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 ABSTRACT 33 

Previous longitudinal studies suggest that left ventricular (LV) structure is unaltered with 34 

resistance exercise training (RT) in young men. However, evidence from aerobic exercise training 35 

suggests that early changes in functional LV wall mechanics may occur prior to and independently 36 

of changes in LV size, although short-term changes in LV mechanics and structural remodelling 37 

in response to RT protocols have not been reported. Therefore, the purpose of this study was to 38 

examine the effects of RT on LV mechanics in healthy men performing two different time-under-39 

tension protocols. Forty recreationally-trained men (age: 23±3 years) were randomized into 12 40 

weeks of whole-body higher-repetition RT (20-25 repetitions/set to failure at ~30-50% 1RM; 41 

n=13), lower-repetition RT (8-12 repetitions/set to failure at ~75-90% 1RM; n=13), or an active 42 

control period (n=14). Speckle tracking echocardiography was performed at baseline and 43 

following the intervention period. Neither RT program altered standard measures of LV volumes 44 

(end-diastolic volume, end-systolic volume, or ejection fraction; P>0.05) or indices of LV 45 

mechanics (total LV twist, untwisting rate, twist-to-shortening ratio, untwisting-to-twist ratio, or 46 

longitudinal strain; P>0.05). This is the first longitudinal study to assess both LV size and 47 

mechanics after RT in healthy men, suggesting a maintenance of LV size and twist mechanics 48 

despite peripheral muscle adaptations to the training programs. These results provide no evidence 49 

for adverse LV structural or functional remodelling in response to RT in young men and support 50 

the positive role of RT in the maintenance of optimal cardiovascular function, even with strenuous 51 

RT.  52 

 53 
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INTRODUCTION 58 

Resistance exercise is characterized by brief periods of high blood pressure (MacDougall et al. 59 

1985), the magnitude of which increases with increasing number of repetitions and heavier loads 60 

(MacDougall et al. 1992, Gjøvaag et al. 2016). Additionally, loading of the left ventricle (LV) and 61 

sympathetic activation will impact on the heart’s stress exposure. While LV wall stress may be 62 

maintained during resistance efforts with concomitant Valsalva-mediated increases in 63 

intrathoracic pressure (Haykowsky et al. 2001), acute exposure to RT has been reported to impact 64 

LV mechanics during, and following, low- and moderate-intensity efforts (Stöhr et al. 2017). 65 

While exercise-induced cardiac remodelling is described in detail elsewhere (Baggish et al. 2008, 66 

Naylor et al. 2008), the few interventional studies examining the impact of RT on cardiac structure 67 

and function in non-athletes suggest unaltered LV chamber dimensions with long-term RT (>3 68 

months) (Spence et al. 2011, Scharf et al. 2017). However, evidence from intense aerobic exercise 69 

training suggests that early changes in LV function may occur prior to changes in LV structure 70 

observed beyond three months of training (Weiner et al. 2010a, 2015); to date, simultaneous 71 

observations of LV structure and function in longitudinal studies investigating RT are lacking. 72 

The study of LV strain and twist (termed “LV wall mechanics”) has recently garnered 73 

attention for the capacity to provide information on myocardial tissue deformation beyond that of 74 

LV geometry (Notomi et al. 2006, Wang et al. 2008, Mor-Avi et al. 2011, Schuster et al. 2016). 75 

Given the robust ability of the LV to eject ~60% of its volumetric contents for relatively small 76 

cardiomyocyte shortening (Krueger and Pollack 1975, Beyar and Sideman 1984), the study of LV 77 

deformation mechanics is thought to be integral to the examination of changes in cardiac function 78 

across the continuum of chronic disease and performance (Aelen et al. 1997, Stöhr et al. 2016). 79 

Resting differences in LV twist have been observed among resistance-trained male athletes  80 
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(Beaumont et al. 2017), suggesting an effect of RT of unknown cause. Despite the acute regulation 81 

of LV mechanics in pressure loading conditions (Dong et al. 1999, Weiner et al. 2010b, Balmain 82 

et al. 2016), and evidence of self-preservation of LV mechanics during increased afterload  (van 83 

Mil et al. 2016, Stöhr et al. 2017), LV twist has been observed to change with 90 days of intense 84 

aerobic training in collegiate rowers (Weiner et al. 2015), indicating a propensity for exercise-85 

induced changes in LV mechanics prior to structural LV remodelling. Prior RT studies in non-86 

athletes have indicated unaltered LV structure without measurement of functional LV mechanics, 87 

which may have masked underlying changes in LV function in the initial stages of training (Spence 88 

et al. 2011, Scharf et al. 2017). It remains unknown whether exposure to different RT programs, 89 

employing different time-under-tension protocols that may impact LV afterload conditions and 90 

sympathetic activation, would differentially impact LV size and mechanics, specifically twist, in 91 

the early period of a training program. 92 

 The purpose of this study was to examine the effects of two RT programs with varying 93 

time-under-tension protocols (higher-repetition, lighter-load (HiR) vs. lower-repetition, heavier-94 

load (LoR)) on LV wall mechanics in healthy, recreationally-trained men. We hypothesized that 95 

12 weeks of RT would significantly increase LV wall mechanics with larger increases in the HiR 96 

group. 97 

 98 

METHODS 99 

Participants 100 

Forty-six men were recruited for this study, the general methods of which have been previously 101 

published (Morton et al. 2016, Au et al. 2017). All men had a history of recreational RT for greater 102 

than two years (average 4±2 yrs), including at least two sessions per week (average 3.1±0.6 103 
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sessions per week) with at least one lower body session, but were not currently engaged in athlete 104 

training programs. Participants were excluded if they were obese (BMI ≥ 30 kg/m2), had a history 105 

of smoking, or were taking supplements other than protein before starting the exercise protocol. 106 

Six participants were subsequently excluded due to poor echocardiographic image quality, 107 

resulting in a final sample of 40 men. The study protocol was approved by the Hamilton Integrated 108 

Research Ethics Board (14-333) and conforms to the Declaration of Helsinki, except for 109 

registration in a database. All participants gave verbal and written consent prior to enrolment in 110 

the study. 111 

 112 

Protocol Overview 113 

The exercise training protocol consisted of three months of supervised RT, as previously described 114 

(Morton et al. 2016, Au et al. 2017). Briefly, participants were stratified by lean body mass via 115 

dual-energy X-ray absorptiometry and were subsequently randomized into one of three groups. 116 

Baseline cardiovascular characteristics were not controlled during stratification and were therefore 117 

tested for group differences in post hoc analyses. The three groups were: higher-repetition lower-118 

load RT [HiR; three sets of 20-25 repetitions per set to volitional failure, ~30-50% of 1 Repetition 119 

Maximum (1RM); n=13]; lower-repetition, higher-load RT (LoR: three sets of 8-12 repetitions per 120 

set to volitional failure, ~75-90% of 1RM; n=13); and, an active control group who were asked to 121 

maintain their physical activity throughout the 12 week period (CON; n=14). These RT intensities 122 

were selected as they likely elicit different pressure-loading patterns during a bout of exercise (i.e., 123 

HiR is exposed to a higher pressure load for a longer duration than LoR), and offer an interesting 124 

secondary comparison of RT protocols. Speckle tracking echocardiography was performed one 125 

week before and one week after the intervention period (>72 hours after the last training session). 126 
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Resistance training protocol. All exercise training sessions were supervised by a research team 127 

member at McMaster University. Participants performed RT four times per week, separated into 128 

two whole-body workouts: 1) inclined leg press, seated row, bench press, cable hamstring curl, 129 

and front planks; 2) shoulder press, bicep curls, triceps extension, wide grip pull downs, and knee 130 

extension. 1RM was reassessed at weeks 4, 7, and 10 to adjust the load to ensure training 131 

progression. Participants were asked to refrain from any form of exercise outside of the study 132 

protocol. Participants consumed 30g of whey protein (BioPRO, Davisco Food International, Le 133 

Sueur, MN) twice per day: on workout days, once immediately after exercise and once pre-sleep, 134 

or on non-training days, once in the morning and once pre-sleep. 135 

Echocardiography. Speckle-tracking echocardiography was performed according to the latest 136 

official guidelines and expert recommendations (Mor-Avi et al. 2011, Stöhr et al. 2016). A 1.5-3.6 137 

MHz phased array probe connected to a commercially available ultrasound unit (Vivid q; GE 138 

Medical Systems, Horten, Norway) was used for all scans, with the participants laying in the left 139 

lateral decubitus position after 10 minutes of supine rest. Brachial blood pressure was measured in 140 

triplicate using an automated oscillometric device in the supine position (Dinamap Pro 100; 141 

Critikon LCC, Tampa, FL, USA). LV volumes (i.e., end-diastolic volume, end-systolic volume, 142 

ejection fraction, stroke volume, and cardiac output) and dimensions (average wall thickness, 143 

relative wall thickness, internal diameter, and LV mass) were estimated from M-Mode analysis of 144 

the parasternal long-axis. All speckle-tracking images were acquired at 60-80 fps, adjusting depth 145 

and sector width to centre the LV while maximizing its area in the image. The parasternal short-146 

axis basal plane was defined as the level of the LV at the tips of the mitral valve leaflets, while the 147 

apical plane was defined as the lowest plane of the LV in which the papillary muscles were not 148 

visible, and acquired from an apical window (not basal), as previously described (Stöhr et al. 149 
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2011). The apical four-chamber view minimized the sector width and depth to isolate the LV to 150 

improve the frame rate. Speckle-tracking images were analysed using commercially available 151 

software (EchoPAC v110.0.2; GE Medical Systems, Horten, Norway), after which traces were 152 

exported to a personal laptop for the detection of maximal values within the cardiac cycle (i.e., 153 

peak twist, twist velocity, untwisting rate, circumferential strain and longitudinal strain) 154 

(2DStrainAnalysis Tool, Stuttgart, Germany). For reporting, positive values indicate counter-155 

clockwise rotation whereas negative values indicate clockwise rotation and shortening of the LV 156 

length (longitudinal strain). In order to estimate the balance between subendocardial and 157 

subepicardial forces (Lumens et al. 2006), twist-to-shortening ratio was calculated as previously 158 

described (van Mil et al. 2016). To determine the independent contribution of diastolic LV 159 

mechanics, which has previously been suggested to play an important role during an acute episode 160 

of resistance exercise (Stöhr et al. 2017), LV untwisting rate was also adjusted for the preceding 161 

LV twist magnitude and reported as untwist-to-twist ratio (Stöhr et al. 2017). All cardiac data were 162 

averaged over at least three cardiac cycles. The sonographer was a member of the research team 163 

(J.A.) and was therefore not blinded to the group allocations. Intra-class correlation coefficients 164 

for sonographer repeatability and intra-rater reliability of LV volume analysis were >0.94 and 165 

>0.96, respectively. 166 

Sample Size Justification: As no previous longitudinal studies have examined LV twist after RT, 167 

sample size was justified based on the anticipated effect size of short-term changes in apical 168 

rotation (in the absence of published combined LV twist data) in collegiate rowers, which 169 

combines aerobic- and resistance-type training  (Weiner et al. 2015). Estimating an intervention 170 

effect size of d=1.2 with 80% power and a two-tailed alpha of 0.05, eight participants per group 171 

would be sufficient to detect changes with 12-weeks of training (Faul et al. 2009). Additional 172 
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participants were included to adjust for anticipated data dropout during follow-up as well as 173 

reduced power with multiple intervention conditions. 174 

Statistical Analysis: Statistical analyses were performed using IBM SPSS Statistics for Macintosh 175 

(version 20.0.0; IBM Corp., Armonk, N.Y., USA). Data were assessed for normality using the 176 

Shapiro-Wilk test and were found to be normally distributed. 2 x 3 (time x group) mixed-model 177 

ANOVAs with Tukey’s HSD post-hoc tests were used to assess changes in LV mechanics across 178 

the training period. To preclude underpowered analysis for the effect of exercise training (this 179 

study was powered on the effects of aerobic training), we also ran a secondary analysis by 180 

collapsing the HiR and LoR groups together to examine the global effect of RT. Secondary 181 

analyses were performed by a 2 x 2 (time x group) mixed-model ANOVA with Tukey’s HSD post-182 

hoc tests. Pearson’s correlations were used to examine any relationships at the individual level 183 

between changes in LV twist and changes in LV size outcomes. For all analyses, the acceptable 184 

level of significance was set at α = 0.05. 185 

 186 

RESULTS 187 

Participant characteristics are listed in Table 1. At baseline, the CON group had lower resting mean 188 

arterial pressure than the HiR group (P=0.04). Training adherence was similarly high for both 189 

groups (HR: 97±3% vs. LR: 97±4; P=0.23). Previous reports from our group on the same cohort 190 

have demonstrated significant training effects with RT, regardless of training conditions; these 191 

data are provided to aid interpretation but has previously been published (Morton et al. 2016, Au 192 

et al. 2017). Total fat- and bone-free mass increased (64.6±1.1 to 65.8±1.1 kg; P=0.01) with no 193 

significant differences between groups. There was a significant increase in strength for leg press 194 

(355±10 to 480±11 kg; P<0.01) and bench press (97±3 to 109±3 kg; P<0.01), with significantly 195 
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greater increases in bench press for the LR group compared to the HR group (14±1 vs. 9±1 kg; 196 

P=0.01). Arterial stiffness was similarly reduced in both training groups (6.3±0.7 to 5.8±0.7 m/s; 197 

P<0.01) without any changes in blood pressure.  198 

 There were no training-induced changes, in any group, in indices of resting LV size 199 

including LV mass, LV diastolic internal diameter, LV wall thickness, relative wall thickness, or 200 

LV hemodynamics (all P>0.05; Table 2). Similarly, there were no changes in LV wall mechanics 201 

with either HiR or LoR (Figure 1 and Figure 2), including basal rotation, apical rotation, LV twist, 202 

untwisting rate, twist-to-shortening ratio or untwisting-to-twist ratio and longitudinal strain (all 203 

P>0.05). When secondary analyses were repeated by collapsing the HiR and LoR groups into a 204 

single RT group, there were also no observed changes in LV volumes or mechanics across the 205 

intervention period. Furthermore, there were no correlations between changes in LV twist and LV 206 

structural outcomes (LV mass: r=0.04, P=0.81; EDV: r=0.01, P=0.97; relative wall thickness: 207 

r=0.10, P=0.60) (Figure 3). 208 

  209 

DISCUSSION 210 

We observed no significant changes in indices of LV size or function, or systolic or diastolic LV 211 

mechanics in response to three months of either higher-repetition or lower-repetition RT. Despite 212 

the known acute effects of a strength effort on LV mechanics (Stöhr et al. 2017), it may be that the 213 

long-term RT-induced LV remodelling observed in previous cross-sectional analyses only occurs 214 

with lifelong exposure to high volumes of intense exercise (Pluim et al. 1999, Naylor et al. 2008).  215 

Notwithstanding, these findings support the positive role of RT in maintaining optimal 216 

cardiovascular health concurrent with large increases in muscle mass and strength, even with 217 

strenuous training efforts. 218 
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There have been limited investigations examining longitudinal changes in LV morphology 219 

with RT training in non-athletes, with reports indicating both increases (Scharf et al. 2017) and no 220 

changes (Spence et al. 2011) in MRI-measured LV volumes and LV strain after >6 months RT in 221 

untrained men. Corroborating the latter, we observed neither RT-related changes in EDV, ESV, 222 

SV, LV mass, or relative wall thickness, nor relationships between indications of LV size and 223 

function over the 12-weeks of RT. Furthermore, our data indicate that the three-month time course 224 

known to cause early twist adaptations in the hearts of LV endurance athletes (Weiner et al. 2015) 225 

does not appear to be present as a consequence of the same duration of RT. Compared to LV 226 

volumes, LV strain and twist mechanics are markers of myocardial deformation, which have been 227 

theorized to play roles in LV diastolic function (Notomi et al. 2006) and may provide more detailed 228 

depictions of myocardial abnormalities in heart failure conditions (Wang et al. 2008). Endurance 229 

training has been suggested to prevent the age-related changes in resting LV twist-untwist 230 

mechanics, potentially allowing higher twist reserves during exercise (Maufrais et al. 2014). LV 231 

twist has also been recently reported to be high in resistance trained athletes (Beaumont et al. 232 

2017), although our results indicate no change in either LV strain or twist-untwist mechanics with 233 

three months of RT, possibly indicative of duration- or population-dependent effects. 234 

In the context of exercise-induced LV remodelling, the three-month RT protocol used in 235 

this study represents a relatively short-term examination of the impact of exercise training on LV 236 

wall mechanics (Weiner and Baggish 2014). Cross-sectional studies in athletes presumably 237 

describe the effect of years, and even decades, of exposure to large volumes of exercise training, 238 

which contribute to exercise-induced cardiac remodelling. Men recruited for this study had a 239 

history of recreational resistance training, which may be argued to contribute to a ‘ceiling-effect’ 240 

for subsequent short-duration training.  However, regardless of loading protocol, participants in 241 
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both groups demonstrated gains in lean body mass, whole-body strength and, importantly, reduced 242 

arterial stiffness (Morton et al. 2016, Au et al. 2017), albeit at a lower magnitude than untrained 243 

men (Mitchell et al. 2012), suggesting residual trainability for further physiological remodelling. 244 

The musculoskeletal changes across the training period are consistent with an elevated training 245 

volume, which is considered higher-intensity (to fatigue) and longer-duration (4 times per week) 246 

compared to current exercise recommendations for Canadian adults (Tremblay et al. 2011). 247 

Furthermore, the variability in LV volumes across the training period reported in this study are 248 

similar to MRI-derived volumes reported by Spence et al. (2011) in an untrained population, 249 

indicating an absence of prior LV remodelling. It is unknown whether individuals naïve to 250 

resistance training would experience similar non-changes in LV wall mechanics, particularly if the 251 

untrained heart was rapidly exposed to chronic loading challenges. 252 

We did not observe any divergent changes in LV volumes or LV mechanics in response to 253 

either HiR or LoR RT, similar to our previous findings in strength, body composition, and vascular 254 

health in the same cohort (Morton et al. 2016, Au et al. 2017). This is in agreement with the effects 255 

of acute resistive efforts, where low and high intensities did not have a significantly different effect 256 

on systemic vascular resistance (and therefore afterload), LV wall stress, or carotid artery strain; 257 

although, all are elevated after resistance exercise (Black et al. 2016, Stöhr et al. 2017).. In 258 

controlled experiments, acute increases in afterload are associated with decreased LV twist (Dong 259 

et al. 1999, Balmain et al. 2016, van Mil et al. 2016), which has been thought to act as a 260 

physiological stimulus for LV changes over time. In line with these findings, LV twist is acutely 261 

reduced during resistance exercise-related pressure-loading without Valsalva with concomitant 262 

increases in LV wall stress immediately post-exercise (Weiner et al. 2012, Stöhr et al. 2017) 263 

However, the full time course (during and after exercise) of LV exposure to increased afterload 264 
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and transmural wall stress in different lifting protocols has not been fully elucidated (Haykowsky 265 

et al. 2001, Stöhr et al. 2017). We were unable to assess the cardiovascular loading stimulus during 266 

our RT protocol, and therefore it is unknown whether participants in the HiR condition made 267 

consistent use of the Valsalva manoeuvre during early repetitions at lower loads. Regardless of 268 

condition, participants were instructed to lift until volitional failure in each set of the exercises, 269 

which may have negated the hypothesized differences in the exercise pressor response. It is 270 

unknown whether a cardiovascular response ‘ceiling’ exists for varying %1RMs when the exercise 271 

duration persists until volitional failure, though previous work in patients with coronary artery 272 

disease suggests an effect of bout duration on the pressor response to exercise (Gjøvaag et al. 273 

2016). Finally, both conditions likely elicited systemic sympathetic activation, which has been 274 

postulated to increase LV contractility and provide additional physiological stress exposure due to 275 

an increasing β-adrenoreceptor density from the LV base to apex (Mori et al. 1993). However, 276 

given the lack of changes over the training period, neither afterload nor sympathetic factors likely 277 

played a large role in regulating LV mechanics with 12 weeks of RT. 278 

 279 

Limitations: Estimations of LV volumes by M-Mode echocardiography are limited by symmetric 280 

assumptions of LV geometry. While it would be more desirable to report biplane or 3D 281 

measurements of LV volumes, our methods adhered to recent echocardiographic recommendations 282 

to reduce the measurement error as much as possible with the available scans (Lang et al. 2015). 283 

As the study methodology was designed according to primary outcomes of muscle volume 284 

(Morton et al. 2016), baseline differences in resting blood pressure were not controlled as part of 285 

the randomization process. Even so, statistical correction for blood pressure did not influence the 286 

results of the study. This study was powered based on large effect sizes from collegiate rowers, 287 



 13 

which may not be related to the recreationally-active men recruited for this study, or the isolated 288 

RT program performed in the present study. As the assessment of LV mechanics was performed 289 

at rest, it is uncertain whether stress echocardiography would have revealed more sensitive 290 

indications of LV remodelling across a three-month RT period. Given that previous studies have 291 

observed changes in LV mechanics with acute resistance exercise (Stöhr et al. 2017), future studies 292 

may find it valuable to assess the acute LV mechanics response to increased myocardial work  (i.e., 293 

stress speckle-tracking echocardiography) in response to an exercise intervention. 294 

 295 

CONCLUSION 296 

LV mechanics were unaltered following 12 weeks of RT in healthy men concomitant with 297 

unaltered LV structure despite being exposed to a high volume of resistance exercise to failure. 298 

These novel findings suggest that exposure to short-term RT does not necessarily result in 299 

structural or functional changes in the LV, although longer interventional studies are necessary to 300 

elucidate the effects of RT in non-athletes. 301 

 302 
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FIGURE LEGENDS 452 

FIGURE 1. LV apical (black) and basal (grey) rotation before (solid) and after (dashed) the 12-453 

week intervention. Curves are expressed relatively to end-systolic time (100%). HiR = 454 

higher-repetition group; LoR = lower-repetition group; CON = control group. 455 

FIGURE 2. LV mechanics before (white) and after (grey) the 12-week intervention. The boxed 456 

lines represent the 25th, 50th (median), and 75th percentiles. The cross indicates the mean, and 457 

the bars represent the 95% confidence interval. 458 

FIGURE 3. Scatterplot of correlations between the individual changes in left ventricular twist 459 

and left ventricular structure pooled between all groups (higher-repetition group (HiR), 460 

lower-repetition group (LoR), control group (CON)): left ventricular mass, left ventricular 461 

end diastolic volume, and relative wall thickness. 462 

 463 


