiovascular 
risk assessed by carotid artery distensibility remained unchanged.
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Introduction
Obesity has been identified as an independent risk factor for 

Cardiovascular Disease (CVD) [1,2]. Increased central artery 
stiffness, assessed by carotid artery compliance stiffness index and 
carotid-femoral Pulse Wave Velocity (PWV) is a strong predictor of 
cardiovascular disease risk in healthy and individuals at elevated risk 
[3,4]. Aerobic exercise has been shown to increase central arterial 
compliance and decrease carotid-femoral PWV and augmentation 
index and thus the risk of CVD in a variety of populations including 
young healthy men hypertensive men and women and both active and 
inactive pre- and postmenopausal women [5-9].

It is unclear whether these arterial health benefits are limited to 
exercise training programs that are primarily aerobic in nature or if other 
exercise modalities such as resistance training or combined aerobic and 
resistance training can decrease arterial stiffness. Rakobowchuk and 
colleagues found no change in carotid artery compliance after 6 and 12 
weeks of whole body resistance training in young healthy men yet other 
studies have observed increases in both central and peripheral arterial 
stiffness after short duration resistance training in moderately active 
middle-aged men and in women with pre- and stage 1 hypertension 
[8,10,11]. There are minimal data, however, on the effects of combined 
aerobic and resistance training on arterial stiffness. Yang reported 
a decrease in whole body arterial stiffness (brachial-ankle PWV) in 
obese women (30-60 years) after three months of combined aerobic and 
resistance training [12]. The variations in methods and measurement 
sites in different studies likely contribute to the variability in outcomes 
with respect to the effects of different exercise training programs on 
arterial stiffness.

Information on circulating markers of collagen turnover have been 
used as proxies for arterial wall remodeling, for example using markers 
of type I collagen synthesis and degradation, may contribute to a better 
understanding of potential mechanisms responsible for changes in 

arterial stiffness observed with exercise/weight loss interventions [13-
16]. Few studies have investigated the relationship between arterial 
stiffness and markers of type I collagen synthesis and degradation and 
the results in the existing studies are mixed [13-16]. Some studies have 
reported positive associations between collagen synthesis and arterial 
stiffness or inverse relationships between collagen degradation and 
arterial stiffness while others have reported the opposite and found 
positive relationships between collagen degradation and arterial 
stiffness [13-15]. Clearly, more data are needed to comprehensively 
understand the role of type I collagen turnover in arterial stiffening 
and if markers of type 1 collagen turnover are useful markers of arterial 
stiffness. 

Studies have shown that 10 weeks of aerobic exercise training does 
not change serum markers of type I collagen degradation (ICTP) or 
synthesis (PINP) in post-menopausal women [17]. Despite this there 
are no studies examining changes in arterial stiffness and collagen 
type 1 turnover with a combined exercise and diet intervention in 
pre-menopausal women who are at elevated risk for CVD. Thus, the 
purpose of this study was to determine the effects of a 16-week diet 
and combined aerobic and resistance exercise intervention on markers 
of type I collagen turnover and both central and peripheral measures 
of arterial stiffness, as assessed by carotid artery distensibility and 
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when the participant was able to complete 3 sets of 10 repetitions or 
more at any given weight. The trainers completed exercise logs after 
the resistance exercise sessions and the participant after the aerobic 
sessions. These were checked frequently to ensure compliance to the 
program. The aerobic and resistance training programs have been 
described previously [18].

Cardiovascular Measurements
Heart rate and blood pressure

Assessment sessions were conducted before and after the 
intervention and began with 10 minutes of supine rest to ensure 
representative resting measurements prior to the commencement 
of the vascular assessment. Continuous measurements of heart 
rate via single lead Electrocardiograph (ECG) (model ML123, AD 
Instruments Inc. Colorado Springs, Colo.) and brachial Blood Pressure 
(BP) measurements via an automated applanation tonometer with 
oscillometric cuff calibration (model CBM-7000; Colin Medical 
Instruments, San Antonio, TX.) were made. All analogue signals were 
converted to digital using a fast Fourier transform and were sampled 
simultaneously at 200 Hz using a commercially available data acquisition 
system (Power lab Model ML 795, ADInstruments, Colorado Springs, 
USA) and software program (LabChart 7.0; ADInstruments Inc. 
Colorado Springs, CO, USA).

Arterial Stiffness Measures
Peripheral artery stiffness

Peripheral artery stiffness was estimated using PWVc-r using high 
fidelity, simultaneous carotid and radial artery pressure measurements. 
PWVc-r was defined as the time delay in arrival of the foot of the pulse 
wave between the carotid and radial arteries. Arterial waveforms at 
the common carotid and radial arteries were collected using a hand-
held tonometer (model SPT-301, Millar Instruments Inc., Houston, 
TX) positioned on the right common carotid and radial artery at the 
point of greatest pulsation to produce continuous arterial pressure 
waveforms. Peripheral pulse transit time was determined using the 
subtraction method [21]. This was achieved by determining the time 
delay between ventricular depolarization (R-wave peak), and the “foot” 
of the radial and carotid artery waveforms. The pressure waveforms 
obtain were band-pass filtered (5-30Hz) with the lower (≤ 5Hz) and 
higher frequencies (≥ 30Hz) removed in order to assist in the detection 
of the foot of each waveform. The foot of each waveform was identified 
as the minimum value of the digitally filtered signal and corresponded 
to the end of diastole, when the steep rise in the wave begins and 
appears as a sharp inflection of the original signal [22].

Similarly the path length between the pulse measurement sites was 
calculated by subtracting the surface distance between the sternal notch 
and the carotid tonometer placement from that of the sternal notch and 
the radial tonometer placement. An anthropometric measuring tape 
was used to measure the straight-line distance between skin sites along 
the surface of the body. Resting PWV data was recorded during 20 
continuous heart cycles using the equation:

Equation 1: c r
DtPWV
T− =

∆
Where D is the distance between measurement sites, and t is the 

pulse transit time.

Central artery stiffness

Central artery stiffness was estimated with direct measurements of 
carotid artery distensibility, as previously described using a combination 

carotid-radial PWV (PWVc-r) respectively, in obese and overweight pre-
menopausal women. We hypothesized that both central and peripheral 
arterial stiffness would decrease and that there would be an associated 
increase in markers of collagen turnover following the 16-week weight 
loss intervention in young overweight women.

Methods
Participants

This study was part of a larger lifestyle intervention study: Improving 
Diet, Exercise and Lifestyle (I.D.E.A.L) for Women Study, which involved 
90 participants [18]. A small subset of participants (n = 25) from the 
larger lifestyle intervention study volunteered to participate in the 
cardiovascular measurements for the current study, based on participant 
availability and consent. The Research Ethics Board of Hamilton Health 
Sciences approved the study. Twenty-five young, (30 ± 2 years; mean 
± SE) obese (BMI: 32.4 ± 0.7 kg/m2) female subjects participated in 
this study. Other general inclusion criteria were: sedentary lifestyle, 
regular menstrual cycle, and no vitamin or mineral supplementation. 
Participants were deemed healthy and thus eligible to participate based 
on their responses to a short medical screening questionnaire and 
measurement of serum lipids, glucose, and insulin concentrations all of 
which were normal (data not shown). All participants provided written 
informed consent before participating in the study.

Intervention
As previously described, participants took part in both diet and 

exercise interventions over a 16 week period [18].

Diet
Participants were asked to consume a hypocaloric diet that was -750 

kcal/d less than their estimated requirements (500 kcal/d by diet and 
250 kcal/d through exercise). Maintenance energy requirements were 
calculated for each participant using the Mifflin St Jeor equation with 
a sedentary activity factor [19]. All participants received individualized 
diet counseling by study dieticians and research nutritionists on a 
biweekly basis. Every 2 weeks, participants provided a 3-d food record 
to track compliance. Participants were divided into three dietary 
groups, based on dairy intake, throughout the 16-weeks. The dietary 
specifications of the three groups have been previously described [18]. 
Briefly, the groups included a) Adequate Protein, Low Dairy (APLD) b) 
Adequate Protein, Medium Dairy (APMD) and c) High Protein, High 
Dairy (HPHD). Of the twenty-five participants in this study, eight were 
in APLD, eight in APMD and nine in HPHD.

Exercise training
Participants completed 16 weeks of combined aerobic and 

resistance training as part of a targeted body composition-changing 
protocol. Participants exercised at the main fitness centre at McMaster 
University. They engaged in a number of modes of aerobic exercise 
(stationary cycling, jogging on a treadmill, walking on an indoor 
track) 5 d/wk and resistance exercise 2 d/wk with supervision. Each 
exercise session was designed to result in the expenditure of 250 kcal. 
During the week (Monday – Friday), participants reported to the study 
office and were given a SenseWear Pro (BodyMedia, Pittsburgh, PA, 
US) energy expenditure arm band device to track energy expenditure 
[20]. Participants were requested to wear the SenseWear Pro device 
at home on random occasions in order to assess compliance with 
weekend workouts. In addition to aerobic exercise, participants also 
completed a progressive resistance training program 2 d/wk (upper 
body, lower body split) with trained study personnel. The weight lifted 
by each participant was recorded after each session and was increased 
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of high-resolution, two-dimensional, brightness mode ultrasound 
images (SystemFiVe; GE Medical Systems, Horten, Norway) and 
applanation tonometry (model SPT-301; Millar Instruments, Houston, 
TX, USA) [23]. Common carotid artery images were collected using a 
10MHz ultrasound probe and were collected at 10 frames.sec-1. A hand-
held tonometer was positioned over the point of greatest pulsation of 
the right common carotid artery and held in a fixed position for ten 
consecutive heart cycles while ultrasound images of the left common 
carotid artery were collected simultaneously. Absolute carotid artery 
systolic blood pressures were calculated by calibrating the relative 
values acquired using applanation tonometry to the calibrated brachial 
artery blood pressure acquired simultaneously [24,25]. Ultrasound 
images were stored offline in Digital Image and Communications in 
Medicine (DICOM) format for later analysis using semi-automated 
edge tracking system [AMS, (Artery Measurement System) Image and 
Data Analysis: Tomas Gustavsson]. In each frame, carotid (minimum, 
mean and maximum) lumen diameters were calculated from roughly 
100 measurement markers along the vessel wall within a chosen region 
of interest, for a total of 110,000 measures in the 10 heart cycles. 
Distensibility was calculated using the following equations [26].

Equation 2: 

2 2
max min

2
min

2 2

2

d d

Distensibility
d PP

     ∏ ∏      =
 ∏ × 
 

Where dmax is the maximum diameter, dmin is the minimum 
diameter, and PP is carotid pulse pressure, the change in pressure DBP 
and SBP. The mean carotid diameter was calculated using the average of 
all diameters acquired throughout the ten heart cycles.

Blood analysis
Overnight fasted venous blood samples were collected prior to 

and after 16 weeks of the intervention for further analysis. Serum was 
stored at -20°C for further analysis. Serum samples were analyzed 
for levels of pro-collagen type I (PIP) as a marker of type 1 collagen 
synthesis (Takara, Mountain View, CA) and cross-linked telopeptide of 
type I collagen (CTX) as a marker of degradation (Immunodiagnostic 
Systems, Scottsdale, AZ) using the corresponding ELISA kits.

Strength and aerobic fitness testing
As described previously strength was tested by determining the 

participants’ single lift voluntary maximal strength using leg extension, 
hamstring curl, seated row and chest press before and after the 
intervention [18]. These tests were completed under the supervision 
of study personnel. Aerobic fitness was measured using a modified 
Astrand submaximal fitness protocol. The participants were asked to 
cycle on a stationary bicycle (Monark Ergomedic 828E, Health Care 
International) at two consecutive workloads for 6 minutes each and HR 
was recorded every minute.

Statistics
Results are presented as mean ± SE and differences were considered 

significant at p<0.05. Data were analyzed using SPSS (Version 11.5 for 
Windows). The three dietary groups were compared for difference in all 
measures. No differences were observed and thus the data was pooled 
for all further analysis. The effect of the intervention (pre vs. post) was 
examined using paired t-tests. Possible relationships between the blood 
markers and functional markers of arterial stiffness were analyzed 
using Pearson correlation coefficient.

Results
There were no differences in any of the vascular or blood marker 

measures between the dietary groups; therefore all dietary groups were 

pooled for subsequent analysis.

Participants

A total of twenty-five (n = 25) young healthy women (mean [± SE] 
age (years) = 30 ± 2; height (cm) = 163 ± 1) completed the vascular 
assessments before and after the lifestyle intervention. Following the 
16-week intervention body mass and BMI decreased significantly 
(Table 1).

Intervention Data

Strength was increased significantly following the intervention 
as measured by seated row, chest press; leg extension and hamstring 
curl (Table 1). Aerobic fitness improved significantly following the 
intervention as measured by a mean HR reduction of 15bpm during 
the modified Astrand protocol from pre to post intervention (p<0.001).

Cardiovascular Data

There were no changes in supine resting heart rate, MAP, SBP or 
DBP following the intervention (Table 1).

Arterial Stiffness

PWVc-r (Figure 1A) was increased after the 16-week diet and 
exercise intervention (Pre: 8.1 ± 0.3 m/s vs. Post: 8.9 ± 0.3 m/s, p<0.05). 

Variable Pre Post P value
Body Mass (kg) 86.8 ± 2.4 80.6 ± 2.4 <0.001

BMI (kg/m2) 32.4 ± 0.8 30.1 ± 0.7 <0.001
Resting Supine HR (bpm) 65 ± 1 62 ± 1 >0.05

Resting Supine MAP (mmHg) 81 ± 2 81 ± 3 >0.05
Resting Supine SBP (mmHg) 116 ± 2 114 ± 3 >0.05
Resting Supine DBP (mmHg) 63 ± 2 63 ± 3 >0.05

Seated Row (lbs) 79.6 ± 2.9 89.2 ± 2.8 <0.001
Chest Press (lbs) 63.3 ± 3.5 71.7 ± 2.7 0.001

Leg Extension (lbs) 180.0 ± 7.5 203.6 ± 6.2 <0.001
Hamstring Curl (lbs) 108.0 ± 4.4 122.4 ± 4.2 <0.001

Mean Heart Rate (bpm) during 
modified Åstrand Test 148 ± 3 133 ± 3 <0.001

Table 1: Participant Characteristics.
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Figure 1: Changes in PWVc-r and carotid artery distensibility from Week 0 to 
Week 16.
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Conversely, carotid artery distensibility (Figure 1B) was unchanged 
with the intervention (Pre: 5.1×10-3 ± 3.9×10-4 vs. Post: 5.5×10-3 ± 
3.5×10-4, p=0.26).

Relationship between peripheral and central artery stiffness

There was no relationship observed between measures of PWVc-r 
and carotid artery distensibility (Figure 2).

Type I collagen markers

As a marker of collagen synthesis PIP was unchanged (Pre: 1188 
± 91 ng/mL vs. Post: 1222 ± 94 ng/mL, p = 0.69; Figure 3A) after the 
16-week intervention. However, there was a main effect of time for a 
marker of collagen degradation, CTX, (Pre: 0.65 ± 0.01 ng/mL vs. Post: 
0.80 ± 0.02 ng/mL, p<0.001; Figure 3B). The ratio of collagen markers 
(PIP: CTX), used previously to represent collagen turnover, decreased 
with the intervention (Pre: 1851.6 ± 140.8 vs. Post: 1514.7 ± 111.6, p = 
0.008; Figure 3C). All serum ELISA kits had coefficients of variance of 
<10%.

Relationship between type I collagen markers and arterial 
stiffness

There were no relationships observed between either the central or 
peripheral artery stiffness measures or the type I collagen markers or 
the ratio of those markers.

Discussion
Our research shows that in overweight and obese pre-menopausal 

women a 16 week lifestyle intervention combining aerobic and resistance 
exercise training and a hypocaloric diet did not change central artery 
stiffness, or resting blood pressure, but decreased BMI and increased 
upper limb arterial stiffness. While literature suggests that weight 
loss or exercise training interventions can result in decreased arterial 
stiffness, there is little information about the impact of combined diet 
and exercise lifestyle interventions on this independent predictor of 
cardiovascular mortality.

We believe the regional variations we observed in arterial stiffness 
changes may help to explain the existing variability in literature with 
respect to the impact of different exercise/weight loss interventions 
on arterial stiffness. Central artery stiffness, measured via carotid to 
femoral PWV or direct carotid distensibility, is an accepted predictor 
for CVD risk, particularly in populations at risk for CVD [27]. 
Peripheral artery stiffness may provide valuable information about the 
mechanisms regulating vascular remodeling and may be an acceptable 
surrogate for central stiffness in some populations [27]. However, 
when comparing and contrasting different research studies in this area 
it may not be appropriate to equate measures of whole body stiffness 
(brachial- ankle PWV), central arterial stiffness (carotid distensibility 
or carotid-femoral PWV), peripheral arterial stiffness (carotid-radial 
PWV or femoral-dorsalis pedis PWV) and calculated arterial stiffness 
indices (augmentation index).

In the current study we were interested in determining if PWVc-r 
would be a good surrogate for central artery stiffness, Measurements 
of carotid to femoral PWV were a concern since this gold standard 
measure of central PWV involves exposure of the inguinal region for 
the femoral site measurement. In our population of overweight and 
obese women, measurements of arterial pressure at the femoral site 
generally are difficult to conduct due to their distribution of body fat 
and the associated discomfort of the participants during assessment. 
Our results demonstrate that despite the positive weight loss outcomes, 
this multi-faceted exercise and diet-based intervention led to diverse 
arterial structural changes that were dependent on the arterial segment 
examined and the technique used. These findings further suggest that 
peripheral PWV measures are likely not an acceptable surrogate for 
central stiffness measures in this population.

Regardless of assessment method, it is consistently reported that 
weight loss or aerobic exercise training alone or in combination result 
in decreased indices of central arterial stiffness [9,28,29]. Of concern 
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are the potential detrimental cardiovascular effects of resistance 
exercise training as there have been reports of increased decreased 
and no change in arterial stiffness with resistance exercise training in 
women [28,30-34]. Some of the apparently disparate results may be due 
to the different assessment methods, different intensities of resistance 
training employed and variations in baseline arterial stiffness of the 
participants. Despite these concerns current guidelines for individuals 
with cardiovascular disease include resistance exercise components 
and a recent meta-analysis highlighted the positive impact of resistance 
exercise training on cardiovascular risk factors [35,36].

Current exercise recommendations commonly incorporate 
combined aerobic and resistance exercise training methods, yet little 
previous research has examined the vascular impacts of combined 
training interventions. Yang reported a decrease in whole body 
(brachial-ankle PWV) in overweight women (30-60 years) after three 
months of combined aerobic and resistance training however it is 
difficult to translate these findings to assessments of CV risk as it is not 
clear if whole body PWV is indicative of central PWV [12]. Figueroa 
et al. observed a decrease in brachial-ankle PWV following a 12-week 
moderate-intensity combined circuit of resistance and endurance 
exercise training in post menopausal women [37]. Another study by 
the same group in 2013 demonstrated that a hypo-caloric diet alone or 
in combination with light resistance exercise training resulted in similar 
changes in brachial-ankle PWV while Ho et al. observed a decrease in 
augmentation index after 12 weeks of combined aerobic and resistance 
training in overweight an obese adults [28,38]. Interestingly, in the 
current study, peripheral PWV was increased with the intervention 
but like whole body PWV, it is also not clear if that is an acceptable 
indication of changes in cardiovascular risk as risk prediction is 
currently only linked to central artery stiffness which in our study 
remained unchanged [27].

Previous research examining the impact of weight loss achieved 
exclusively through caloric restriction interventions supports the 
concept that weight loss is associated with decreased central arterial 
stiffness in young healthy adults and in overweight and obese middle 
aged and older men and women [39,40]. The study by Dengo et al. 
assessed both central PWV and carotid stiffness and found both indices 
of central arterial stiffness to decrease in the weight loss but not the 
control group. In the current study, we found no change in carotid artery 
stiffness with the combined diet and exercise intervention, while our 
weight loss magnitudes were comparable to those of Dengo (~7 Kg over 
12 weeks). Balkestein at al. found in a group of healthy obese men that 
carotid artery stiffness was decreased with weight loss with or without 
exercise and that exercise did not have an additive effect [41]. Due to 
design limitations, these previous studies were unable to examine sex 
or age differences and the exclusive female cohort and unique nature of 
the lifestyle intervention in the current study may account for some of 
the differences observed in comparison to the literature.

Changes in elastin or collagen material content or arrangement 
mechanisms have been suggested to contribute to the reductions in 
arterial stiffness with lifestyle interventions. In an effort to determine 
mechanisms associated with changes in arterial stiffness, we measured 
the effects of our intervention on blood markers of type I collagen 
synthesis and degradation, as others have done and looked at the 
relationships to the measures of both central and peripheral artery 
stiffness [13-16]. Pro-collagen type I, an indicator of type I collagen 
synthesis was unchanged after the intervention and this finding is 
consistent with other reports [17]. To our knowledge measures of type I 
collagen synthesis following a long-term (16-week) diet and combined 
aerobic and resistance - exercise program have not been made in pre-

menopausal women. Studies have, however, shown that long-term low 
and high intensity aerobic training do not result in changes in markers 
of type I collagen degradation (CTX or ICTP) in post-menopausal 
women [17,42]. In contrast, we observed an increase in type I collagen 
degradation (CTX) following the 16-week intervention. The ratio of 
PIP: CTX, thought to be representative of type I collagen turnover, was 
also unchanged after the16-week interventions.

Conflicting relationships between arterial stiffness and type I 
collagen degradation have been reported in the literature [13-15]. We 
did not find a relationship between either type I collagen synthesis or 
degradation and our measures of either central or peripheral artery 
stiffness. It is possible our sample size of 25 was not large enough to 
see this relationship, as other studies have had larger sample sizes 
(N=46-80), however, we did not even observe noticeable trends in our 
data [13-15]. It is also possible that the degree of vascular remodeling, 
if it occurred, was relatively small in our young obese, but otherwise 
healthy, women who may not have had extensive arterial dysfunction 
to begin with. Circulating markers of collagen synthesis/degradation 
likely reflect turnover of pools of collagen distinct from that present 
only in arteries (i.e., bone and muscle) and thus cannot, particularly 
in an exercise intervention, be used as a reflection of solely arterial 
remodeling.

Our study demonstrates that despite weight loss following a 16-
week diet and combined aerobic and resistance training intervention 
peripheral stiffness may be increased. It is important to consider the 
duration and mode of exercise and diet employed and the overall 
balance of cardiovascular risk outcomes when assessing the total 
benefits of lifestyle interventions. This study does not support the use 
of type 1 collagen markers as an index over either central or peripheral 
artery stiffness. Further research is warranted to better understand 
these relationships and the mechanisms responsible for the observed 
changes.
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