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Abstract

Central blood pressure is a predictor of the risk of cardiovascular disease (CVD), and the effects of

resistance training (RT) on central blood pressure are largely unknown. This study explored the

effects of high-intensity RT on central blood pressure, indices of arterial stiffness and wave

reflection and inflammatory/atherogenic markers in overweight or obese, sedentary young men.

Thirty-six participants were randomized to RT (12 weeks of training, 3/wk, n = 28) or control

groups (C, 12 weeks of no training, n = 8) and assessed for changes in central and brachial blood

pressures, augmentation index (AIx), carotid–femoral pulse wave velocity (cfPWV), carotid

intima-media thickness (cIMT), body composition, lipids and inflammatory/atherogenic markers.

High-intensity RT resulted in decreased central and brachial systolic/diastolic blood pressures (all

P≤0.03), despite not altering AIx (P = 0.34) or cfPWV (P = 0.43). The vascular endothelial

growth factor increased (P = 0.03) after RT, without any change in cIMT, C-reactive protein,

oxidized LDL (oxLDL) or other inflammatory markers (all P≥0.1). Changes in the central systolic

blood pressure (cSBP) were positively correlated with changes in oxLDL (r = 0.42, P = 0.03) and

soluble E-selectin (r = 0.41, P = 0.04). In overweight/obese young men, high-intensity RT

decreases cSBP, independently of weight loss and changes in arterial stiffness. The

cardioprotective effects of RT may be related to effects on central blood pressure.
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INTRODUCTION

Physical inactivity and obesity are major risk factors for cardiovascular disease (CVD),

including the development of atherosclerosis.1 Healthy lifestyle choices, such as regular

exercise, represent the first line of defense against the disease and its comorbidities.

Establishing healthy lifestyle choices early on in life is crucial, especially in young adults,

for whom engaging in physical activity predicts both physical activity level2 and CVD risk3

later in life.

Resistance training (RT) may be an effective lifestyle approach for the prevention and

treatment of CVD and has gained considerable attention for its capacity to improve body

composition and glucose tolerance.4 However, the effects of RT on arterial stiffness (an

independent determinant of cardiovascular mortality5) and inflammation are poorly

understood. Previous studies have demonstrated that RT increases arterial stiffness,6–8

whereas others suggest no change.9,10 One hypothesis is that high-intensity and -volume RT

might lead to increased arterial stiffness.10 The effects of RT in a young adult population

classified as both sedentary and overweight/obese are unknown, as most studies have

enrolled normal-weight individuals. In addition, recent data suggest that central pressures

may more accurately reflect CVD risk and outcome profiles, compared with peripheral

pressures.11,12 At present, little is known about the effects of RT on central blood pressure.

In addition, obesity, inflammatory cytokines and elevated cell adhesion molecules are linked

with vascular dysfunction, increased central systolic blood pressure (cSBP) and

atherosclerotic disease.13,14 For example, young adults aged 20–40 years with a BMI >30

had higher arterial stiffness (by pulse wave velocity), compared with lean subjects.

However, data on the effects of RT on these CVD risk factors are limited. Intervention

studies have noted no changes in interleukin-6,15,16 tumor necrosis factor-α,15 and cell

adhesion molecules,14 whereas others suggest that RT may reduce16–18 or have no effect8,15

on C-reactive protein (CRP).

The present study was designed to clarify the relationships between RT, central blood

pressure and several indices of arterial function, and explores their relation to systemic

inflammation. We evaluated the effects of a high-intensity RT intervention (12 weeks, three

times per week) on central and brachial blood pressures, indices of arterial stiffness, as well

as inflammatory and atherogenic markers in sedentary, overweight/obese young men. We

hypothesized that RT, independent of weight loss, would improve central blood pressure

without increasing arterial stiffness.

METHODS

Study participants

Participants were sedentary (participated in light-intensity physical activities ≤2 times per

week) males and did not exhibit any other overt chronic disease symptoms, as indicated by

their comprehensive histories and physical examinations at their baseline visit, which

occurred between May 2009 and February 2010; the follow-up occurred from August 2009

until May 2010. Following their preintervention assessment, participants were randomized

by the study coordinator using a permuted block design with a block size of four and a
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random number generator into one of the two groups at a control (C, n = 8) to resistance

training (RT, n = 28) ratio of 1:3. As a pilot study, this ratio was chosen to maximize the

number of participants involved in the RT intervention while providing an adequate control

group. Other than the study coordinators, all study personnel were blinded to the

randomization. Both groups were instructed to maintain their normal ad libitum diets and the

normal activities of daily life. Participants randomized to the C group completed a 12-week

control period without RT. Pre- and post-intervention assessments were made at weeks 0

and 13, respectively. Potential participants who had (1) documented CVD, cardiac surgery

or any heart arrhythmia found using an electrocardiogram reading; (2) participated in a

structured exercise, nutrition or weight loss program within the previous 6 months or (3)

used tobacco products or medications that influence cardiovascular function, body

composition or insulin indices in the previous 6 months, were excluded from the study. All

of the study protocols were approved by the University of California, Los Angeles

Institutional Review Board, and were performed according to the Declaration of Helsinki.

Muscular strength testing and resistance training intervention

All training occurred at the John Wooden Recreation Center. Maximal strength testing

consisted of 1-repetition maximum (1RM) lifts for the barbell bench press, 45° incline leg

press and machine-seated row-assessed changes in participants’ strength. Participants first

warmed up each muscle group by performing 8–10 repetitions with weights equivalent to

40–60% of their estimated 1RM. The weight was progressively increased, whereas the

repetitions were decreased until participants could safely attempt an estimated 1RM for each

exercise. A successful 1RM occurred on the penultimate set, after the participants failed

their last set. Participants were allowed 3–4 min of rest between all sets. All participants

performed two maximal strength tests—one immediately preceding the first training session

and the second immediately preceding their penultimate training session. The control group

performed maximal strength tests at times corresponding to those of the RT group without

related training sessions.

Participants in the RT group completed a total of 12 weeks of RT, with three supervised

sessions per week and each session lasting ~1 h. The training overload was modified using a

linear periodization model with three phases. During phase 1 (weeks 1–2), participants

completed two sets of exercises, with 12–15 repetitions of each exercise, at 100% of their

approximated 12–15 RM (that is, participants were motivated to reach volitional fatigue/

failure within 15 repetitions). In phase 2 (weeks 3–7), participants completed three sets of

exercises, with 8–12 repetitions, at 100% of their 8–12 RM, and in phase 3 (weeks 8–12),

they completed 6–8 repetitions, at 100% of their 6–8 RM. As participants adapted to the

training overload, the weight was increased to maintain the prescribed training intensity. All

participants trained on three nonconsecutive days per week, cycling between the following

two workout regimens: (1) dumbbell (DB) squat, cable row, DB front lunge, DB row,

barbell deadlift, DB triceps extension and DB bicep curl and (2) DB step-up, barbell chest

press, machine squat, DB overhead press, DB incline chest press, DB side raise, DB reverse

fly and abdominal crunches. Two exercises were grouped and performed back-to-back with

a 60–90 s rest period occurring after the completion of each superset. A certified personal

trainer led all training sessions with a maximum participant-to-trainer ratio of 3:1.
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Outpatient visit procedures

Measurements of participants were taken at baseline (pre-test) and on week 13 (post-test),

with each test period consisting of two outpatient visits. The first visit took place on a

weekday at the UCLA Clinical and Translational Research Center (CTRC), followed by a

same-week saturday visit at the Gonda (Goldschmied) Diabetes Center. To control for any

acute effects of the training program, the post-test CTRC outpatient visit and the Saturday

visit occurred approximately 72 h and 96–120 h, respectively, after the last training session.

Before each visit, participants were reminded to avoid all moderate-to-vigorous physical

activity 24 h prior to testing and to abstain from all food and drink (except water) for ~12 h

prior to each visit. Verbal confirmation of adherence to the aforementioned criteria was

obtained immediately prior to all testing.

Outpatient visit, day 1—The outpatient procedures at the CTRC began at 0730 hours and

typically lasted 3.5 h. A 12-lead electrocardiogram was administered as a safety measure

and checked by a physician before allowing any participation in exercise testing/

intervention. Waist circumference was measured in duplicate in all participants. Fasting

blood samples were collected from the median cubital vein, and serum was separated and

stored at −80 °C until assayed.

Outpatient visit, day 2—Upon arrival, height and weight were measured in duplicate,

and body composition was determined using a dual-energy X-ray absorptiometry scan

(Hologic QDR4500 Fan Beam X-ray Densitometer, Hologic, Waltham, MA, USA). Next,

arterial tonometry and carotid ultrasound were assessed.

Arterial tonometry

Assessment of central blood pressure, wave reflection and arterial stiffness was conducted

noninvasively using the SphygmoCor system (AtCor Medical, Sydney, Australia).5 All

measurements were taken in the supine position in a quiet, temperature-controlled (23–25

°C) room. During 10 min of rest, two blood pressure measurements (that is, brachial systolic

and diastolic pressure) were taken from the right arm using an automated oscillometric cuff

(Prevention DS2200 Ultima). The two values were averaged and used for subsequent

analysis.

Pulse wave analysis—Pulse wave analysis measurements were taken at the right radial

artery using applanation tonometry with the help of a high-fidelity micromanometer (Millar

Instruments, Houston, TX, USA). After 20 sequential waveforms had been acquired, a

validated generalized transfer function was used to generate the corresponding central aortic

pressure waveform yielding central systolic (cSBP) and central diastolic (cDBP)

pressures.19,20 Radial pressure waveforms were calibrated against brachial SBP and DBP. A

forward wave (P1) caused by stroke volume ejection at the aorta and a reflected wave (P2)

were derived from this waveform. Augmentation index (AIx) was defined as the augmented

pressure (P2–P1) expressed as a percentage of central pulse pressure. In addition, because

AIx is influenced by heart rate, an index normalized for a heart rate of 75 beats per minute

(b.p.m.) was used.21 The subendocardial viability ratio was defined as the ratio of the

pressure–time integral during diastole (diastolic pressure–time index) to the pressure–time
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integral during systole (tension time index) and used as an index of cardiac perfusion. Pulse

pressure amplification was defined as the ratio of brachial pulse pressure to central pulse

pressure. Only high-quality recordings (operator index ≥80%) were included in the analysis.

The intra-operator variability for cSBP in this study was 0.71%.

Pulse wave velocity—Carotid–femoral pulse wave velocity (cfPWV) was determined in

duplicate using the SphygmoCor system by sequentially recording electrocardiographic-

gated carotid and femoral artery waveforms using applanation tonometry. Distances from

the carotid sampling site to the suprasternal notch and from the suprasternal notch to the

femoral artery site were measured as straight lines between respective points on the body

surface using a tape measure. The time interval (t, in seconds) between the onset of femoral

and carotid waveforms was determined as the mean from 10 consecutive cardiac cycles.

High-quality measurements were confirmed using the standard deviation of time intervals

corresponding to the patient’s electrocardiogram and femoral and carotid artery waveforms.

Standard deviations greater than 10% of the cfPWV value were not accepted. The cfPWV

was calculated using the distance between measurement points (D, in meters) and the

measured time delay between the peak of the electrocardiogram P-wave and the trough of a

waveform (t) as follows: cfPWV = D/t (m s−1).

Carotid intima-media thickness

Carotid intima-media thickness (cIMT) is a well-validated surrogate measure of

atherosclerosis of the right and left carotid arteries. Participants rested supine, with their

necks in a neutral position and rotated 45° from the midline. Two-dimensional (2D)

ultrasound images of the carotid artery were obtained using a 12-MHz linear array

transducer, and data were digitally recorded on an external computer for offline analysis. An

automated edge detection software (Medical Imaging Applications, Coralville, IA, USA)

was utilized to measure the carotid artery diameter (intima–intima) and the cIMT of both

sides ~1 cm distal to the carotid bulb. All cIMT outcome measures were determined by

averaging data from a minimum of 10 cardiac cycles at end-diastole. Both near and far wall

cIMTs between the right and left carotid arteries were obtained and averaged. Intra-observer

coefficients of variability for near and far wall cIMTs were 2.9 and 1.8%, respectively.

Blood chemistry assays

Samples were assayed for a determination of the total cholesterol, high-density lipoprotein

and triglycerides using the Olympus AU400 Chemistry Analyzer (Center Valley, PA, USA).

Low-density lipoprotein (LDL) was calculated using the Friedewald equation.22 Oxidized

LDL (oxLDL) (Mercodia Laboratories, Upsala, Sweden) and high-sensitivity CRP (Alpco,

Salem, NH, USA) concentrations were determined using enzyme-linked immunosorbent

assay. Interleukin (IL)-8, vascular endothelial growth factor (VEGF), matrix

metallopeptidase-9, myeloperoxidase, total plasminogen activator inhibitor-1, soluble E-

Selectin (sE-selectin), soluble intercellular adhesion molecule-1, soluble vascular cell

adhesion molecule-1 and monocyte chemotactic protein-1 were determined using Millipore

Multiplex assay (Billerica, MA, USA). All analytes were measured in duplicates.
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Statistical analyses

Non-parametric analyses were chosen for statistical inference due to the presence of non-

normally distributed data (using both graphical and numerical methods, that is, the Shapiro–

Wilk test), unequal samples sizes and heteroscedasticity. Power calculations were based on

Heffernan et al.,23 to detect an ~2% change in central pressure within a group with a large

effect size. The overall effects of the intervention were tested for evaluable participants.

Between-group significance was calculated using Wilcoxon rank-sum test on post-test–pre-

test change scores. Within-group significance was calculated using Wilcoxon signed-rank

test; confidence intervals were derived using bias-corrected bootstrap methods (105

permutations). Post hoc Spearman correlation analyses were used to determine the

relationships between changes in cSBP and changes in inflammatory and atherogenic

biomarkers. Statistical analyses were performed using Stata Statistical Software 11.2

(StataCorp LP., College Station, TX, USA). Given that the nature of this study is that it is a

pilot, the analysis initially focused on the effects of central pressure, whereas all other

analyses were exploratory; across-group changes were detected alongside within-group

changes and significant P-values (<0.05) were reported. All data are reported as median

(interquartile range).

RESULTS

Evaluable intervention participants were young adult males (21 years old (20–23 years old)),

who were both sedentary and overweight/obese (body mass index (BMI): 31.4 kg m−2

(29.7–34.7 kg m−2) and waist circumference: 103 cm (99–111 cm)). In total, participants

attended 99.7% of their training sessions; 27 out of 28 RT participants performed 36 of the

36 training sessions, whereas one participant performed 35 of the 36 training sessions.

Anthropometrics, body composition and strength

The lean body mass increased and the total body fat percentage decreased in the RT group

compared with the control group (P = 0.0002 and P = 0.03, respectively) (Table 1). BMI

increased in the RT group (P = 0.03). 1RM chest press, 1RM leg press, 1RM back row and

the composite strength score all increased significantly in the RT group compared with the

control group (all P<0.001).

Central and peripheral blood pressure and indices of arterial stiffness

Figure 1 depicts the change in central and peripheral blood pressures for the RT and control

groups. Both cSBP (P = 0.01) and cDBP (P = 0.02) decreased with training (Table 2). These

changes were noted in concert with decreases in bSBP (P = 0.03), branchial diastolic

pressure (P = 0.01), P1 (P = 0.01), P2 (P = 0.04) and resting heart rate (P = 0.01). No

significant changes occurred in the control group for central or brachial blood pressures.

Conversely, RT resulted in no change in cfPWV (P = 0.43) or AIx (P = 0.34), although an

increase in AIx was seen in the control group (P = 0.04). Furthermore, there were no

changes in near or far wall cIMTs (all P>0.1).
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Lipids and inflammatory and atherogenic markers

Regarding blood lipids, total cholesterol, high-density lipoprotein, LDL and triglycerides did

not change in either group with the intervention (all P>0.5) (Table 3). As for atherogenic

and inflammatory markers, VEGF significantly increased after training (P = 0.03). CRP,

metallopeptidase-9, soluble intercellular adhesion molecule-1, soluble vascular cell adhesion

molecule-1, myeloperoxidase, IL-8, total plasminogen activator inhibitor-1, sE-selectin,

monocyte chemotactic protein-1, and oxLDL did not change with RT (all P≥0.1) (Table 4).

An increase in oxLDL (P = 0.03) and a decrease in monocyte chemotactic protein-1 (P =

0.046) were noted in the control group.

Correlation between cSBP and atherosclerotic risk markers

As cSBP is strongly related to atherosclerotic disease and cardiovascular events11 and was

significantly decreased after training, we correlated changes in cSBP with changes in

markers of atherosclerotic risk (Table 5). In the RT group, cSBP was positively correlated

with oxLDL (r = 0.42, P = 0.03) and sE-selectin (r = 0.41, P = 0.04).

DISCUSSION

The principal findings of this study are that high-intensity RT, with progressive increases in

both training intensity and volume, improved central and brachial blood pressures without

weight loss and had no effect on indices of arterial stiffness in overweight/obese young men.

These findings were accompanied by significant increases in VEGF, muscle strength and

lean body mass and a decrease in body fat percentage. To our knowledge, this is the first

study to determine the effects of an RT intervention on central blood pressure and arterial

stiffness in overweight/obese young men, although Heffernan et al.23 did include some

overweight participants in their prior study.

Central and peripheral blood pressure

Recently, it has become apparent that noninvasive determination of central blood pressure

may more accurately reflect loading conditions of the ventricles and coronary arteries, more

strongly relate to cardiovascular function and end-organ damage, and therefore, may more

accurately estimate future CVD risk, compared with peripheral blood pressure.11,12 In

addition, RT has been demonstrated to be associated with reduced risk of coronary heart

disease, although the mechanism(s) for the beneficial effects are currently unclear.24 In the

present study, we demonstrated that one potential mechanism by which RT may decrease

CVD risk is through a decrease in central blood pressure. It is important to note that the

decreases in central pressure occurred in the absence of any change in the indices of arterial

stiffness and wave reflection, including cfPWV and AIx, respectively. Additionally, the

decrease in brachial blood pressure, also noted, was similar to that approximated using a

meta-analysis,25 and these decreases were not seen in the control group. The improvement

in central pressures is in agreement with Heffernan et al.23 These authors demonstrated

reductions in central blood pressures after short-term RT in both African American and

Caucasian men, which occurred without a change in brachial blood pressure and was

independent of carotid stiffness and aortic pulse wave velocity, although an ethnic difference

was noted for brachial stiffness, with an increase observed in African American young men.
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Furthermore, studies by Taaffe et al.26 and Figueroa et al.27 have suggested a reduction in

central pressures with RT in older adults and postmenopausal women, respectively. The

improvement in central pressure in the present study may be attributed to a decrease in

peripheral vascular resistance, as suggested by an accompanied decrease in P2 (defined as

the reflected pressure wave that augments the incident wave amplitude). Indeed, Anton et

al.28 showed that 13 weeks of RT resulted in a significant decrease in femoral vascular

resistance. This suspected decrease in vascular resistance may be a result of an improvement

in microvascular perfusion and/or endothelial function. Previous studies indicate that RT for

a duration of 12 weeks to 1 year can improve endothelial function (via brachial artery flow-

mediated dilation) in populations at risk of impaired vascular reactivity—obese adults,29

overweight women30 and postmenopausal women.31 Unsurprisingly, RT does not affect

flow-mediated dilation in healthy subjects with minimal or no endothelial impairment at

baseline.10,32 Additionally, VEGF not only has a role in stimulating angiogenesis, but also

acts as a vascular protective factor.33 The elevated levels of VEGF suggest a physiologic

adaptation to exercise, which may indicate increased angiogenesis and preservation of the

endothelial function.

Arterial stiffness

Similar to our findings, several studies indicate no change in arterial stiffness after

RT.10,23,32,34 In addition, Fahs et al.35 noted that muscle strength is inversely associated

with aortic stiffness. However, it has been suggested by others that RT can increase

stiffness.6–8 Differences in arterial stiffness in response to RT may be due to several factors,

including differences in training regimens, measurement protocols, study population and/or

post-exercise timing of measurement. It was previously proposed that high-intensity RT was

the main factor contributing to an increase in stiffness.10,36 In response, Casey et al.10

devised an RT intervention with progressive increases in intensity without volume increases,

which did not result in changes in cfPWV or AIx. Our study, which also resulted in no

change in cfPWV and AIx, incorporated progressive increases in both intensity and volume

and utilized a higher training volume per session (as many as 24 sets) compared with

training programs that resulted in increased stiffness (~18 sets). 6,7 It is possible that the

short rest periods between sets in our RT intervention may have contributed to the

physiologic responses to RT. Indeed, Kawano et al.7 noted that a combination of RT and

endurance exercises appeared to minimize arterial stiffening compared with RT alone.

Collectively, it appears that differences in training volume and intensity may not be the

primary reasons for the reported discrepancies. Furthermore, it is unclear whether the

reductions in arterial compliance seen in some RT interventions truly indicate a pathologic

process, or are simply a physiologic adaptation that occurs with this type of exercise.

Moreover, it is appropriate to mention that resistance-trained men performing vigorous RT

for more than 10 years exhibit reduced arterial compliance but no difference in cIMT or

endothelial function, compared with age-matched sedentary controls.37 Thus, although

reduced arterial compliance has been associated with endothelial dysfunction,38 there is no

evidence that links continuous RT (for any length of time) with impaired endothelial

function.

Croymans et al. Page 8

J Hum Hypertens. Author manuscript; available in PMC 2014 August 02.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Inflammation and atherogenic markers

Inflammatory cytokines and other atherogenic markers are linked with vascular dysfunction

and atherosclerotic disease.13 In agreement with previous findings,15,17 we noted no

significant improvements in blood lipids. In addition, the lack of change in CRP is also not

surprising, as exercise appears to only decrease CRP in subjects with CRP levels >3.0 mg

l−1.18,39 We also assessed cell adhesion molecules, soluble intercellular adhesion

molecule-1, soluble vascular cell adhesion molecule-1 and sE-Selectin, whose expression on

the surface of a variety of cells, including endothelial cells, is believed to mediate the

immune response to inflamed and injured vessels. We noted no change in these molecules,

in agreement with Olson et al.,17 the only other RT intervention to investigate the potential

effects of RT on cell adhesion molecules. In early-risk populations, RT seems to have little

effect on measured inflammatory markers.

In addition, inflammation has been associated with indices of vascular stiffness. For

example, CRP has been positively correlated with cfPWV,40–42 AIx40,43 and brachial pulse

pressure.44 Furthermore, Vlachopoulos et al.45 demonstrated an etiologic association

between acute systemic inflammation and increased pulse wave velocity. Indeed, we

observed moderate positive correlations between changes in cSBP and both sE-Selectin and

oxLDL. Improvements in cSBP might contribute to reductions in sE-Selectin and oxLDL

and vascular injury, or vice versa.

A limitation of this investigation was that it was designed as an exploratory study to

examine central blood pressure and arterial stiffness indices and powered to detect within-

group changes.8,23 Also, we observed that a few participants in the control group did not

strictly adhere to the directive to not participate in exercise training, which may limit

interpretation of between-group comparisons. However, robust statistical analysis was

applied to minimize spurious findings. A 3:1 randomization scheme was chosen to ensure

that this study had adequate power to detect an effect size for within-group analysis on

central blood pressure and indices of arterial stiffness based on similar studies. An additional

limitation is the gender-specific population studied.

In summary, this study demonstrated that RT, with progressive increases in both training

intensity and volume, reduces both central and brachial blood pressures without weight loss

and independently of effects on arterial stiffness in overweight/obese young men. These

findings suggest that high-intensity RT may decrease CVD risk by improving central blood

pressure without compromising arterial stiffness in overweight/obese young adults. Future

studies should examine whether the effects of RT on central blood pressures are related to

true changes in risk for future CVD events.
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What is known about this study

• Previous studies suggest that RT decreases the risk of CVD; however, the

mechanisms by which RT decreases CVD risk are unclear.

• Central blood pressure is a better predictor of CVD risk than brachial blood

pressure.

• The effects of RT on central blood pressures are generally unknown.

• There are conflicting evidence and conclusions regarding the effects of RT on

arterial stiffness, and changes induced by RT may be dependent upon the

subject population.

What this study adds

• This study suggests that RT decreases central blood pressures in obese young

men.

• The decreases in central blood pressures occur independently of changes in the

indices of arterial stiffness, such as AIx and cfPWV, weight loss or changes in

biomarkers of CVD risk.

• This study suggests that the decreases in central blood pressures, noted with RT,

may be a contributing mechanism to the cardioprotective effects of RT.
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Figure 1.
Central and brachial blood pressures. Bar graphs present median and 95% CI. *P<0.05 for

within-group significance using Wilcoxon signed-rank test.
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Table 1

Anthropometrics, body composition and strength

Outcomes Median (25th–75th percentile) Median change (95% confidence interval) P-value

Pre-test Post-test Within-group changes Between-group changes

Age (years) — --b

 Control 22.0 (20.8–22.8) — --w

 RT 21.5 (20.0–23.0) — --w

Height (m) — --

 Control 1.74 (1.70–1.77) — --

 RT 1.77 (1.73–1.81) — --

Weight (kg) 1.7 (−0.56–3.7) 0.07

 Control 98.5 (91.6–106.2) 98.0 (90.9–105.9) 0.02 (−1.4–0.57) 0.58

 RT 96.6 (90.0–103.5) 97.1 (91.2–105.4) 1.8 (0.00–3.0) 0.06

BMI (kgm−2) 0.58 (−0.22–1.4) 0.06

 Control 33.6 (31.2–34.7) 33.2 (31.3–34.6) −0.19 (−0.57–0.19) 0.16

 RT 30.9 (29.7–32.7) 31.2 (30.3–32.7) 0.39 (−0.18–0.96) 0.03

WC (cm) −0.27 (−3.4–2.9) 0.77

 Control 106.5 (96.1–110.8) 106.7 (93.6–112.0) −0.28 (−2.0–1.9) 0.83

 RT 103.3 (99.4–111.3) 101.4 (96.8–108.7) −0.55 (−2.4–0.85) 0.24

Total fat (%) −1.4 (−3.4–0.50) 0.03

 Control 26.2 (24.3–31.9) 27.9 (22.7–31.3) −0.48 (−1.6–1.0) 0.67

 RT 28.6 (26.3–31.2) 26.2 (24.2–29.6) −1.9 (−2.9 to−0.52) <0.001

Lean mass (kg) 3.1 (1.2–4.1) 0.0002

 Control 69.3 (68.0–71.9) 70.2 (68.6–71.4) −0.45 (−0.70–1.4) 0.58

 RT 69.5 (64.7–72.8) 70.9 (66.5–76.2) 2.7 (2.0–3.4) <0.0001

1RM chest (kg) 15.9 (10.2–21.6) <0.001

 Control 70.3 (65.8–96.4) 70.3 (65.8–99.8) 0.00 (0.00–13.6) 0.45

 RT 70.3 (56.7–80.5) 86.2 (70.3–94.1) 15.9 (13.6–19.3) <0.0001

1RM leg (kg) 59.0 (15.9–95.3) <0.001

 Control 272.2 (272.2–347.0) 281.2 (260.8–349.3) 9.1 (−9.1–54.4) 0.45

 RT 251.7 (237.0–293.7) 331.1 (311.9–365.1) 68.0 (56.7–90.7) <0.0001

1RM row (kg) 18.1 (4.5–29.5) 0.015

 Control 81.7 (70.3–95.3) 88.5 (82.8–89.6) −2.3 (−4.5–17.0) 0.67

 RT 79.4 (72.0–90.7) 94.1 (90.2–104.9) 15.9 (13.6–20.4) <0.0001

Strength score (kg) 77.1 (28.4–124.7) <0.001

 Control 455.9 (399.2–511.4) 437.7 (411.6–526.2) 22.7 (−11.3–77.1) 0.40

 RT 409.4 (373.7–470.6) 517.1 (479.1–560.8) 99.8 (88.5–129.3) <0.0001

Abbreviations: BMI: body mass index; 1RM: 1-repetition maximum; strength score: sum of all three strength measures, WC: waist circumference.
Significance was calculated using Wilcoxon signed-rank test. P-values with a superscript b indicate between-group analysis, and w indicates
within-group analysis. Median values are presented with 25th and 75th percentile in parentheses, and median change scores are presented with the
accompanied 95% confidence intervals.

Significant P values (P<0.05) are bolded.
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Table 2

Central and peripheral blood pressure and indices of arterial stiffness

Outcomes Median (25th–75th percentile) Median change (95% confidence interval) P-value

Pre-test Post-test Within-group changes Between-group changes

cfPWV (m s−1) −0.65 (−1.5–0.15) 0.14b

 Control 6.9 (6.5–7.4) 7.2 (7.1–7.5) 0.45 (0.02–1.2) 0.09w

 RT 6.7 (6.2–7.4) 6.6 (5.9–7.5) −0.20 (−0.65–0.40) 0.43w

AIx(hr75) −2.8 (−11.0–4.0) 0.25

 Control −10.3 (−13.6–−7.8) −5.0 (−9.1–0.00) 6.0 (2.5–11.5) 0.04

 RT −7.3 (−12.1–−0.50) −2.8 (−10.9–4.0) 3.3 (−2.0–7.0) 0.34

SEVR 18.3 (−7.0–51.0) 0.07

 Control 166.0 (149.3–193.9) 153.3 (149.6–157.1) −11.3 (−38.5–6.3) 0.21

 RT 157.3 (142.0–183.6) 167.8 (147.5–189.0) 7.0 (−8.0–16.0) 0.33

P1 (mmHg) −6.25 (−13.0–5.0) 0.59

 Control 112.0 (100.0–116.9) 104.8 (103.5–109.3) 0.75 (−2.5–7.0) 0.29

 RT 110.0 (105.8–114.8) 106.0 (103.0–107.0) −5.5 (−9.3–5.3) 0.01

P2 (mmHg) −3.0 (−15.0–11.5) 0.57

 Control 111.0 (101.0–114.5) 105.3 (103.4–108.9) −1.0 (−12.5–9.0) 0.40

 RT 109.3 (104.6 115.4) 106.3 (102.4–108.9) −4.0 (−8.75–0.00) 0.04

PPA 0.01 (−0.06–0.06) 0.27

 Control 1.70 (1.65–1.74) 1.67 (1.60–1.68) −0.05 (−0.11–−0.04) 0.09

 RT 1.66 (1.57–1.71) 1.62 (1.56–1.71) −0.04 (−0.05–0.00) 0.07

cSBP (mmHg) −2.25 (−12.0–11.5) 0.52

 Control 112.5 (102.5–116.9) 106.5 (104.3–110.1) −1.5 (−13.5–7.5) 0.40

 RT 111.5 (106.4–117.5) 106.5 (104.6–109.0) −3.8 (−8.0–−1.5) 0.01

cDBP (mmHg) 1.0 (−8.5–18.0) 0.79

 Control 85.5 (71.5–89.3) 75 (70.9–77.8) −5.0 (−16.3–5.0) 0.16

 RT 80.8 (75.9–85.6) 76.3 (72.0–79.5) −4.0 (−7.0–0.0) 0.02

bSBP (mmHg) −5.5 (−17.0–6.0) 0.39

 Control 131.0 (121.0–135.8) 127.5 (122.0–130.0) −1.0 (−10.0–7.5) 0.40

 RT 132.0 (123.8–137.0) 123.5 (119.8–129.8) −6.5 (−13.5–0.0) 0.03

bDBP (mmHg) 0.00 (−10.0–17.0) 0.86

 Control 84.5 (70.5–88.3) 74.0 (69.8–76.8) −5.0 (−16.0–5.0) 0.16

 RT 81.0 (75.0–84.0) 75.5 (71.5–78.5) −5.0 (−7.5–−1.5) 0.01

Heart Rate (b.p.m.) −3.5 (−17.5–5.0) 0.15

 Control 74.5 (60.5–80.8) 72.0 (67.8–79.3) −0.50 (−5.5–14.0) 0.89

 RT 74.0 (63.3–80.0) 64.5 (60.0–72.0) −4.0 (−8.0–1.5) 0.01

cIMT far wall (mm) −0.005 (−0.09–0.05) 0.39

 Control 0.48 (0.47–0.53) 0.51 (0.50–0.55) −0.01 (−0.06–0.06) 0.61

 RT 0.52 (0.50–0.55) 0.51 (0.49–0.54) −0.01 (−0.05–0.01) 0.49

cIMT near wall (mm) −0.03 (−0.16–0.02) 0.88

 Control 0.52 (0.49–0.55) 0.55 (0.51–0.58) 0.05 (−0.06–0.07) 0.44
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Outcomes Median (25th–75th percentile) Median change (95% confidence interval) P-value

Pre-test Post-test Within-group changes Between-group changes

 sRT 0.52 (0.50–0.55) 0.54 (0.50–0.58) 0.02 (−0.01–0.05) 0.15

Abbreviations: Aix, aortic augmentation index; bDBP, brachial diastolic blood pressure; bSBP, brachial systolic blood pressure; cDBP, central
diastolic blood pressure; cfPWV, carotid–femoral pulse wave velocity; cIMT, carotid intima-media thickness; cSBP, central systolic blood
pressure; P1, is the forward wave amplitude caused by stroke volume ejection at the aorta; P2, is the reflected wave amplitude; PPA, pulse pressure
amplification; SEVR, subendocardial viability ratio. Significance was calculated using Wilcoxon signed-rank test. P-values with a superscript b
indicate between-group analysis, and w indicates within-group analysis. Median values are presented with 25th and 75th percentile in parentheses,
and median change scores are presented with the accompanied 95% confidence intervals. Significant P values (P<0.05) are bolded.
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Table 3

Lipids

Outcomes Median (25th–75th percentile) Median change (95% confidence interval) P-value

Pre-test Post-test Within-group changes Between-group changes

Cholesterol (mg dl−1) −12.5 (−23.5–5.0) 0.047 b

 Control 163.0 (150.5–183.8) 166.0 (153.0–199.3) 13.5 (2.5–18.0) 0.07w

 RT 163.0 (140.0–176.0) 164.0 (134.0–174.0) 1.0 (−8.0–7.0) 0.53w

HDL (mg dl−1) −1.0 (−6.0–4.0) 0.62

 Control 39.0 (37.0–40.0) 41.0 (37.0–45.0) 1.0 (1.0–6.0) 0.34

 RT 41.0 (39.0–45.0) 40.0 (39.0–46.0) 0.0 (−1.5–4.0) 0.53

LDL (mg dl−1) −9.5 (−27.0–4.0) 0.15

 Control 102.0 (77.3–124.5) 104.5 (91.3–123.8) 7.5 (0.5–25.0) 0.07

 RT 85.0 (66.0–108.0) 84.0 (72.0–101.0) −2.0 (−12.0–10.0) 0.66

TG (mg dl−1) 9.5 (−59.5–72.5) 0.98

 Control 124.0 (117.8–138.5) 107.5 (99.5–115.5) −16.5 (−55.5–94.0) 0.60

 RT 118.0 (85.5–164.5) 120.0 (75.0–154.0) −7.0 (−26.0–25.0) 0.51

Abbreviations: HDL, high-density lipoprotein; LDL, low-density lipoprotein; TG, triglyceride. Significance was calculated using the Wilcoxon
signed-rank test. Pvalues with a superscript b indicate between-group analysis, and w indicates within-group analysis. Median values are presented
with 25th and 75th percentile in parentheses, and median change scores are presented with the accompanied 95% confidence intervals. Significant
P values (P<0.05) are bolded.
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Table 4

Inflammatory and Atherogenic Markers

Outcomes Median (25th–75th percentile) Median change ( 95% confidence interval) P-value

Pre-test Post-test Within-group changes Between-group changes

oxLDL (Ul−1) −5.5 (−11.9–0.89) 0.08b

 Control 53.2 (52.9–61.2) 56.6 (56.5–71.7) 3.4 (1.9–8.1) 0.03 w

 RT 51.2 (41.0–70.8) 48.5 (43.2–60.0) −2.1 (−8.4–1.8) 0.11w

CRP (mg l−1) −0.45 (−2.4–2.4) 0.29

 Control 1.4 (0.47–4.7) 1.5 (0.75–3.6) 0.33 (−1.5–2.8) 0.60

 RT 1.4 (0.47–3.1) 1.3 (0.54–2.0) −0.12 (−0.50–0.02) 0.15

VEGF (pgml−1) 47.0 (−311.5–210.8) 0.62

 Control 241.0 (193.0–436.0) 374.0 (297.5–641.5) −6.0 (−34.3–711.0) 0.89

 RT 460.0 (246.5–644.5) 520.0 (233.8–939.5) 41.0 (10–159.5) 0.03

MMP-9 (ng ml−1) −46.1 (−142.0–35.5) 0.37

 Control 249.0 (198.8–261.0) 266.5 (221.0–289.5) 20.1 (−15.5–112.0) 0.25

 RT 227.0 (169.0–271.0) 214.0 (185.0–262.0) −26.0 (−45.0–48.0) 0.83

PAI-1 total (ng ml−1) 23.0 (−0.90–50.4) 0.12

 Control 125.5 (102.7–157.5) 114.5 (90.8–142.0) −8.0 (−25.5–16.8) 0.35

 RT 115.5 (79.6–175.5) 148.0 (101.5–210.3) 15.0 (4.0–26.9) 0.06

sE-Selectin (ng ml−1) −2.0 (−16.6–2.7) 0.16

 Control 34.1 (26.3–46.1) 47.4 (29.4–48.2) −0.45 (−2.4–12.5) 0.92

 RT 33.9 (26.5–46.2) 31.4 (23.3–43.1) −2.4 (−4.8–1.2) 0.20

sICAM-1 (ng ml−1) 0.10 (−21.8–37.4) 1.00

 Control 146.4 (85.5–194.8) 122.3 (92.1–192.5) 0.90 (−22.1–27.6) 0.75

 RT 139.0 (102.8–184.0) 146.5 (108.5–173.0) 1.0 (−7.4–5.5) 0.95

sVCAM-1 (ng ml−1) −25.0 (−152.0–171.0) 0.92

 Control 730.0 (664.5–834.5) 744.0 (596.0–883.0) 22.0 (−111.0–153.0) 0.75

 RT 825.5 (768.3–962.5) 900.5 (798.0–991.8) −3.0 (−40.0–76.5) 0.88

MPO (ng ml−1) −46.1 (−261.6–47.8) 0.21

 Control 160.5 (140.3–267.8) 251.5 (119.8–405.0) 25.5 (−37.0–231.0) 0.17

 RT 154.0 (82.1–237.8) 118.0 (93.1–250.0) −20.6 (−112.0–42.5) 0.59

MCP-1 (pg ml−1) 126.8 (7.5–201.8) 0.11

 Control 407.3 (373.8–490.3) 343.3 (306.8–409.0) −97.8 (−124.0–58.5) 0.046

 RT 422.5 (303.5–559.3) 421.3 (352.8–582.3) 29.0 (−50.0–89.5) 0.56

IL-8 (pg ml−1) 3.4 (−189.4–12.7) 0.35

 Control 14.2 (11.8–28.6) 22.6 (13.5–159.5) −1.2 (−292.5–189.3) 0.60

 RT 22.0 (11.3–41.5) 19.4 (11.4–63.3) 2.2 (−0.44–12.5) 0.07

Abbreviations: CRP, C-reactive protein; MCP-1, monocyte chemotactic protein-1; MMP-9, matrix metallopeptidase-9; MPO, myeloperoxidase;
IL-8, interleukin-8; PAI-1 total, plasminogen activator inhibitor-1 total; oxLDL, oxidized LDL; sE-selectin, soluble E-selectin; sICAM-1, soluble
intercellular adhesion molecule-1; sVCAM-1, soluble vascular cell adhesion molecule-1; VEGF, vascular endothelial growth factor. Significance
was calculated using the Wilcoxon signed-rank test. P-values with a superscript b indicate between-group analysis, and w indicates within-group
analysis. Median values are presented with 25th and 75th percentile in parentheses, and median change scores are presented with the accompanied
95% confidence intervals. Significant P values (P<0.05) are bolded.
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Table 5

Spearman correlation coefficients for changes in cSBP and changes in atherogenic markers

Biomarkers R P-value

oxLDL 0.42 0.03

CRP 0.21 0.31

VEGF −0.1 0.61

MMP-9 −0.17 0.41

PAI-1 total −0.09 0.65

sE-Selectin 0.41 0.04

sICAM-1 0.08 0.68

sVCAM-1 −0.13 0.53

MPO −0.06 0.78

MCP-1 −0.22 0.27

IL-8 0.28 0.16

Abbreviations: CRP, C-reactive protein; IL-8, interleukin-8; MMP-9, matrix metallopeptidase-9; oxLDL, oxidized LDL; PAI-1 total, plasminogen
activator inhibitor-1 total; sE-selectin, soluble E-selectin; sICAM-1, soluble intercellular adhesion molecule-1; sVCAM-1, soluble vascular cell
adhesion molecule-1; MPO, myeloperoxidase; MCP-1, monocyte chemotactic protein-1; VEGF, vascular endothelial growth factor. Data are
presented as Spearman correlation coefficient (r) and level of significance (P value). Significant P values (P<0.05) are bolded.
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