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See the editorial comment for this article ‘Endurance training: what is the expected left ventricle remodelling?’, by F. Bandera, https://doi. 
org/10.1093/eurjpc/zwad109.

Aims To determine the impact of endurance training (ET) interventions on left ventricular (LV) chamber size, wall thickness, and 
mass in healthy adults.

Methods 
and results

Electronic databases including CINAHL, MEDLINE, PsycINFO, SPORTDiscus, Cochrane library, and EBM Reviews were 
searched up to 4 January 2022. Criteria for inclusion were healthy females and/or males (>18 years), ET intervention for 
≥2 weeks, and studies reporting pre- and post-training LV structural parameters. A random-effects meta-analysis with hetero
geneity, publication bias, and sensitivity analysis was used to determine the effects of ET on LV mass (LVM) and diastolic mea
sures of interventricular septum thickness (IVSd), posterior wall thickness (PWTd), and LV diameter (LVDd). Meta-regression 
was performed on mediating factors (age, sex, training protocols) to assess their effects on LV structure. Eighty-two studies met 
inclusion criteria (n = 1908; 19–82 years, 33% female). There was a significant increase in LVM, PWTd, IVSd, and LVDd following 
ET [standardized mean difference (SMD) = 0.444, 95% confidence interval (CI): 0.361, 0.527; P < 0.001; SMD = 0.234, 95% CI: 
0.159, 0.309; P < 0.001; SMD = 0.237, 95% CI: 0.159, 0.316; P < 0.001; SMD = 0.249, 95% CI:0.173, 0.324; P < 0.001, respect
ively]. Trained status, training type, and age were the only mediating factors for change in LVM, where previously trained, mixed- 
type training, young (18–35 years), and middle-aged (36–55 years) individuals had the greatest change compared with untrained, 
interval-type training, and older individuals (>55 years). A significant increase in wall thickness was observed in males, with a 
similar augmentation of LVDd in males and females. Trained individuals elicited an increase in all LV structures and ET involving 
mixed-type training and rowing and swimming modalities conferred the greatest increase in PWTd and LVDd.

Conclusion Left ventricular structure is significantly increased following ET. Males, young and trained individuals, and ET interventions 
involving mixed training regimes elicit the greatest changes in LV structure.

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -Lay summary Heart structure significantly increases the following endurance training (ET) ≥2 weeks.  

• Changes in heart structure were most prominent in males, who are young (18–35 years), already trained, and following 
concurrent continuous and interval training.

• Changes in heart size were not shown in older individuals (>55 years) compared with young and middle-aged individuals.

• While both males and females similarly increase their cavity size and heart mass, sex differences were revealed for wall 
thickness where significant increases were seen in males but not females.

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
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Introduction
Participation in regular endurance training (ET) is associated with struc
tural and functional cardiac adaptations that, in turn, improve cardio
respiratory fitness needed for higher peak oxygen uptake required 
for enhancing athletic performance.1,2 These structural adaptations in
clude increases in left ventricular (LV) chamber size, wall thickness, and 
mass (LVM) and require careful consideration when differentiating be
tween normal physiological adaptation and potential pathology.1

Previous cross-sectional literature has demonstrated that endurance- 
trained individuals have an increased LVM compared with age- and sex- 
matched controls,3–8 but that these physiological cardiac adaptations 
can be mediated by gender, training volume, and sport type.5,6,8,9

Evidence suggests that male athletes,5,8 those with greater training vol
ume,5,8 and those that participate in high dynamic–low static sports and 
high dynamic–high static sports have the largest LVM.6,10

Cross-sectional data are, however, limited by selection bias and cannot 
determine the cause-and-effect relationship between ET and cardiac 
phenotype. This requires intervention-based, longitudinal training 
studies. There is a growing evidence-base available suggesting that lon
gitudinal training studies can lead to cardiac adaptation, at least qualita
tively similar to that observed in cross-sectional, athlete-control studies. 
For example, a 1-year intensive ET programme in sedentary individuals 
resulted in a significant increase in LVM, approaching similar levels to 
that seen in elite endurance-trained athletes.3

Although research has demonstrated increases in LV chamber size, 
wall thickness, and mass in response to ET, these changes have been 
highly variable, study-to-study, and there has been limited systematic 
evaluation of potential factors that may mediate the cardiac structure 
ET response. Confounding factors such as age, sex, ET history (un
trained or previously trained), modality of ET (i.e. running, cycling, row
ing, swimming, or combination of more than one modality), or type of 
training programme (continuous, interval, or mixture of both types) re
quire further study and the complexity and breadth of potential con
founders lends itself to a systematic review and meta-analysis. 
Therefore, the aim of the current systematic review was to determine 
the impact of prospective ET interventions on LV structure in healthy 
adults. The secondary purpose was to assess how variation in potential 
confounders may mediate change in LVM. We hypothesized that LV 
structure would be significantly greater following ET, with males, 
younger, trained individuals, and ET interventions involving high dynam
ic–high static modalities eliciting greater changes in LVM and other 
structural variables.

Methods
The review is reported in accordance with the PERSiST (implementing 
PRISMA in Exercise, Rehabilitation, Sport medicine and SporTs science) 
consensus statement.11 This review is registered with Prospero 
(CRD42017072090).

Eligibility criteria
Studies included had to meet the following inclusion criteria: (i) ET interven
tions in healthy men and women ≥18 years; (ii) LV structural parameters 
reported prior to and after an ET intervention; and (iii) ≥2 weeks in dur
ation. Cross-sectional studies comparing training methods across sporting 
disciplines and observational longitudinal studies, including multi-day races, 
were excluded, as were conference abstracts, editorial, and review papers. 
Studies that included clinical populations were excluded; however, if there 
was a healthy control population that underwent ET, the control popula
tion results were included. Individually or in any combination, ET that in
cluded running, aerobics, cycling, swimming, rowing, soccer, or other ET 
modality of at least moderate intensity were eligible. Studies that were sole
ly strength-based, or low-intensity ET, were excluded. Interventions that re
ported an element of strength training within their moderate or higher 

intensity ET intervention were included. There were no restrictions on 
the setting in which the ET were performed (i.e. classes, supervised individ
ual, or group training). Furthermore, exercise could not be combined with 
pharmacological interventions. In the event the same study had multiple 
publications, the report that included the greatest sample size of the eligible 
outcome measures was included. In studies that assessed more than two 
time-points during the intervention, the pre-training and last training block 
measurements were included in the analysis.3,12–22 In instances where stud
ies only broadly discussed the training phases (i.e. pre-season training, com
petitive season, maintenance phases), and did not prospectively prescribe 
the training programme, they were excluded as observational studies.

Search strategy
The systematic search was conducted by a librarian (E.K.) who had expertise 
in systematic reviews and verified by a senior librarian (D.D.). The databases 
searched included CINAHL, MEDLINE, PsycINFO, SPORTDiscus, 
Cochrane (Database of Systematic Reviews, Clinical Answers, Central 
Register of Controlled Trials, Methodology Register), and EBM Reviews 
(Health Technology Assessment, NHS Economic Evaluation Database, 
ACP Journal Club, Database of Abstracts of Reviews of Effects). These da
tabases were last searched on 4 January 2022 and yielded 3481 results. 
The search strategy combined the two concepts of intervention and out
come, investigating the impact of ET (intervention) on LV structure (out
come). Keyword searches, with the phrase and truncation indications, 
were performed in the Title and Abstract fields. Subject headings were em
ployed where available. See Supplementary material online, Table S1 for the 
full list of keywords and subject headings used in each database, according to 
their interface (EBSCO or Ovid). The English-language filter was the only 
limiter applied to the search results; results were not limited according to 
date or publication type.

Selection process
A total of 3481 articles were identified through database searching with an 
additional 13 articles identified through reference lists and hand searching. 
The articles were imported into a reference management software 
(Endnote X9) where duplicates were removed. The remaining 1631 results 
were imported into a systematic review management software 
(COVIDENCE, Melbourne, Australia) for screening so that investigators 
could work independently. Two reviewers (N.S., A.R.) reviewed all study ti
tles and abstracts and excluded studies according to the pre-specified cri
teria with a unanimous result required to exclude a study (Figure 1). Two 
investigators (A.T.C., B.N.M.) reviewed the full-text articles and assessed 
them according to the search criteria for inclusion. Disagreement in any 
of the stages was resolved by consensus between the two reviewers and 
a third reviewer (K.G.) if consensus could not be reached.

Data extraction
One investigator (B.N.M.) extracted data using a standardized data extrac
tion form agreed upon by three reviewers (A.T.C., K.G., B.N.M.). A second 
investigator (L.R.) reviewed the data for accuracy, and any inconsistencies 
were resolved by discussion between these investigators, and a third inves
tigator (A.T.C.) solved any disagreements. General study information 
(authors, publication year, sample size), participant information (age, sex), 
imaging modality (echocardiography, echo; cardiac magnetic resonance im
aging, CMR), LV structural parameters (interventricular septum thickness in 
end-diastole, IVSd; posterior wall thickness in end-diastole, PWTd; LV end- 
diastolic diameter, LVDd), and LV functional parameters [(VO2max, end- 
diastolic volume, EDV; end-systolic volume, ESV; and stroke volume, SV), 
ET intervention features: trained status, modality (running/aerobics, cycling, 
swimming, rowing, soccer, or any combination of these), type of training, 
inclusion of strength training, duration of the study (weeks), frequency of 
training (days/week), time per session (h); total weekly hours] were ex
tracted from included studies. Participants’ trained status were classified 
as untrained (individuals who had not previously exercised regularly, on an 
organized basis or competed in previous competitions) and trained (indivi
duals who followed a regular training programme or previously competed, 
including those who were at the beginning an ET programme (i.e. college 
matriculation, training for a marathon) and athletes who went through a 
period of detraining prior to the ET intervention). The type of training in
cluded: continuous (CONT) training defined as ET that performed with a 
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continuous intensity throughout that did not involve rest periods, interval 
(INT) training that included alternating bouts of high intensity with rest per
iods, and mixed (MIX) training that included a combination of these, either 
within the same session or during separate training sessions. Studies asses
sing more than one independent group were extracted as individual inter
ventions for the analyses. Where full-text articles could not be found, or if 
data were unavailable from tables or the results section, the authors of the 
study in question were contacted by email. If the authors could not be con
tacted, the study was excluded. In instances where the training details were 
not reported, these studies were left out of the respective sub-analysis.

Data synthesis and analysis
Meta-analysis
The raw data extracted from the studies were transformed into effect sizes 
and were calculated as standardized mean differences (SMD) between pre- 
and post-training values using sample size and paired P-values with a 
meta-analysis software, using a random-effects model (Comprehensive 
Meta-Analysis V3). This model was selected due to different imaging tech
niques used to assess functional and structural variables as well as differ
ences in the estimation equations to derive LVM across the studies. 
Absolute values for all variables of interest were the preferred value for 
the meta-analysis. Indexed values were used if absolute values or body sur
face area (BSA, pre- and post-measurement) were not reported. Since the 
model calculates the difference between pre- and post-values, the inclusion 
of the indexed values in this manner was justified. In cases where exact 
P-values were not reported, significant levels of P < 0.05, P < 0.01, and 
P < 0.001 were reported as 0.05, 0.01, and 0.001, respectively, and when 
reported as non-significant or P > 0.05, the values were reported as 

0.999. An overall meta-analysis was conducted for each of the LV structural 
outcomes (LVM, LVDd, IVSd, PWTd) and additional meta-analyses were 
performed independently for each moderator variable to investigate their 
effect on LV structures. The planned moderators to be assessed were 
sex, age group [young (18–35 years), middle-aged (36–55 years), or older 
(>55 years)], training status, type of training, and mode of training. A 
meta-regression was conducted to ascertain if any effect moderator vari
able influenced the SMD in LV structures.

Heterogeneity among studies was assessed using I2 statistics (the per
centage of total variation between studies due to heterogeneity rather 
than by chance) and classified as low, moderate, and high at <50, 51–75, 
and >75%, respectively.23 Relative influence of each study on the SMD 
was assessed by omitting one study at a time for sensitivity analysis (‘one 
study removed analysis’). Publication bias was investigated by funnel plots 
for a visual inspection of asymmetry and statistically assessed using 
Egger’s test and the trim-and-fill method.24,25 The National Heart, Lung, 
and Blood Institute (NHLBI) quality assessment tool for pre-post studies 
with no control group to assess for potential flaws in study methods includ
ing sources of bias, sampling, cofounding variables, study power, and other 
relevant factors.26 Each study was judged as ‘good’, ‘fair’, or ‘poor’ quality 
based on ratings from 11 items included in the tool. The 12th item was 
not included in this assessment as it pertained to group-level interventions 
(e.g. a whole hospital, a community) which was not relevant in the current 
review. Globally, a good study had the least risk of bias and was considered 
valid. A fair study is prone to some bias, but insufficient to invalidate its find
ings, varying in its strengths and weaknesses. A poor-quality study has a high 
risk of bias and is considered invalid. If a study was rated ‘poor’, it was re
moved from the analysis to determine its influence on the SMD. If the re
moval of the poor-rated study did not change the overall outcome of the 

Figure 1 PRISMA flow diagram of the systematic process in article selection.
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SMD when the study was removed, the study remained in the analysis. The 
quality assessment was performed by two reviewers (B.N.M. and R.J.M.), 
with a third reviewer (A.T.C.) involved in cases of uncertainty.

Descriptive analysis
The pre- and post-values for structural and functional values were reported 
as estimated pooled means and were calculated using a weighted sample de
pendent upon the sample size of each study [pooled average = ((n1 × 
mean1) + (n2 × mean2)…(nk × meank))/sum of all samples] and pooled 
standard deviations were calculated as:

spooled =

��������������������������������������������

(n1 − 1)s2
1 + (n2 − 1)s2

2 + · · · + (nk − 1)s2
k

n1 + n2 + · · · + nk − k

􏽳

When the SD was not reported, it was estimated from the standard error 
of the mean, 95% confidence interval (CI), or IQR as suggested in the 
Cochrane handbook.27 In situations where provided measures were not 
able to be converted to SD, they were excluded from the pooled means 
table and the sample size and number of studies were adapted accordingly. 
In instances where the relative VO2max (mL/kg/min) was not provided, it 
was estimated by dividing the group absolute mean VO2 (L/min) by the 
group mean body weight (L/min/kg × 1000). In studies where the SV was 
not reported, it was calculated using the following equation SV = LVEDV 
—LVESV. Per cent change was reported in consideration of different meas
urement techniques and modalities and calculated as ((post − pre)/pre) × 
100 for all LV structural variables (LVM, IVSd, PWTd, LVDd) and their me
diating factors (i.e. sex, age group, training status, type of training, mode of 
training). Independent samples t-test or one-way ANOVA was used to de
termine differences between groups with the Tukey post hoc analysis. The 
Pearson correlation was used to establish associations between training sta
tus and protocols with changes in LVM. Statistical significance was consid
ered statistically significant at a P-value of <0.05. Statistical analyses were 
performed using SPSS software Version 27.0 (IBM Corp., Armonk, NY, 
USA).

Results
Study selection and characteristics
The PRISMA flow diagram (Figure 1) illustrates the process of article se
lection, removal, and inclusion. Eighty-two studies satisfied the inclusion 
criteria (n = 1908; 19–82 years, 33% female).3,12–22,28–97 Baseline char
acteristics for the included studies are reported in Table 1. There were 
19 studies that included more than one population. Specifically, 8 studies 
reported more than one type16,43,44,51,53,62,65 or mode31 of ET interven
tion and 11 studies reported more than one population type (i.e. 
sex,19,60,63 age,69 trained status,14,21,50,54 menopause status,41 geno
type30) for a total of 105 analyses. Of these studies, 15 were randomized 
to either the ET or control group.28,31,36,37,48,51,53,63,66,67,76,77,89,96 Left 
ventricular structural characteristics were assessed before and after 
ET using echo or CMR. Table 2 summarizes the ET interventions. The 
average duration (range) of the ET interventions was 16.3 weeks 
(2–52 weeks), 4 sessions per week (1–8), and 4.8 h per week (0.2– 
32.5), with the majority of ET sessions between 30 and 60 min in dur
ation. There were 11 studies that reported an element of strength train
ing within their ET intervention.18,32,39,57,61,72,73,75,78,91,93 Trained 
individuals engaged in a significantly greater number of hours per 
week compared with untrained individuals (14.3 ± 8.8 vs. 3.1 ± 2.2; 
P < 0.001, respectively), with similar length of ET programs (18.9 ± 
11.9 vs. 15.9 ± 12.3 weeks; P = 0.378). Table 3 summarizes pooled 
means and % change for before and after ET intervention for all struc
tural and functional parameters in untrained and trained individuals. 
Figure 2A–E illustrates the per cent change for all LV structural variables 
and their mediating factors.

Overall ET had a high tolerability, with three participants reporting 
the training to be burdensome and 19 reporting musculoskeletal 

injuries out of 10 studies. No studies reported major adverse out
comes; however, there were four cardiac abnormalities identified (i.e. 
three dysrhythmias and one left bundle branch block) in two studies. 
There were 127 (7%) dropouts amongst all studies, although 48 studies 
did not report adherence.

Effect of endurance training on left 
ventricular structure
Meta-analysis
The results of all meta-analyses including the overall SMD for LV struc
tures and their independent moderators, heterogeneity, and publica
tion bias are reported in Supplementary material online, S2–S5. The 
meta-analyses revealed a significant increase in all LV structures 
(LVM: SMD = 0.444; P < 0.001, IVSd: SMD = 0.237; P < 0.001, PWTd: 
SMD = 0.234; P < 0.001, LVDd: SMD = 0.249; P < 0.001) (see 
Supplementary material online, S9–S11), with the greatest increase in 
LVM (Figure 3). Left ventricular mass and LVDd increased in both males 
and females (LVM: SMD = 0.498; P < 0.001 and SMD = 0.280; P = 
0.004; LVDd: SMD = 0.216; P < 0.001 and SMD = 0.245; P = 0.003, re
spectively), whereas PWTd and IVSd only increased in males. Egger’s 
test revealed publication bias for LVM (P = 0.001) and LVDd (P = 
0.013). Using the Trim and Fill method in those with publication bias, 
the SMD decreased slightly for LVM (0.368, 95% CI: 0.279, 0.458) 
and LVDd (0.188, 95% CI: 0.107, 0.269). The heterogeneity was low 
to moderate in all studies. None of the studies had high (>75%) hetero
geneity. Each of the included studies were of good (n = 33), fair (n = 47), 
and poor (n = 2) quality as indicated by the NHLBI quality assessment 
and agreed upon by both reviewers. The removal of the two studies 
with ‘poor’ quality did not elicit a significant change in the SMD for 
LV structural parameters; therefore, these studies remained in the ana
lyses. Sensitivity analyses using the one study removed protocol re
vealed that the omission of any single study showed no change in the 
overall statistical significance, indicating that the presented results are 
statistically robust.

Moderator analysis
Several moderator variables influenced the SMD of the LV structures. 
The meta-regression bubble plots are reported in Supplementary 
material online S6-S8. LVM: There was a significant association between 
age group and LVM (P = 0.0408), with young and middle-aged indivi
duals (B = 0.2836, P = 0.0185; B = 0.3444, P = 0.0256, respectively) 
conferring the greatest change in LVM compared with older individuals. 
Trained individuals conferred a greater change in LVM (B = 0.2778, P = 
0.0110) than untrained and mixed training (B = 0.2976, P = 0.0335) eli
cited the greatest increase in LVM compared with continuous- and 
interval-type raining. IVSd: Sex influenced the SMD of IVSd, with males 
demonstrating the greatest change in IVSd compared with females (B = 
0.2981, P = 0.0053). Training status also demonstrated a significant as
sociation, with those that were trained (B = 0.2362, P = 0.0261) confer
ring a greater change than untrained individuals. PWTd: There was a 
significant association between sex and SMD of PWTd, with males con
ferring the greatest change in PWTd (B = 0.1954, P = 0.0443). There 
was also a significant association between trained status (P = 0.0010), 
training type (P = 0.0492), and mode of exercise (P = 0.0046) on 
SMD of PWTd. Those that were trained (B = 0.3162, P = 0.0010) had 
a greater change compared with those that were untrained, mixed, 
and continuous training regimes elicited the greatest change (B = 
0.2650, P = 0.0263; B = 0.2404, P = 0.0215, respectively) compared 
with interval training, and swimming, rowing, and running (B = 1.4014, 
P = 0.0093; B = 0.3084, P = 0.0340; B = 0.2831, P = 0.0022, respective
ly) conferred the greatest change compared with cycling. LVDd: Those 
that were trained (B = 0.2344, P = 0.0328) conferred a greater increase 
compared with the untrained. Of the training types, only those that 
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Table 1 Baseline characteristics of journal articles meeting eligibility criteria

Study (author, year) n Control 
(n)

Female 
(%)

Age [mean 
± SD or 
(range)]

Population VO2max [mL/ 
min/kg) (mean ± 
SD or (range)]

Imaging modality 
(dimensions 
included)

Untrained

Adams_198128 22 9a 0 22 (18–25) College students (no endurance training 
> 3 months in last 5 years)

48.6 ± 6.0 Echo (IVSd, PWTd, 
LVDd)

Aksakai_201329 34 n/a 0 22 ± 2 No history of prior exercise exposure DNR Echo (LVM, IVSd, 

PWTd, LVDd)
Alves_2009_1, 2, 3, 430 83 n/a 0 27 ± 1 Brazilian policeman 47–50 Echo (LVM, IVSd, 

PWTd, LVDd)

Andersen_2010_A31 18 10a 100 37 ± 8b Sedentary (no physical training for at least 
2 years)

35.5 ± 5.9 Echo (IVSd, PWTd, 
LVDd)

Andersen 2010_B4 19 10a 100 37 ± 8b Sedentary (no physical training for at least 

2 years)

32.5 ± 4.6 Echo (IVSd, PWTd, 

LVDd)
Arbab-Zadeh_20143 12 n/a 42 29 ± 6 Untrained (< 30 min/day, < 3×/week 

regularly using either dynamic or static 

exercise)

40.3 ± 5.5 CMR (LVM)

Bates_2013c33 10 n/a 40 39 ± 12 Untrained 27.6 ± 6.3 CMR (LVM)

Boone_201435 9 n/a 0 27 ± 3 Moderately active (< 3×/week of any 

training)

53 Echo (LVM, IVSd, 

LVDd)
Camargo_200836 6 7a 0 29 ± 4 Healthy (no regular physical training in 

previous year, 35–42 VO2peak (mL/ 

min/kg)

38.1 ± 2 CMR (LVM)

Cornelissen_201137 16 n/a 44 59 (55–71)b Sedentary 21.8 ± 0.8 CMR (LVM)

Cox_198638 11 5a 55 23 ± 1 Sedentary, inactive (no formal training for 

at least 3 months prior)

40.8 ± 2.1 Echo (LVM, IVSd, 

PWTd, LVDd)
Dart_199212 10 n/a 50 20–30 Sedentary 38 Echo (LVM, IVSd, 

PWTd, LVDd)

DeMaria_197840 24 n/a 46 26 Sacramento Police Academy 35.5 ± 1.7 Echo (LVM, IVSd, 
PWTd, LVDd)

Egelund_2017_141 36 n/a 100 49 ± 2 Late pre-menopausal, sedentary (<2 h of 
physical training/week during previous 

2 years, < 40 VO2 (mL/min/kg)

30.1 ± 4.4 Echo (LVM, IVSd, 
PWTd, LVDd)

Egelund_2017_241 37 n/a 100 53 ± 3 Early post-menopausal, sedentary (<2 h 
of physical training/week during 

previous 2 years, < 40 VO2 (mLl/min/ 

kg)

30.4 ± 3.3 Echo (LVM, IVSd, 
PWTd, LVDd)

Ehsani_199113 10 n/a 0 64 ± 3 Sedentary 29.6 ± 4.1 Echo (LVM, PWTd, 

LVDd)

Esfandiari_2014_A43 8 n/a 0 25 ± 3 Untrained (<2 h of <6 METs) 39.5 ± 7.1 Echo (LVM, IVSd, 
PWTd, LVDd)

Esfandiari_2014_B43 8 n/a 0 26 ± 5 Untrained (<2 h of <6 METs) 39.9 ± 5.9 Echo (LVM, IVSd, 

PWTd, LVDd)
Eskelinen_2016_A44 14 n/a 0 47 ± 9 Untrained (< 2×/week, no active training 

background, < 40 VO2 (mL/min/kg)

34.7 ± 4.1 CMR (LVM)

Eskelinen_2016_B44 14 n/a 0 48 ± 10 Untrained (< 2×/week, no active training 
background, < 40 VO2 (mL•/min•/kg)

33.7 ± 3.9 CMR (LVM)

Fujimoto_201047 9 n/a 33 71 ± 3 Sedentary (≤ 30 min, 3×/week) 22.8 ± 3.4 CMR (LVM)

Fujimoto_201346 15 13a 71 67 ± 6 Sedentary (≤ 30 min, 3×/week) 23.0 ± 4.7 CMR (LVM)
Grace_2018_114 22 n/a 0 62 ± 5 Sedentary (no participation in formal 

exercise training)

28.3 Echo (LVM, IVSd, 

PWTd, LVDd)
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Table 1 Continued  

Study (author, year) n Control 
(n)

Female 
(%)

Age [mean 
± SD or 
(range)]

Population VO2max [mL/ 
min/kg) (mean ± 
SD or (range)]

Imaging modality 
(dimensions 
included)

Haykowsky_200548 8 8a 100 66 ± 3 No regular participation in aerobic or 

strength training

22 Echo (LVM, IVSd, 

PWTd, LVDd)

Hedman_201749 21 21a 100 34 ± 7 No regular participation in aerobic 
training within last year

DNR Echo (LVM, IVSd, 
PWTd, LVDd)

Hickson_1982_1, 250 15 n/a 40 29 ± 5 Moderately active in recreational sports, 

but no training in last 6 months

39.6–45.2 Echo (LVM, IVSd, 

PWTd, LVDd)
Holloway_201815 12 9a 0 21 ± 2 Healthy 42.5 Echo (IVSd, PWTd)

Huang_2019_151 18 9a 0 22 ± 1 Sedentary (exercise <1/week, < 20 min) 20.4 ± 1.4 Echo (LVM, IVSd, 

LVDd)
Huang_2019_251 18 9a 0 22 ± 0 Sedentary (exercise <1/week, < 20 min) 21.0 ± 1.0 Echo (LVM, IVSd, 

LVDd)

Hulke_2012_152 42 n/a 100 20 ± 2 Healthy (DNR physical activity criteria) 37.4 ± 3.3 Echo (LVM, IVSd, 
PWTd, LVDd)

Hulke_2012_252 43 n/a 0 20 ± 1 Healthy (DNR physical activity criteria) 45.1 ± 5.9 Echo (LVM, IVSd, 

PWTd, LVDd)
Hulke_2012_A16 14 12 DNR 20 ± 1 Healthy (DNR physical activity criteria) 34.1 ± 6.1 Echo (LVM, IVSd, 

PWTd, LVDd)

Hulke _2012_B16 13 12 DNR 20 ± 1 Healthy (DNR physical activity criteria) 33.3 ± 8.5 Echo (LVM, IVSd, 
PWTd, LVDd)

Hwang_2016_153 15 14a 67 65 ± 1 Sedentary 23.1 ± 0.7 Echo (LVM, IVSd, 

PWTd, LVDd)
Hwang_2016_253 14 14a 50 66 ± 2 Sedentary 25.9 ± 1.9 Echo (LVM, IVSd, 

PWTd, LVDd)

Kanakis_1982_1,254 12 n/a 58 23 (19–32) Moderately active in recreational sports 35.9–42.5 Echo (IVSd, PWTd, 
LVDd)

Kiflom_202255 20 n/a 0 19–23 No regular participation in exercise 

training

n/a Echo (IVSd, PWTd, 

LVDd)
Kivisto_200656 14 n/a 71 43 (23–58) Sedentary n/a CMR (LVM)

Krzeminski_198917 18 n/a 0 21 ± 8 No active participation in sports 46.3 ± 4.3 Echo (PWTd, LVDd)

Landry_198559 20 n/a 60 25 ± 4 Sedentary (never trained) 37 Echo (LVM, IVSd, 
PWTd, LVDd)

Lane_2014_160 28 n/a 0 24 ± 1 Sedentary (<30 min, < 1/week) 38 Echo (LVM)

Lane_2014_259 25 n/a 100 24 ± 1 Sedentary (<30 min, < 1/week) 30 Echo (LVM)
Lusiani_198661 13 9a 0 20 ± 7 Prior to beginning training program DNR Echo (LVM, IVSd, 

PWTd, LVDd)

Mahdiabadi_2013_A62 10 n/a 0 21 ± 2 Non-athletic DNR Echo (IVSd, PWTd, 
LVDd)

Mahdiabadi_2013_B62 10 n/a 0 21 ± 1 Non-athletic DNR Echo (IVSd, PWTd, 

LVDd)
Marsh_198364 12 12 100 28 ± 4 Running on unorganized basis <6 months 

– 4 years

46.4 ± 3.6 Echo (LVM, IVSd, 

PWTd, LVDd)

Marsh_2021_163 46 COC 100 24 ± 5 Untrained (< 150 min/week of organized 
exercise)

DNR CMR (LVM)

Marsh_2021_263 26 COC 0 28 ± 6 Untrained (< 150 min/week of organized 

exercise)

DNR CMR (LVM)

Masoomeh_201297 10 9 100 25 ± 4 Non-athletic (no previous regular 

exercise training)

DNR Echo (LVM, IVSd, 

PWTd, LVDd)
Matsuo_2014_A65 14 n/a 0 26 ± 7 Sedentary (no participation in regular 

activities for 1 year)

43.9 ± 6.7 CMR (LVM)
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Table 1 Continued  

Study (author, year) n Control 
(n)

Female 
(%)

Age [mean 
± SD or 
(range)]

Population VO2max [mL/ 
min/kg) (mean ± 
SD or (range)]

Imaging modality 
(dimensions 
included)

Matsuo_2014_B65 14 n/a 0 27 ± 6 Sedentary (no participation in regular 

activities for 1 year)

41.9 ± 5.6 CMR (LVM)

Matsuo_2014_C65 14 n/a 0 26 ± 6 Sedentary (no participation in regular 
activities for 1 year)

42.0 ± 6.8 CMR (LVM)

Morrison_198666 17 8 100 52 ± 4 Untrained 27.3 ± 4.6 Echo (IVSd, PWTd, 

LVDd)
O’Driscoll_201867 40 COC 0 21 ± 2 Inactive/sedentary (<2.5 MET-h/week, > 

8 h/day sitting time)

43.2 ± 5.2 Echo (LVM, IVSd, 

PWTd, LVDd)

Park_200368 8 n/a 100 63 ± 2 Sedentary 21.6 ± 2.6 Echo (LVDd)
Perrault_1982_169 11 n/a 0 19 ± 1 DNR DNR Echo (IVSd, PWTd, 

LVDd)

Perrault_1982_269 13 n/a 0 40 ± 3 DNR DNR Echo (IVSd, PWTd, 
LVDd)

Pickering_199770 10 n/a 60 62 ± 2 Sedentary 25.0 ± 3.2 Echo (IVSd, PWTd, 

LVDd)
Rahimi_2018_171 10 n/a 100 32 ± 7 Non-athlete (no specific exercise 

activities)

DNR Echo (LVM, IVSd, 

PWTd, LVDd)

Rodrigues_200672 23 n/a 0 31 ± 4 Sedentary 39 ± 5 Echo (LVM, IVSd, 
PWTd, LVDd)

Rojek_201573 21 0 24 33 ± 6 Starting to prepare for triathlon 

competition

DNR Echo (LVM, IVSd, 

PWTd, LVDd)
Rubal_1987_119 10 n/a 100 19–31 No participation in regular programme of 

physical conditioning

38 ± 8 Echo (LVM, IVSd, 

PWTd, LVDd)

Rubal_1987_219 10 n/a 0 19–30 No participation in regular programme of 
physical conditioning

42 ± 7 Echo (LVM, IVSd, 
PWTd, LVDd)

Saadatnia_201696 12 10a 0 23 ± 3 Untrained (currently no regular 

exercise), non-athlete

37.6 Echo (LVM, IVSd)

Sagiv_198974 20 n/a 0 67 ± 4 Physically active in supervised aerobic 

programme for > 1 year, 3×/week

29.9 Echo (IVSd, PWTd)

Sayevand_201576 10 10a 100 23 ± 1 No regular training in the previous year DNR Echo (LVM, IVSd, 
PWTd, LVDd)

Scharf_201577 42 n/a 0 44 ± 5 Sedentary (<3 h/week of physical 

training)

DNR CMR (LVM)

Shapiro_198320 15 15 0 26 No recent participation in sport 48.6 ± 4.0 Echo (LVM, IVSd, 

PWTd, LVDd)

Skattebo_202079 12 n/a 42 29 ± 6 Untrained (≤ 1 exercise training session/ 
week during previous year)

44.5 Echo (LVM, IVSd, 
PWTd, LVDd)

Slordahl_200480 12 n/a 100 22 ± 1 Sedentary (no formal training 

programme <3 months prior to the 
study)

42.6 ± 2.9 Echo (LVM, IVSd, 

PWTd, LVDd)

Soto_200881 12 n/a 50 69 ± 6 Sedentary (≤30 min/day, <2 days/week) 23 ± 3 Echo (LVM)

Spence_201182 10 n/a 0 27 ± 1 <3 h/week of structured activity 45.8 ± 1.6 CMR (LVM, IVSd, 
PWTd, LVDd)

Spina_199284 17 n/a 41 27 ± 16 Sedentary (no regular exercise for 6 

months prior to study)

40.9 Echo (LVDd)

Spina_199786 8 n/a 0 66 ± 5 Sedentary (no regular exercise for 6 

months prior to study)

28.7 Echo (LVM, IVSd, 

PWTd, LVDd)
Spina_200085 10 n/a 100 54 ± 3 Sedentary (<2×/month of regular 

physical activity)

22.0 ± 0.5 Echo (LVM, IVSd, 

PWTd, LVDd)
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Table 1 Continued  

Study (author, year) n Control 
(n)

Female 
(%)

Age [mean 
± SD or 
(range)]

Population VO2max [mL/ 
min/kg) (mean ± 
SD or (range)]

Imaging modality 
(dimensions 
included)

Spina_200483 22 14a 50 82 ± 4 Sedentary 17 ± 3 Echo (LVM, IVSd, 

PWTd, LVDd)

Vance_201487 19 22a 0 22–37 Untrained (<2 h/week of aerobic training 
prior to enrolment,<50 mL/kg/min)

37.1 ± 7.1 Echo (LVM, IVSd, 
PWTd, LVDd)

Vanhees_199288 27 n/a 0 38 ± 2 Sedentary (<1 h/week of sport activities) n/a Echo (LVM, IVSd, 

PWTd, LVDd)
Wieling_1981_121 9 17d 0 20 ± 2 Freshmen (active in high school sports, 

but no daily training programme)

58 ± 8 Echo (IVSd, PWTd, 

LVDd)

Windecker_200292 8 n/a 0 36 ± 5 Healthy (DNR prior physical activity 
levels)

46 ± 6 Echo (LVM, IVSd, 
PWTd, LVDd)

Wolfe_197922 12 10a 0 37 No engagement in regular exercise for at 

least 5 years prior

42.4 ± 2.4 Echo (LVM, IVSd, 

PWTd, LVDd)
Wolfe_199293 7 4a 100 19 ± 2 Sedentary (no previous participation in 

endurance-type sport)

41.3 ± 3.3 Echo (LVM, IVSd, 

PWTd, LVDd)

Younis_198794 19 n/a 0 19 Non-athlete, active 53 ± 6 Echo (LVM, IVSd, 
PWTd, LVDd)

Trained

Baggish_2009e32 38 n/a 50 20 ± 1 University students participating in 
official competitive athletics

DNR Echo (LVM, IVSd, 
PWTd)

Bonaduce_199834 15 15d 0 21 ± 4 High level bicyclists competing in Italian 

amateur national teams for >3 years

62 ± 4 Echo (LVM, IVSd, 

PWTd, LVDd)
D’Ascenzi_201539 91 n/a 0 23 ± 6 Professional athletes (soccer, basketball, 

volleyball) competing in national or 

international level

DNR Echo (LVM, IVSd, 

PWTd, LVDd)

Ehansi_197842 8 n/a 13 17–19 University swim team (no regular 

exercise for 2–7 months before the 

beginning of training)

51.8 ± 2.0 Echo (LVM, PWTd, 

LVDd)

Fagard_198345 12 12d 0 24 ± 1 Belgian cyclists (professional and 

amateur)

60.9 ± 1.5 Echo (IVSd, PWTd, 

LVDd)

Grace_2018_214 17 n/a 0 61 ± 5 Masters athletes (national competitors, in 
triathlon, athletics, sprint cycling, 

racquet sports)

40.4 Echo (LVM, IVSd, 
PWTd, LVDd)

Kleinnibbelink_2021_157 19 n/a 0 26 ± 4 Elite (Olympic) rowers DNR Echo (LVM, IVSd, 
PWTd, LVDd)

Kleinnibbelink_2021_257 8 n/a 100 27 ± 2 Elite (Olympic) rowers DNR Echo (LVM, IVSd, 

PWTd, LVDd)
Lamont_198058 11 n/a 100 21 ± 4 University swim team DNR Echo (LVM, IVSd, 

PWTd, LVDd)

Naylor_200518 22 12a 23 20 ± 3 Elite rowers DNR Echo (LVM, IVSd, 
PWTd, LVDd)

Rahimi_2018_271 10 n/a 100 31 ± 9 Athlete (>5×/week, 2 h) DNR Echo (LVM)

Sareban_201875 15 n/a 0 20 ± 3 National or international level rowers 67 ± 6 Echo (LVM, LVDd)
Shah_201878 9 n/a 0 19 ± 1 Newly matriculated, recruited members 

of varsity rowing

39.2 Echo (LVM, IVSd, 

PWTd, LVDd)

Venckunas_200689 12 11a 0 25 ± 7 Distance runners DNR Echo (LVM, IVSd, 
PWTd, LVDd)

Wasfy_201890 8 4d 0 DNR Newly matriculated, recruited members 
of varsity rowing

DNR Echo (LVM)
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participated in a mixed training regime elicited an increase in SMD of 
LVDd (B = 0.3459, P = 0.0053). Furthermore, only those that partici
pated in swimming and rowing conferred an increase in SMD of 
LVDd (B = 0.6527, P = 0.0056; 0.3839, P = 0.0198, respectively) com
pared with running.

Impact of training protocol and status on 
left ventricular structural change
The length of the ET intervention was not associated with an increase 
in LVM when all studies from 2 to 52 weeks were evaluated together 
(r = 0.103; P = 0.349). The dose–response association between the 
length of the training programme and LVM between sexes are pre
sented in Figure 4A and B. In the males, there was a significant positive 
association between the length of study and change in LVM (r = 
0.424; P < 0.005), whereas in females, there was not (r = 0.264; P = 
0.274). In the studies that reported VO2max, all reported an increase 
in VO2max except for one group of elite rowers.75 The mean per cent 
change for VO2max was higher in the untrained (N = 69) vs. the 
trained (N = 8) group (14.7 ± 7.6 and 8.6 ± 5.3; P = 0.014, respective
ly); however, the mean per cent change for LVM was higher in the 
trained (N = 15) vs. untrained (N = 71) group (19.7 ± 11.7 and 9.9 
± 10.1; P = 0.007, respectively). Additionally, pre-intervention 
VO2max and LVM (N = 63) were positively associated with the 
change in LVM (r = 0.285, P = 0.024).

Discussion
This systematic review and meta-analysis synthesized data from 82 
studies and 1908 participants examining the impact of ET intervention 
on LV structure in healthy men and women. The main findings were: (i) 
all LV structures increased in response to ET; (ii) LVM increased in 
young and middle-aged individuals but not in older individuals; (iii) a sig
nificant increase in wall thickness was observed in males, whereas an in
crease in LVM and LVDd was similarly augmented in males and females; 
(iv) trained status was associated with a greater increase in all LV struc
tural parameters compared with untrained; (v) type of training influ
enced the adaption of LVM, PWTd, and LVDd with mixed-type 
training eliciting the greatest change; and (vi) mode of training conferred 
an increase in PWTd and LVDd with rowing and swimming eliciting the 
greatest increase (Figure 5). These findings in the context of influencing 
factors are discussed below.

Age
Ageing is associated with numerous cardiac changes, such as an increase 
in wall thickness and a decline in ventricular contractility.3,98,99

Additionally, LVM and LVM index increases naturally with age in both 
males and females.100 It is accepted that intense and long-lasting ET in
creases wall thickness beyond age-associated norms with a concomi
tant increase in cavity size in younger individuals; however, these 
changes have not been consistently observed in older individuals initiat
ing an ET programme.47,98 In a study comparing the impact of 6 months 
of unsupervised training on cardiac structure in younger (mean age 
29 ± 4) and older (mean age 46 ± 7) individuals preparing for a mara
thon, both groups demonstrated a similar increase in LVM; however, 
the younger group also saw an increase in LV cavity size.98 Another 
study reported that in sedentary seniors (71 ± 3) compared with 
Masters athletes (68 ± 3), the sedentary seniors’ baseline LVM was sig
nificantly less than the Masters athletes’.47 After 1 year of progressive 
training, the sedentary seniors’ LVM increased closer to the LVM of 
the Masters athletes; however, they did not see a change in their 
mass–volume ratio.47 A potential reason for this could be that long 
and intense programmes required to elicit such changes are cautiously 
initiated in the previously inactive older population due to the concern 
of causing a musculoskeletal injury or an adverse cardiac event. 
However, it would be important to determine if high intensity and long
er types of ET could elicit positive remodelling in these older age 
groups, safely to prevent age-associated cardiac structural and function
al changes such as LV hypertrophy and LV stiffening.99 In order to pre
vent the age-related, cross-linked advanced glycation end products in 
the vascular and LV walls and to elicit change in the number and volume 
of cardiac myocytes, exercise training needs to start early, and if started 
later in life, may be too late.101 Secondly, sedentary adults may need a 
longer period of time to see improvements in cardiac structure and 
function compared with their younger counterparts.101 In the present 
study, the average length of study in the older group was 24.1 ± 18.7 
(6–52) weeks and the average hours of ET per week was 2.5 ± 1.3 h. 
Further research examining the age ET needs to be undertaken to at
tenuate age-related decline in cardiac structure and function and there
by cardiac risk as well as determining age-appropriate training 
programmes.

Sex differences
Many of the mechanisms that contribute to cardiac sex differences are 
unclear, including the magnitude and temporal sequence of cardiac 
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Study (author, year) n Control 
(n)

Female 
(%)

Age [mean 
± SD or 
(range)]

Population VO2max [mL/ 
min/kg) (mean ± 
SD or (range)]

Imaging modality 
(dimensions 
included)

Wasfy_201991 17 n/a 47 19 ± 0 Collegiate swimmers DNR Echo (LVM, LVDd)

Wieling_1981_221 14 17d 0 22 ± 6 Senior oarsmen (completed at least 1 

rowing season)

62.1 ± 7.6 Echo (IVSd, PWTd, 

LVDd)
Zilinski_201595 45 n/a 0 48 ± 7 Recreational athletes 44.6 ± 5.2 Echo (LVM, PWTd)

Articles assessing independent training groups were evaluated as individual studies and were distinguished by letters (A, B, C, D); articles assessing independent population groups were 
evaluated as individual studies and were distinguished by number (1, 2, 3, 4).COC, cross-over control study; CMR, cardiac magnetic resonance imaging; DNR, did not report; Echo, 
echocardiography. 
aUnderwent pre- and post-measurement. 
bOnly reported age as a group. 
cControl group in a clinical study that underwent intervention. 
dPre-measurement only. 
eOnly included group with parents who did not have hypertension.
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changes in response to ET. In the present study, both males and females 
demonstrated a significant increase in LVM; however, the SMD was 
greater in males than females. This is in-fitting with other reports where 
LVM was shown to increase in both males and females.102 Additionally, 
a positive correlation was observed between the length of the study 
programme and change in LVM in males, but not in females. Few studies 
have explored cardiac adaptation over time between the sexes. One 
study investigated sex differences in cardiac structure every 3 months 
over 1 year of an intensive ET intervention.103 They found that both 
sexes demonstrated an increase in LVM (scaled to fat-free mass); how
ever, the females demonstrated the greatest increase in LVM within the 
first 3 months of a 12-month training programme, compared with the 
males where LVM progressively increased throughout the entire 12 
months, with the greatest increase in the first 6 months.103

Additionally, they found that with an increasing exercise stimulus, 
LVM was markedly augmented in males, whereas in females, it was at
tenuated. Analysis of PWTd, IVSd, and LVDd revealed that only PWTd 
and IVSd significantly increased in males, whereas LVDd was similarly 
augmented in both males and females. Previous research in athletes de
monstrates that when females LVDd is indexed for BSA, they exhibit a 
higher cavity size. When involved in dynamic sports, females predom
inately exhibit eccentric LV hypertrophy, whereas a significant propor
tion of males in dynamic sports demonstrate concentric LV 
remodelling.104 Some potential mechanisms contributing to these sex 
differences are that males have a higher circulating concentration of 

testosterone and a higher density of myocardial testosterone recep
tors.105 Additionally, a higher exercise-related systolic blood pressure 
in males may play a role in the development of LV hypertrophy.106

Training status
Early studies comparing athletes to inactive individuals demonstrated 
that exercise leads to increased wall thickness, LVM, and LV cavity 
size.4,7,107 In the present analysis, this was supported by an increase 
in all LV structural parameters in both the untrained and trained groups. 
However, the trained group had a greater increase compared with the 
untrained group, suggesting that prior training and/or cardiorespiratory 
fitness is an important factor in cardiac adaptation. It can be speculated 
that previously trained individuals would have less capacity to increase 
their LVM due to already having a well-adapted heart. Possible explana
tions for this could be that athletes train at a higher overall volume of 
exercise eliciting a greater response, have a superior genetic endow
ment, and have a greater capacity to push their bodies to their limits.107

Another factor could be the use of prohibited substances; however, this 
was not reported in any of the studies. Our data support the suggestion 
that a greater number of training hours per week may stimulate enhanced 
cardiac adaption. Additionally, a higher baseline VO2max was significantly 
correlated with greater changes in LVM, and the post-intervention 
VO2max in the untrained group was less than that of the baseline 
VO2max seen in the trained group. Thus, these findings may also represent 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 3 Pooled means for left ventricular structure and function

LV parameter (units) Descriptives (N analyses; 
N participants)

Pre-intervention 
(mean ± SD)

Post-intervention 
(mean ± SD)

% change ± SD  
(range)

Untrained

LV structure

LVM (g) 57; 1035 139.7 ± 25.6 149.4 ± 27.0 7.7 ± 7.3 (−4.6 to 32.1)
LVMi (g/m2) 39; 824 77.7 ± 12.6 83.8 ± 14.0 8.3 ± 8.3 (−5.13 to 31.7)

IVSd (mm) 65; 1144 9.0 ± 1.4 9.3 ± 1.2 3.6 ± 6.3 (−19.5 to 20.3)

PWTd (mm) 63; 1139 8.8 ± 1.1 9.2 ± 1.1 4.6 ± 6.3 (−5.7 to 28.9)
LVDd (mm) 64; 1125 47.9 ± 1.9 48.8 ± 1.8 2.0 ± 2.8 (−6.1 to 13.2)

LV function

VO2max (mL/min/kg) 61; 1017 37.9 ± 4.5 44.1 ± 4.5 15.0 ± 7.6 (0.4 to 33.8)
VO2max (L/min) 7; 132 2.4 ± 2.4 2.6 ± 2.5 12.2 ± 4.4 (8.8 to 21.5)

End-diastolic volume (mL) 33; 546 125.5 ± 18.0 131.6 ± 42.8 5.5 ± 5.3 (−1.3 to 21.7)

End-systolic volume (mL) 31; 524 49.2 ± 9.4 50.0 ± 8.8 1.2 ± 7.3 (−17.5 to 14.4)
Stroke volume (mL) 40; 702 76.3 ± 12.4 82.7 ± 12.4 9.0 ± 9.8 (−7.2 to 33.5)

Trained

LV structure
LVM (g) 10; 229 196 ± 43.8 217.7 ± 50.8 11.2 ± 5.5 (3.8–19.5)

LVMi (g/m2) 13; 281 111.2 ± 17.7 124.4 ± 18.7 11.5 ± 7.7 (−0.9 to 29.4)

IVSd (mm) 11; 240 10.0 ± 1.6 10.8 ± 2.5 7.6 ± 4.7 (1.1 to 18.2)
PWTd (mm) 13; 293 9.7 ± 1.1 10.4 ± 1.1 6.3 ± 5.8 (−2.0 to 20.0)

LVDd (mm) 13; 270 52.1 ± 2.1 53.3 ± 2.0 2.6 ± 2.9 (−1.16 to 8.8)

LV function
VO2max (mL/min/kg) 7; 118 53.5 ± 3. 8 57.3 ± 4.9 8.9 ± 5.7 (0 to 15.5)

VO2max (L/min) 1; 17 3.2 ± 0.6 3.5 ± 0.5 7.8

End-diastolic volume (mL) 6; 167 133 ± 29.4 142.2 ± 30.3 7.5 ± 10.2 (−8.5 to 21.4)
End-systolic volume (mL) 5; 159 55.6 ± 16.0 60.4 ± 15.4 6.9 ± 9.6 (−6.9 to 18.5)

Stroke volume (mL) 4; 61 89.4 ± 17.0 92.5 ± 18.0 3.1 ± 9.3 (−9.6 to 12.1)
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in part a genetic component driving the enhanced adaptions seen in 
trained individuals.

Type of training
The type of training programme may influence the magnitude of cardiac 
remodelling. Previous research suggests that interval training involving 
shorter intervals and rest periods primarily improves the oxidative cap
acity of peripheral muscles, whereas continuous and aerobic interval 
training involving longer intervals targets central adaptations such as car
diac function.65,108 Previous studies have shown continuous and aerobic 
interval training is characterized by both an increase in LVDd and LV wall 
thickness, and consequently LVM.10,65 Increases in LVM have been 

observed in short/sprint interval training and can occur with submaximal 
heart rates to allow optimal CA2+ cycling,108 increased training volumes, 
high baseline cardiorespiratory fitness, and longer duration programmes 
(i.e. >3 months).56,65,82 In the present meta-analysis, mixed-type training 
elicited the greatest increase in LVM, PWTd, and LVDd, compared with 
interval- and continuous-type training. It is possible that changes in these 
structural parameters were not seen in interval-type training as they are 
often shorter duration as a time-efficient method to improve VO2max, 
and, therefore, the length of study and training volume were not sufficient 
to induce these cardiac structural changes. Additionally, the present ana
lysis did not report sprint and aerobic interval training separately; there
fore, we were not able to determine cardiac structural changes specific to 
these two interval training types.

Figure 2 Change in left ventricular structure by (A) sex; (B) age group; (C ) training type; (D) trained status; and (E) training mode.
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Figure 3 Forest plot of standardized mean difference between pre- and post-training left ventricular mass.
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Mode of training
Left ventricular structural changes are influenced by the degree of static 
and dynamic components involved in the sport modality.109 We found 
all modes of exercise increased LVM; however, the mode of exercise 
influenced the adaptation of PWTd and LVDd with swimming and row
ing eliciting the greatest increase and cycling conferring the smallest 
change. Modalities that combine both dynamic and static components 
(i.e. rowing) require increases in cardiac output, heart rate, SV, systolic 
blood pressure, and mean arterial pressure, thereby generating the 
greatest changes in cavity dimensions and LV wall thickness.109

Conversely, studies that are predominately dynamic (i.e. running) 
have lower afterload, and therefore will observe smaller LV structural 
changes.109 Although there were only three studies that included swim
ming as the training stimulus, all elicited a significant increase in LVM, 
PWTd, and LVDd.42,58,91 Swimming is a unique sport, due to the 
physiological response of being immersed in water, and less gravitation
al forces being exerted on the swimmer.110 The horizontal position of 
swimming aids venous return, which is increased with the kicking of the 
legs. There is a concomitant increase in preload, increasing SV, and car
diac output which can generate an increase in both wall thickness and 

Figure 4 Dose–response association between the length of training programme and left ventricular mass in (A) males and (B) females.

Figure 5 Schematic diagram of the influence of moderator variables (sex, age group, training status, training type, mode of training) on left ventricular 
structures.
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LVDd.110 In studies that have compared swimming to other sporting dis
ciplines, the results are unequivocal;4,111–116 however, when age and BSA 
are accounted for, swimming is associated with greater cardiac dimen
sions.115,116 Although there is a small sample size of swimmers in this ana
lysis, the present findings confirm previous reports. Interestingly, cycling 
elicited the smallest changes across LV structures, which does not 
conform to previous literature where cyclists have been shown to elicit 
the greatest increases in LVM compared with other sport types.10,116–118

In the present analysis the majority (93%) of the studies utilising cycling as 
their training modality were in previously sedentary individuals, there
fore, the disparity seen in this study compared to other studies that in
vestigated the impact of cycling on LVM is likely due to the other 
studies including elite male and female cyclists.116,117 The stimulus in 
the cycling studies included in the present analysis was likely not intense 
or long enough to elicit large increases in LVM compared with that ob
served in previous studies.

Limitations
The present analysis has some limitations. First, it is important to note that 
these results pertain to healthy populations, and may not translate to clin
ical populations. Secondly, the impact of ethnicity could not be determined 
as only four studies reported ethnicity. Thirdly, while we compared the 
impact of ET in males and females from individual studies, there were 
very few within-study sex comparisons. Our overall female sample size 
was much smaller than that of males, and the Egger’s test for publication 
bias was significant in males, warranting further studies exploring sex dif
ferences. Fourthly, a possible confounding factor seen in the trained group 
was that several of these studies reported strength training as part of their 
training programme for their specific sports which may have impacted LV 
structural parameters seen in this group. We are unable to isolate the im
pact of this additional strength training on cardiac adaptations within an ET 
intervention;, however, a previous meta-analysis of cross-sectional studies 
reported no significant difference in LV structural parameters between 
athletes that are combined endurance-trained and strength-trained com
pared with those that are only endurance-trained.10 Fifthly, we found cyc
ling interventions elicited the smallest change in LVM, contrary to previous 
cross-sectional studies where cyclists demonstrated greater LVM com
pared with other sports. This observation may be due to most cycling 
studies included in this meta-analysis were conducted with untrained par
ticipants, therefore may not represent the competitive cyclist response to 
an ET. Sixthly, swimming elicited the greatest increase in LVM; however 
there were only three studies and a very small sample size within each 
one; therefore, these results need to be interpreted with caution and con
firmed in additional studies. Lastly, there was inconsistent reporting be
tween studies with respect to whether they indexed for BSA, fat-free 
mass, or allometric scaling; therefore, we could not determine how the 
LV adaptations would be altered when indexed following changes in 
body mass or composition.

Conclusion
From this review, we confirm our hypothesis that LV structure is signifi
cantly increased following ET. Males, younger, trained individuals and ET 
interventions involving mixed training regimes elicit the greatest 
changes in LVM and other LV structural variables. Understanding these 
mediating factors during ET is important in developing effective training 
programmes and can help delineate between physiological adaptations 
to ET and potential pathology.

Authors’ contributions
B.N.M. contributed to the design, screening, data extraction, and ana
lysis, and wrote this review. K.G. contributed to design, data analysis, 

and interpretation, and critically reviewed the paper. E.K. and D.D. con
tributed to the design, search strategy, and performed the literature 
search. L.R. and R.J.M. contributed to the screening and data analysis. 
A.T.C. conceived the project, contributed to the design, review, data 
analysis and interpretation, resolved conflicts, and critically reviewed 
the paper. All authors reviewed the manuscript and gave final approval 
for submission.

Supplementary material
Supplementary material is available at European Journal of Preventive 
Cardiology.

Acknowledgements
We would like to thank Natalie Szakun and Andrew Roberts for their assist
ance with the article screening process.

Funding
A.T.C. was supported by the Natural Sciences and Engineering Research 
Council of Canada (NSERC, Discovery Grant 2018-06848) and the 
Canada Research Chairs Program (CRC) Program (950-231915). B.N.M. 
was supported through A.T.C.s CRC program.

Conflict of interest: None declared.

Data availability
The data sets generated from the review are available from the correspond
ing author upon reasonable requests.

References
1. Hellsten Y, Nyberg M. Cardiovascular adaptations to exercise training. Compr Physiol 

2015;6:1–32.
2. Pressler ANJ. Textbook of Sports and Exercise Cardiology. Switzerland: Springer; 2020. 

p3–13.
3. Arbab-Zadeh A, Perhonen M, Howden E, Peshock RM, Zhang R, Adams-Huet B, 

Haykowsky MJ, Levine BC. Cardiac remodeling in response to 1 year of intensive en
durance training. Circulation 2014;130:2152–2161.

4. Scharhag J, Schneider G, Urhausen A, Rochette V, Kramann B, Kindermann W. 
Athlete’s heart: right and left ventricular mass and function in male endurance athletes 
and untrained individuals determined by magnetic resonance imaging. J Am Coll Cardiol 
2002;40:1856–1863.

5. Prakken NH, Velthuis BK, Teske AJ, Mosterd A, Mali WP, Cramer MJ. Cardiac MRI ref
erence values for athletes and nonathletes corrected for body surface area, training 
hours/week and sex. Eur J Cardiovasc Prev Rehabil 2010;17:198–203.

6. Luijkx T, Cramer MJ, Prakken NH, Buckens CF, Mosterd A, Rienks R, Backx FJ, Mali 
WP, Velthuis BK. Sport category is an important determinant of cardiac adaptation: 
an MRI study. Br J Sports Med 2012;46:1119–1124.

7. Utomi V, Oxborough D, Whyte GP, Somauroo J, Sharma S, Shave R, Atkinson G, 
George K. Systematic review and meta-analysis of training mode, imaging modality 
and body size influences on the morphology and function of the male athlete’s heart. 
Heart (British Cardiac Society) 2013;99:1727–1733.

8. Cote AT, Bredin SS, Phillips AA, Koehle MS, Glier MB, Devlin AM, Warburton DER. 
Left ventricular mechanics and arterial-ventricular coupling following high-intensity 
interval exercise. J Appl Physiol (1985) 2013;115:1705–1713.

9. Caselli S, Di Paolo FM, Pisicchio C, Di Pietro R, Quattrini FM, Di Giacinto B, Culasso F, 
Pelliccia A. Three-dimensional echocardiographic characterization of left ventricular 
remodeling in Olympic athletes. Am J Cardiol 2011;108:141–147.

10. Pluim BM, Zwinderman AH, van der Laarse A, van der Wall EE. The athlete’s heart. A 
meta-analysis of cardiac structure and function. Circulation 2000;101:336–344.

11. Ardern CL, Büttner F, Andrade R, Weir A, Ashe MC, Holden S,Impellizzeri FM, 
Delahunt E, Dijkstra HP, Mathieson S, Rathleff MS, Reurink G, Sherrington C, 
Stamatakis E, Vicenzio B, Whittaker JL, Wright AA, Clarke M, Moher D, Page MJ, 
Khan KM, Winters M. Implementing the 27 PRISMA 2020 statement items for system
atic reviews in the sport and exercise medicine, musculoskeletal rehabilitation and 
sports science fields: the PERSiST (implementing Prisma in Exercise, Rehabilitation, 
Sport medicine and SporTs science) guidance. Br J Sports Med 2022;56:175–195.

790                                                                                                                                                                                     B.N. Morrison et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/eurjpc/article/30/9/772/7013889 by Liverpool John M
oores U

niversity user on 28 M
ay 2024

http://academic.oup.com/eurjpc/article-lookup/doi/10.1093/eurjpc/zwad023#supplementary-data


12. Dart AM, Meredith IT, Jennings GL. Effects of 4 weeks endurance training on cardiac 
left ventricular structure and function. Clin Exp Pharmacol Physiol 1992;19:777–783.

13. Ehsani AA, Ogawa T, Miller TR, Spina RJ, Jilka SM. Exercise training improves left ven
tricular systolic function in older men. Circulation 1991;83:96–103.

14. Grace F, Herbert P, Elliott AD, Richards J, Beaumont A, Sculthorpe NF. High intensity 
interval training (HIIT) improves resting blood pressure, metabolic (MET) capacity and 
heart rate reserve without compromising cardiac function in sedentary aging men. Exp 
Gerontol 2018;109:75–81.

15. Holloway K, Roche D, Angell P. Evaluating the progressive cardiovascular health ben
efits of short-term high-intensity interval training. Eur J Appl Physiol 2018;118: 
2259–2268.

16. Hulke SM, Phatak MS, Vaidya YP. Cardiorespiratory response to aerobic exercise pro
grams with different intensity: 20 weeks longitudinal study. J Res Med Sci 2012;17: 
649–655.

17. Krzeminski K, Miskiewicz Z, Niewiadomski W, Nazar K, Kozlowski S. Effect of endur
ance training on cardiovascular response to static exercise performed with untrained 
muscles. Int J Sports Med 1989;10:363–367.

18. Naylor LH, Arnolda LF, Deague JA, Playford D, Maurogiovanni A, O’Driscoll G, Green 
DJ. Reduced ventricular flow propagation velocity in elite athletes is augmented with 
the resumption of exercise training. J Physiol. 2005;563:957–963.

19. Rubal BJ, Al-Muhailani AR, Rosentswieg J. Effects of physical conditioning on the heart 
size and wall thickness of college women. Med Sci Sports Exerc 1987;19:423–429.

20. Shapiro LM, Smith RG. Effect of training on left ventricular structure and function. An 
echocardiographic study. Br Heart J 1983;50:534–539.

21. Wieling W, Borghols EA, Hollander AP, Danner SA, Dunning AJ. Echocardiographic 
dimensions and maximal oxygen uptake in oarsmen during training. Br Heart J 1981; 
46:190–195.

22. Wolfe LA, Cunningham DA, Rechnitzer PA, Nichol PM. Effects of endurance training 
on left ventricular dimensions in healthy men. J Appl Physiol Respir Environ Exerc Physiol 
1979;47:207–212.

23. Higgins JP, Thompson SG, Deeks JJ, Altman DG. Measuring inconsistency in 
meta-analyses. BMJ 2003;327:557–560.

24. Egger M, Davey Smith G, Schneider M, Minder C. Bias in meta-analysis detected by a 
simple, graphical test. BMJ 1997;315:629–634.

25. Shi L, Lin L. The trim-and-fill method for publication bias: practical guidelines and re
commendations based on a large database of meta-analyses. Medicine (Baltimore) 2019; 
98:e15987.

26. National Heart, Lung, and Blood Institute. Study quality assessment tools 2021. 
https://www.nhlbi.nih.gov/health-topics/study-quality-assessment-tools
(updated July 2021).

27. Higgins JPT, Thomas J, Chandler J, Cumpston M, Li T, Page MJ, Welch VA, eds. 
Cochrane Handbook for Systematic Reviews of Interventions, version 6.3. Cochrane, 
2022. www.training.cochrane.org/handbook (updated February 2022).

28. Adams TD, Yanowitz FG, Fisher AG, Ridges JD, Lovell K, Pryor TA. Noninvasive evalu
ation of exercise training in college-age men. Circulation 1981;64:958–965.
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