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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 Electronic databases including CINAHL, MEDLINE, PsycINFO, SPORTDiscus, Cochrane library, and EBM Reviews were

and results 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 (PVWTd), 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 (Cl): 0.361, 0.527; P < 0.001; SMD = 0.234, 95% Cl:
0.159, 0.309; P < 0.001; SMD =0.237, 95% CI: 0.159, 0.316; P < 0.001; SMD =0.249, 95% Cl: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.
e Changes in heart structure were most prominent in males, who are young (18-35 years), already trained, and following
concurrent continuous and interval training.
e Changes in heart size were not shown in older individuals (>55 years) compared with young and middle-aged individuals.
e 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.”* 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.’
Previous cross-sectional literature has demonstrated that endurance-
trained individuals have an increased LVM compared with age- and sex-
matched controls,>® but that these physiological cardiac adaptations
can be mediated by gender, training volume, and sport type.>®?
Evidence suggests that male athletes,>® those with greater training vol-
ume,>® and those that participate in high dynamic—low static sports and
high dynamic—high static sports have the largest LVM.™
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.’

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.'’ 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 (jii) >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.>'?"2 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 ST 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 7). Two
investigators (A.T.C., BN.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 (AT.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 [(VO;max 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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Figure 1 PRISMA flow diagram of the systematic process in article selection.

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 (3655 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 I 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.” 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.”*** 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.”® 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
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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 RJ.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=((nq %
meanq) + (n, X mean,)...(ng X meang))/sum of all samples] and pooled
standard deviations were calculated as:

g = st 4 (m = D3+ -+ (e — T)s?

Spooled = n+n+-+n—k
When the SD was not reported, it was estimated from the standard error
of the mean, 95% confidence interval (Cl), or IQR as suggested in the
Cochrane handbook.?’ 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 VO, 0 (mL/kg/min) was not provided, it
was estimated by dividing the group absolute mean VO, (L/min) by the
group mean body weight (L/min/kg X 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) X
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).>'* 2?4~ 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 ormode®’ of ET interven-
tion and 11 studies reported more than one population type (i.e.
sex,19'6’0’63 age,69 trained st21tus,14’21'50’54 menopause status,” geno-
type®®) for a total of 105 analyses. Of these studies, 15 were randomized
to either the ET or control group,2831363748.515363,66677677.8996 | o
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,'83%3%37.61.7273.757891.93  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. 159+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% Cl: 0.279, 0.458)
and LVDd (0.188, 95% Cl: 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 S6-58. 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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Baseline characteristics of journal articles meeting eligibility criteria

Female

(%)

Age [mean
+SD or
(range)]

Population

vo2max [mL/
min/kg) (mean +
SD or (range)]

Imaging modality
(dimensions
included)

Table 1

Study (author, year) n Control
(n)

Untrained

Adams_1981% 2 9

Aksakai_2013%° 34 nfa

Alves_2009_1,2,3,4° 83 n/a
Andersen_2010_A°" 18 10°
Andersen 2010_B* 19 10°

Arbab-Zadeh_201 43 12 nla

Bates_2013¢3 10 nla
Boone_2014%* 9 nla
Camargo_2008%¢ 6 7°
Cornelissen_201137 16 nla
Cox_1986%8 1 5
Dart_1992"? 10 nla
DeMaria_1978% 24 nfa
Egelund_2017_1% 36 nla
Egelund_2017_2" 37 nla
Ehsani_1991"3 10 nfa

Esfandiari_2014_A* 8 nla
Esfandiari_2014_B*® 8 nha
Eskelinen_2016_A** 14 nla

Eskelinen_2016_B** 14 nla

Fujimoto_2010" 9 nha
Fujimoto_2013* 15 13°
Grace_2018_1"" 22 nla

100

100

42

40

44
55

50

46

100

100

33
71

22 (18-25)
22+2

27 +1
37+8°
37+8°
29+6

39+£12
27 +3

59 (55-71)°
23+1

20-30
26

49+2

53+3

64+3
25+3
26+5
47+9
48+ 10
71+£3

676
62+5

College students (no endurance training
> 3 months in last 5 years)

No history of prior exercise exposure

Brazilian policeman

Sedentary (no physical training for at least
2 years)

Sedentary (no physical training for at least
2 years)

Untrained (< 30 min/day, < 3x/week
regularly using either dynamic or static
exercise)

Untrained

Moderately active (< 3%/week of any
training)

Healthy (no regular physical training in
previous year, 35-42 VOpcar (ML/
min/kg)

Sedentary

Sedentary, inactive (no formal training for
at least 3 months prior)

Sedentary

Sacramento Police Academy

Late pre-menopausal, sedentary (<2 h of
physical training/week during previous
2 years, <40 VO, (mL/min/kg)

Early post-menopausal, sedentary (<2 h
of physical training/week during
previous 2 years, <40 VO, (mLI/min/
ke)

Sedentary

Untrained (<2 h of <6 METs)

Untrained (<2 h of <6 METs)

Untrained (< 2x/week, no active training
background, < 40 VO, (mL/min/kg)
Untrained (< 2X/week, no active training

background, < 40 VO, (mLe/min</kg)
Sedentary (< 30 min, 3x%/week)
Sedentary (< 30 min, 3%/week)
Sedentary (no participation in formal

exercise training)

DNR

47-50

355+£59

325+46

40.3+55

276+6.3

53

381+2

21.8+08

408 £2.1

38

355+17

30.1+44

304+£33

29.6 +4.1

395+741

399+59

347 £4.1

337+39

228+34

23.0+47
28.3

Echo (IVSd, PWTd,
LVDd)

Echo (LVM, IVSd,
PWTd, LVDd)

Echo (LVM, IVSd,
PWTd, LVDd)

Echo (IVSd, PWTd,
LVDd)

Echo (IVSd, PWTd,
LVDd)

CMR (LVM)

CMR (LVM)

Echo (LVM, IVSd,
LVDd)

CMR (LVM)

CMR (LVM)
Echo (LVM, IVSd,
PWTd, LVDd)
Echo (LVM, IVSd,
PWTd, LVDd)
Echo (LVM, IVSd,
PWTd, LVDd)
Echo (LVM, IVSd,
PWTd, LVDd)

Echo (LVM, IVSd,
PWTd, LVDd)

Echo (LVM, PWT4,
LVDd)

Echo (LVM, IVSd,
PWTd, LVDd)

Echo (LVM, IVSd,
PWTd, LVDd)

CMR (LVM)

CMR (LVM)

CMR (LVM)

CMR (LVM)

Echo (LVM, IVSd,
PWTd, LVDd)

Continued
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Table 1

Continued

Study (author, year) n

Control

(n)

Female

(%)

Age [mean
+SD or
(range)]

Population

VO, max [ML/
min/kg) (mean +
SD or (range)]

Imaging modality

(dimensions
included)

Haykowsky_2005*

Hedman_2017%

Hickson_1982_1, 2°°

HoIIoway_2O'l815
Huang_2019_1°"

Huang_201 9 2°7
Hulke_2012_1°?
Hulke_2012_2°?
Hulke_2012_A'®
Hulke _2012_B'®
Hwang 2016_1%3

Hwang_201 6 2%

Kanakis_1982_1,2>*

Kiflom_2022°°

Kivisto_2006°°
Krzeminski_1989""
Landry_1985%°

Lane_2014_1%°
Lane_2014_2°°
Lusiani_1986°"

Mahdiabadi_2013_A%?

Mahdiabadi_2013_B®?

Marsh_1983%*
Marsh_2021_1%3
Marsh_2021_2%
Masoomeh_2012%7

Matsuo_2014_A%

21

15

12
18

18

42

43

14

13

15

14

12

20

14

18

20

28

25

13

10

10

12

46

26

10

14

217

n/a

92
9a

92

n/a

n/a

12

12

14°

147

n/a

n/a

n/a

n/a

n/a

n/a

n/a

92

n/a

n/a

12

COC

COC

n/a

100

DNR

DNR

67

50

58

71

60

100

100

100

100

29+5

2142
22 +1

22+0
20+2
20+1
20+1
20+1
65+ 1
66+2
23 (19-32)
19-23
43 (23-58)
21+8
25+4
24 +1
24 +1
20+7
21+2
21+1
28+4
24+5
28+6

25+4

26+7

No regular participation in aerobic or
strength training

No regular participation in aerobic
training within last year

Moderately active in recreational sports,
but no training in last 6 months

Healthy

Sedentary (exercise <1/week, <20 min)

Sedentary (exercise <1/week, <20 min)

Healthy (DNR physical activity criteria)

Healthy (DNR physical activity criteria)

Healthy (DNR physical activity criteria)

Healthy (DNR physical activity criteria)

Sedentary

Sedentary

Moderately active in recreational sports

No regular participation in exercise
training

Sedentary

No active participation in sports

Sedentary (never trained)

Sedentary (<30 min, < 1/week)
Sedentary (<30 min, < 1/week)
Prior to beginning training program

Non-athletic

Non-athletic

Running on unorganized basis <6 months
— 4 years

Untrained (< 150 min/week of organized
exercise)

Untrained (< 150 min/week of organized
exercise)

Non-athletic (no previous regular
exercise training)

Sedentary (no participation in regular
activities for 1 year)

DNR

39.6-452

42.5
204 +1.4

21.0+10

374+33

45.1+£59

341+6.1

333+85

231+0.7

259+19

35.9-42.5

n/a

nfa

46.3+4.3

37

38

30

DNR

DNR

DNR

464+3.6

DNR

DNR

DNR

439+6.7

Echo (LVM, IVSd,
PWTd, LVDd)

Echo (LVM, IVSd,
PWTd, LVDd)

Echo (LVM, IVSd,
PWTd, LVDd)

Echo (IVSd, PWTd)

Echo (LVM, IVSd,
LVDd)

Echo (LVM, IVSd,
LVDd)

Echo (LVM, IVSd,
PWTd, LVDd)

Echo (LVM, IVSd,
PWTd, LVDd)

Echo (LVM, IVSd,
PWTd, LVDd)

Echo (LVM, IVSd,
PWTd, LVDd)

Echo (LVM, IVSd,
PWTd, LVDd)

Echo (LVM, IVSd,
PWTd, LVDd)

Echo (IVSd, PWTd,
LVDd)

Echo (IVSd, PWTd,
LVDd)

CMR (LVM)

Echo (PWTd, LVDd)

Echo (LVM, IVSd,
PWTd, LVDd)

Echo (LVM)

Echo (LVM)
Echo (LVM, IVSd,
PWTd, LVDd)
Echo (IVSd, PWTd,
LVDd)

Echo (IVSd, PWTd,
LVDd)

Echo (LVM, IVSd,
PWTd, LVDd)

CMR (LVM)

CMR (LVM)
Echo (LVM, IVSd,

PWTd, LVDd)
CMR (LVM)

Continued
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Table 1 Continued

Study (author, year) n Control Female Age[mean Population VO, max [ML/ Imaging modality
(n) (%) +SDor min/kg) (mean + (dimensions
(range)] SD or (range)] included)
Matsuo_2014_B®® 14 n/a 0 27 +6 Sedentary (no participation in regular 419 +5.6 CMR (LVM)
activities for 1 year)
Matsuo_2014_C*° 14 n/a 0 26+6 Sedentary (no participation in regular 420+6.8 CMR (LVM)
activities for 1 year)
Morrison_1 986%¢ 17 8 100 52+4 Untrained 27.3+4.6 Echo (IVSd, PWTd,
LVDd)
O'Driscoll_2018%7 40 CoC 0 21+2 Inactive/sedentary (<2.5 MET-h/week,> 43.2+5.2 Echo (LVM, IVSd,
8 h/day sitting time) PWTd, LVDd)
Park_2003¢® 8 nla 100 63+2 Sedentary 21.6+26 Echo (LVDd)
Perrault_1982_1% 11 nla 0 1941 DNR DNR Echo (IVSd, PWTd,
LVDd)
Perrault_1982_2%° 13 n/a 0 40+3 DNR DNR Echo (IVSd, PWTd,
LVDd)
Pickering_1 9977° 10 n/a 60 62+2 Sedentary 250+3.2 Echo (IVSd, PWTd,
LVDd)
Rahimi_2018_17" 10 n/a 100 32+7 Non-athlete (no specific exercise DNR Echo (LVM, IVSd,
activities) 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 DNR Echo (LVM, IVSd,
competition PWTd, LVDd)
Rubal_1987_1"° 10 n/a 100 19-31 No participation in regular programme of 38 +8 Echo (LVM, IVSd,
physical conditioning PWTd, LVDd)
Rubal_1987_2"° 10 n/a 0 19-30 No participation in regular programme of 42 +7 Echo (LVM, IVSd,
physical conditioning PWTd, LVDd)
Saadatnia_2016 12 10° 0 23+3 Untrained (currently no regular 37.6 Echo (LVM, IVSd)
exercise), non-athlete
Sagiv_1989"* 20 n/a 0 67+4 Physically active in supervised aerobic 29.9 Echo (IVSd, PWTd)
programme for > 1 year, 3X/week
Sayevand_2015"¢ 10 10° 100 23+1 No regular training in the previous year DNR Echo (LVM, IVSd,
PWTd, LVDd)
Scharf_2015"7 42 nla 0 44 +5 Sedentary (<3 h/week of physical DNR CMR (LVM)
training)
Shapiro_1983%° 15 15 0 26 No recent participation in sport 486 +4.0 Echo (LVM, IVSd,
PWTd, LVDd)
Skattebo_202079 12 nla 42 29+6 Untrained (< 1 exercise training session/ 44.5 Echo (LVM, IVSd,
week during previous year) PWTd, LVDd)
Slordahl_2004%° 12 nfa 100 22 +1 Sedentary (no formal training 426+29 Echo (LVM, IVSd,
programme <3 months prior to the PWTd, LVDd)
study)
Soto_2008%! 12 nla 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 458 + 1.6 CMR (LVM, IVSd,
PWTd, LVDd)
Spina_199284 17 nla 41 27 +16 Sedentary (no regular exercise for 6 40.9 Echo (LVDd)
months prior to study)
Spina_1997% 8 nla 0 66 +5 Sedentary (no regular exercise for 6 28.7 Echo (LVM, IVSd,
months prior to study) PWTd, LVDd)
Spina_2000% 10 n/a 100 54+3 Sedentary (<2X/month of regular 220+0.5 Echo (LVM, IVSd,
physical activity) PWTd, LVDd)

Continued
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Table 1

Continued

Study (author, year) n

Control

(n)

Female

(%)

Age [mean
+SD or
(range)]

Population

VO, max [ML/
min/kg) (mean +
SD or (range)]

Imaging modality

(dimensions
included)

Spina_2004%
Vance_2014%
Vanhees_1992%8
Wieling_1981_1%"
Windecker_2002%2
Wolfe_1979%
Wolfe_1992%
Younis_19877

Trained
Baggish_2009°2

Bonaduce_1998%*

D'Ascenzi_2015°

Ehansi_1978%

Fagard_1 983+

Grace_2018_2™

Kleinnibbelink_2021_1°"

Kleinnibbelink_2021_2°"

Lamont_1980°8
Naylor_2005"®
Rahimi_2018_2""
Sareban_2018"°
Shah_201878

Venckunas_200689

Wasfy_2018%°

27

12

19

38

15

91

12

17

19

11

22

10

15

12

n/a

17¢

n/a

10°

42

n/a

n/a

15¢

n/a

n/a

124

n/a

n/a
n/a
n/a
12°
n/a
n/a

n/a

117

100

50

13

100

100

23

100

38+2

20+2

36+5

37

19+2

201

2144

23+6

17-19

24 +1

61+5

26+4

27+2

21+4

20+3

31+£9

20+3

19+1

25+7

DNR

Sedentary

Untrained (<2 h/week of aerobic training
prior to enrolment,<50 mL/kg/min)
Sedentary (<1 h/week of sport activities)

Freshmen (active in high school sports,
but no daily training programme)

Healthy (DNR prior physical activity
levels)

No engagement in regular exercise for at
least 5 years prior

Sedentary (no previous participation in
endurance-type sport)

Non-athlete, active

University students participating in
official competitive athletics

High level bicyclists competing in Italian
amateur national teams for >3 years

Professional athletes (soccer, basketball,
volleyball) competing in national or
international level

University swim team (no regular
exercise for 2—7 months before the
beginning of training)

Belgian cyclists (professional and
amateur)

Masters athletes (national competitors, in
triathlon, athletics, sprint cycling,
racquet sports)

Elite (Olympic) rowers

Elite (Olympic) rowers

University swim team

Elite rowers

Athlete (>5x%/week, 2 h)

National or international level rowers

Newly matriculated, recruited members
of varsity rowing

Distance runners

Newly matriculated, recruited members
of varsity rowing

3711741

=

n

a

58 +8

46+ 6

424124

41.3+33

53+6

DNR

62+4

DNR

51.8+20

60.9+15

404

DNR

DNR

DNR

DNR

DNR

67+6

392

DNR

DNR

Echo (LVM, IVSd,
PWTd, LVDd)
Echo (LVM, IVSd,
PWTd, LVDd)
Echo (LVM, IVSd,
PWTd, LVDd)
Echo (IVSd, PWTd,
LVDd)
Echo (LVM, IVSd,
PWTd, LVDd)
Echo (LVM, IVSd,
PWTd, LVDd)
Echo (LVM, IVSd,
PWTd, LVDd)
Echo (LVM, IVSd,
PWTd, LVDd)

Echo (LVM, IVSd,
PWTd)

Echo (LVM, IVSd,
PWTd, LVDd)

Echo (LVM, IVSd,
PWTd, LVDd)

Echo (LVM, PWTd,
LVDd)

Echo (IVSd, PWTd,
LVDd)

Echo (LVM, IVSd,
PWTd, LVDd)

Echo (LVM, IVSd,
PWTd, LVDd)
Echo (LVM, IVSd,
PWTd, LVDd)
Echo (LVM, IVSd,
PWTd, LVDd)
Echo (LVM, IVSd,
PWTd, LVDd)
Echo (LVM)
Echo (LVM, LVDd)
Echo (LVM, IVSd,
PWTd, LVDd)
Echo (LVM, IVSd,
PWTd, LVDd)
Echo (LVM)

Continued
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Table 1 Continued
Study (author, year) n Control Female Age[mean Population VO, max [ML/ Imaging modality
(n) (%) +SDor min/kg) (mean + (dimensions
(range)] SD or (range)] included)
Wasfy_2019"" 17 nla 47 19+0 Collegiate swimmers DNR Echo (LVM, LVDd)
Wieling_'l98'l_221 14 174 0 22+6 Senior oarsmen (completed at least 1 621+7.6 Echo (IVSd, PWTd,
rowing season) LVDd)
Zilinski_2015% 45 nla 0 48+7 Recreational athletes 446 +52 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.

?Underwent pre- and post-measurement.

®Only reported age as a group.

“Control group in a clinical study that underwent intervention.
9IPre-measurement only.

°Only included group with parents who did not have hypertension.

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=10.6527, 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 VOy,ax, all reported an increase
in VO, ax except for one group of elite rowers.”> The mean per cent
change for VO;.x Was higher in the untrained (N=69) vs. the
trained (N =28) 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
VOjmax 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; (i) 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 contractiIity.3'98'99
Additionally, LVM and LVM index increases naturally with age in both
males and females.'® 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-
ingan ET programme.*”*® 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.”® 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’.*’ 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.*” 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 s‘ciffening.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."®" Secondly, sedentary adults may need a
longer period of time to see improvements in cardiac structure and
function compared with their younger counterparts.'®" 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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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+256 149.4+27.0 7.7+73(-4.6to 32.1)
LVMi (g/m?) 39; 824 777 £126 83.8+14.0 8.3+83 (51310 317)
IVSd (mm) 65; 1144 90+14 93+12 3.6+6.3 (—19.5to 20.3)
PWTd (mm) 63; 1139 88+1.1 92+11 4.6+63 (5710 289)
LVDd (mm) 64; 1125 479+19 488+18 20+28(-6.1t0 13.2)
LV function

VOsmax (ML/min/kg) 61,1017 379+45 441+45 15.0+7.6 (0.4 to 33.8)
VOsmax (L/min) 7,132 24+24 26+25 12.2+44 (88 to 21.5)
End-diastolic volume (mL) 33; 546 125.5+18.0 131.6+428 55+53(-13t0217)
End-systolic volume (mL) 31,524 492494 50.0+88 12473 (17510 144)
Stroke volume (mL) 40; 702 763+124 82.7+124 9.0+9.8 (-72t0 33.5)
Trained

LV structure

LVM (g) 10; 229 196 +43.8 217.7+50.8 11.2+55 (3.8-19.5)
LVMi (g/m?) 13; 281 1M1.2+177 1244+187 11.5+77 (0.9 to 29.4)
IVSd (mm) 11; 240 10.0+1.6 10.8+25 76+47 (1.1t0 182)
PWTd (mm) 13; 293 9.7+11 104 +1.1 6.3+5.8 (2.0 to 20.0)
LVDd (mm) 13; 270 521+21 533+20 26+29 (-1.16 t0 8.8)
LV function

VOsmax (mL/min/kg) 7,118 535+3.8 573+49 8.9+57 (0to 15.5)
VOsmax (L/min) 1,17 32406 35+05 7.8

End-diastolic volume (mL) 6; 167 133+294 142.2+303 75+102 (-85t0 214)
End-systolic volume (mL) 5,159 55.6+16.0 604+154 6.9+ 9.6 (—6.9 to 18.5)
Stroke volume (mL) 4; 61 89.4+17.0 925+180 31493 (-9.6 to 12.1)

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.'®? 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.'® 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.'®
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.'® 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.'® Additionally, a higher exercise-related systolic blood pressure
in males may play a role in the development of LV hypertrophy.'®

Training status

Early studies comparing athletes to inactive individuals demonstrated
that exercise leads to increased wall thickness, LVM, and LV cavity
size.*”1%7 |n the present analysis, this was supported by an increase
inall 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.'®”
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 VO, .. was significantly
correlated with greater changes in LVM, and the post-intervention
VOymax In the untrained group was less than that of the baseline
VO, ax seen in the trained group. Thus, these findings may also represent
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Figure 2 Change in left ventricular structure by (A) sex; (B) age group; (C) training type; (D) trained status; and (E) training mode.

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.®>'% Previous studies have shown continuous and aerobic
interval training is characterized by both an increase in LVDd and LV wall
thickness, and consequently LVM.'%®> Increases in LVM have been

observed in short/sprint interval training and can occur with submaximal
heart rates to allow optimal CA?* cycling,' increased training volumes,
high baseline cardiorespiratory fitness, and longer duration programmes
(i.e. >3 months).>**>#% |n 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 VO,
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.
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Study name

Aksakai 2013
Alves 2009_1
Alves 2009_2
Alves 2009 _3
Alves 2009 _4
Arbab-Zadeh 2014
Baggish 2009
Bates 2013
Bonaduce 1998
Boone 2014
Camargo 2008
Cornelissen 2011
Cox 1986
D'Ascenzi 2015
Dart 1992
DeMaria 1978
Egelund 2017_1
Egelund 2017_2
Ehsani 1978
Esfandiari 2014_A
Esfandiari 2014 B
Eskelinen 2016_B
Fujimoto 2010
Fujimoto 2013
Grace 2018_A
Grace 2018 B
Haykowsky 2005
Hickson 1982_1
Hickson 1982_2
Hosseini 2012
Huang 2019_1
Hunag 2019_2
Hulke 2012_1
Hulke 2012_2
Hulke 2012_A
Hulke 2012 B
Hwang 2016_1
Hwang 2016_2
Kanakis 1982_1
Kanakis 1982_2
Kivisto 2006
Kleinnibbelink 2021
Lamont 1980
Landry 1985
Lane 2014_1
Lusiani 1986
Marsh 1983
Marsh 2021_1
Marsh 2021_2
Matsuo 2014_A
Matsuo 2014 B
Matsuo 2014_C
Naylor 2005
O'Driscoll 2018
Rahimi 2018_1
Rahimi 2018 _2
Rodrigues 2006
Rojek 2015
Rubal 1987_1
Rubal 1987_2
Saadatnia 2016
Sareban 2018
Sayevand 2015
Scharf 2015
Shah 2018
Shapiro 1983
Skattebo 2020
Slordahl 2004
Spence 2011
Spina 1997
Spina 2000
Spina 2004
Vance 2014
Vanhees 1992
Venckunas 2006
Waggoner 2008
Wasfy 2018
Wasfy 2019
Windecker 2002
Wolfe 1979
Wolfe 1992
Younis 1987
Zilinski 2015

Statistics for each study

Std diff
in means

0.619
0.263
0.514
0.263
0.413
1.709
0.329
1.512
0.859
0.531
-0.001
0.327
0.672
0.427
0.000
0.769
0.599
0.548
1.425
0.000
0.000
0.041
0.833
0.000
0.000
0.000
-0.000
0.836
0.925
0.000
0.497
0.497
0.000
0.000
0.000
0.000
0.000
0.000
1.049
0.001
0.805
0.713
0.956
0.868
-0.000
0.847
0.000
0.553
0.547
0.708
0.805
0.248
0.443
0.040
0.000
-0.000
0.928
0.552
0.000
0.000
1.281
0.441
0.000
0.547
1.680
0.769
0.635
0.954
1.167
1.086
0.144
0.072
0.672
0.713
1.281
-0.000
1.912
1.245
1.571
0.000
0.000
0.828
0.526
0.402

Lower Upper

limit
0.252
0.001
0.008
0.001
0.004
0.822
0.002
0.605
0.267
-0.167
-0.801
-0.176
0.018
0.212
-0.619
0.314
0.244
0.202
0.441
-0.692
-0.692
-0.483
0.075
-0.506
-0.418
-0.475
-0.693
0.031
0.040
-0.619
0.008
0.008
-0.302
-0.299
-0.523
-0.543
-0.506
-0.523
0.053
-0.800
0.202
0.291
0.242
0.354
-0.371
0.214
-0.565
0.243
0.135
0.122
0.202
-0.284
0.005
-0.270
-0.619
-0.620
0.439
0.093
-0.619
-0.619
0.517
-0.089
-0.619
0.223
0.666
0.193
0.015
0.272
0.363
0.213
-0.479
-0.347
0.174
0.291
0.517
-0.566
0.747
0.612
0.535
-0.565
-0.740
0.307
0.214
0.349

limit

0.99
0.52
1.02
0.52
0.82
2.60
0.66
2.42
1.45
1.23
0.80
0.83
1.33
0.64
0.62
1.22
0.95
0.89
2.41
0.69
0.69
0.57
1.59
0.51
0.42
0.48
0.69
1.64
1.81
0.62
0.99
0.99
0.30
0.30
0.52
0.54
0.51
0.52
2.05
0.80
1.41
1.14
1.67
1.38
0.37
1.48
0.57
0.86
0.96
1.29
1.41
0.78
0.88
0.35
0.62
0.62
1.42
1.01
0.62
0.62
2.04
0.97
0.62
0.87
2.70
1.34
1.26
1.64
1.97
1.96
0.77
0.49
117
1.14
2.04
0.57
3.08
1.88
2.61
0.57
0.74
1.35
0.84
0.45

Total

34
58
17
58
25
12
38
10
15
9
6
16
1"
91
10
24
36
37
8
8
8
14
9
15
22
17
8
8
7
10
18
18
42
43
14
13

Relative
weight

2.07
4.07
1.09
4.07
1.67
0.35
2.62
0.34
0.80
0.57
0.44
1.10
0.65
6.05
0.73
1.34
2.22
2.34
0.29
0.58
0.58
1.02
0.49
1.09
1.60
1.23
0.58
0.43
0.36
0.73
1.16
1.16
3.05
3.12
1.02
0.94
1.09
1.02
0.28
0.44
0.77
1.56
0.55
1.05
2.03
0.69
0.87
2.90
1.64
0.81
0.77
0.99
1.45
2.90
0.73
0.73
1.17
1.32
0.73
0.73
0.48
0.99
0.73
2.65
0.27
0.84
0.72
0.60
0.43
0.37
0.72
1.59
1.13
1.56
0.48
0.87
0.21
0.70
0.26
0.87
0.51
1.03
2.87

Std diff in means and 95% CI
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Figure 3 Forest plot of standardized mean difference between pre- and post-training left ventricular mass.
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Figure 4 Dose-response association between the length of training programme and left ventricular mass in (A) males and (B) females.
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Figure 5 Schematic diagram of the influence of moderator variables (sex, age group, training status, training type, mode of training) on left ventricular

structures.

Mode of training

Left ventricular structural changes are influenced by the degree of static
and dynamic components involved in the sport modality.'®” 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.'%’

Conversely, studies that are predominately dynamic (i.e. running)
have lower afterload, and therefore will observe smaller LV structural
changes."® Although there were only three studies that included swim-
ming as the training stimulus, all elicited a significant increase in LVM,
PWTd, and LVDd.**®" 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.""® 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
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LVDd.""® In studies that have compared swimming to other sporting dis-
ciplines, the results are unequivocal;“'”k116 however, when age and BSA
are accounted for, swimming is associated with greater cardiac dimen-
sions.">"1® 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.'®"'¢~"18
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 cydlists.""®""” 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. VWe are unable to isolate the im-
pact of this additional strength training on cardiac adaptations withinan 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.™ 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 RJ.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). BN.M.
was supported through AT.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.

. Pressler AN)J. Textbook of Sports and Exercise Cardiology. Switzerland: Springer; 2020.
p3-13.

. 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.

Scharhag ], Schneider G, Urhausen A, Rochette V, Kramann B, Kindermann WV.

Athlete’s heart: right and left ventricular mass and function in male endurance athletes

and untrained individuals determined by magnetic resonance imaging. | Am Coll Cardiol

2002;40:1856—1863.

. Prakken NH, Velthuis BK, Teske A}, Mosterd A, Mali WP, Cramer M]. Cardiac MRl ref-
erence values for athletes and nonathletes corrected for body surface area, training
hours/week and sex. Eur | Cardiovasc Prev Rehabil 2010;17:198-203.

. Luijkx T, Cramer M, 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 | Sports Med 2012;46:1119-1124.

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.

. 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. | Appl Physiol (1985) 2013;115:1705-1713.

. 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 | 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, Buttner 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 M,
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 | Sports Med 2022;56:175-195.

N

w

>

wv

o

~

[oc]

Ned

$20Z ey gz uo Jasn AlisiaAlun sa400|\ uyor j0odsaAlT A 688€10./2.22/6/0S/e10nie/odlina/woo dno-olwapeoe)/:sdiy Woil papeojumMo(]


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

Endurance training and left ventricular structure

791

12.

13.

14.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

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

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.

. Holloway K, Roche D, Angell P. Evaluating the progressive cardiovascular health ben-

efits of short-term high-intensity interval training. Eur | Appl Physiol 2018;118:
2259-2268.

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

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 | Sports Med 1989;10:363-367.

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. | Physiol. 2005;563:957-963.

. Rubal BJ, Al-Muhailani AR, Rosentswieg . Effects of physical conditioning on the heart

size and wall thickness of college women. Med Sci Sports Exerc 1987;19:423-429.
Shapiro LM, Smith RG. Effect of training on left ventricular structure and function. An
echocardiographic study. Br Heart | 1983;50:534-539.

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

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

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

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

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;
98:215987.

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

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

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

Aksakal E, Kurt M, Ozttirk ME, Tanboga IH, Kaya A, Nacar T, Sevimli S, Gurletop Y. The
effect of incremental endurance exercise training on left ventricular mechanics: a pro-
spective observational deformation imaging study. Anadolu Kardiyol Derg 2013;13:
432-438.

Alves GB, Oliveira EM, Alves CR, Rached HR, Mota GF, Pereira AC, Rondon MU,
Hashimoto NY, Azevedo LF, Krieger JE, Negrao CE. Influence of angiotensinogen
and angiotensin-converting enzyme polymorphisms on cardiac hypertrophy and im-
provement on maximal aerobic capacity caused by exercise training. Eur | Cardiovasc
Prev Rehabil 2009;16:487-492.

Andersen L), Hansen PR, Segaard P, Madsen JK, Bech J, Krustrup P. Improvement of
systolic and diastolic heart function after physical training in sedentary women.
Scand | Med Sci Sports 2010;20:50-57.

Baggish AL, Weiner RB, Yared K, Wang F, Kupperman E, Hutter AM Jr, Picard MH,
Wood MJ. Impact of family hypertension history on exercise-induced cardiac remod-
eling. Am J Cardiol. 2009;104:101-106.

Bates MG, Newman JH, Jakovljevic DG, Hollingsworth KG, Alston CL, Zalewski P,
Klawe ], Blamire AM, MacGowan GA, Keavney BD, Bourke P, Schaefer A,
McFarland R, Newton JL, Turnball DM, Taylor RW, Trenell MI, Gorman GS.
Defining cardiac adaptations and safety of endurance training in patients with
m.3243A > G-related mitochondrial disease. Int | Cardiol 2013;168:3599-3608.
Bonaduce D, Petretta M, Cavallaro V, Apicella C, lanniciello A, Romano M, Breglio R,
Marciano F. Intensive training and cardiac autonomic control in high level athletes. Med
Sci Sports Exercise 1998;30:691-696.

Bonne TC, Doucende G, Fliick D, Jacobs RA, Nordsborg NB, Robach P, Walther G,
Lundby C. Phlebotomy eliminates the maximal cardiac output response to six weeks
of exercise training. Am J Physiol Regul Integr Comp Physiol 2014;306:R752-R760.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Camargo MD, Stein R, Ribeiro JP, Schvartzman PR, Rizzatti MO, Schaan BD. Circuit
weight training and cardiac morphology: a trial with magnetic resonance imaging. Br
J Sports Med 2008;42:141-145; discussion 5.

Cornelissen VA, Goetschalckx K, Verheyden B, Aubert AE, Arnout |, Persu A,
Rademakers F, Fagard RH. Effect of endurance training on blood pressure regulation,
biomarkers and the heart in subjects at a higher age. Scand | Med Sci Sports 2011;21:
526-534.

Cox ML, Bennett JB 3rd, Dudley GA. Exercise training-induced alterations of cardiac
morphology. | Appl Physiol (1985) 1986;61:926-931.

D’Ascenzi F, Pelliccia A, Alvino F, Solari M, Loffreno A, Cameli M, Focardi M, Bonifazi
M, Mondillo S. Effects of training on LV strain in competitive athletes. Heart 2015;101:
1834-1839.

DeMaria AN, Neumann A, Lee G, Fowler W, Mason DT. Alterations in ventricular
mass and performance induced by exercise training in man evaluated by echocardiog-
raphy. Circulation 1978;57:237-244.

Egelund ], Jorgensen PG, Mandrup CM, Fritz-Hansen T, Stallknecht B, Bangsbo |,
Nyberg M, Hellsten Y. Cardiac adaptations to high-intensity aerobic training in preme-
nopausal and recent postmenopausal women: the Copenhagen women study. | Am
Heart Assoc 2017;6:e005469.

Ehsani AA, Hagberg JM, Hickson RC. Rapid changes in left ventricular dimensions and
mass in response to physical conditioning and deconditioning. Am | Cardiol 1978;42:
52-56.

Esfandiari S, Sasson Z, Goodman JM. Short-term high-intensity interval and continuous
moderate-intensity training improve maximal aerobic power and diastolic filling during
exercise. Eur | Appl Physiol 2014;114:331-343.

Eskelinen J), Heinonen |, L&yttyniemi E, Hakala J, Heiskanen MA, Motiani KK, Virtanen
K, Parkka JP, Knuuti J, Hannukainen ]JC, Kalliokoski KK. Left ventricular vascular and
metabolic adaptations to high-intensity interval and moderate intensity continuous
training: a randomized trial in healthy middle-aged men. J Physiol 2016;594:7127-7140.
Fagard R, Aubert A, Lysens R, Staessen ], Vanhees L, Amery A. Noninvasive assessment
of seasonal variations in cardiac structure and function in cyclists. Circulation 1983;67:
896-901.

Fujimoto N, Hastings JL, Carrick-Ranson G, Shafer KM, Shibata S, Bhella PS, Abdullah
SM, Barkley KW, Adams-Huet B, Boyd KN, Livingston SA, Palmer D, Levine BD.
Cardiovascular effects of 1 year of alagebrium and endurance exercise training in
healthy older individuals. Circ Heart Fail 2013;6:1155-1164.

Fujimoto N, Prasad A, Hastings JL, Arbab-Zadeh A, Bhella PS, Shibata S, Palmer D,
Levine BD. Cardiovascular effects of 1 year of progressive and vigorous exercise train-
ing in previously sedentary individuals older than 65 years of age. Circulation 2010;122:
1797-1805.

Haykowsky M, McGavock J, Vonder Muhll |, Koller M, Mandic S, Welsh R, Taylor D.
Effect of exercise training on peak aerobic power, left ventricular morphology, and
muscle strength in healthy older women. | Gerontol A Biol Sci Med Sci 2005;60:307-311.
Hedman K, Bjarnegird N, Lanne T. Left ventricular adaptation to 12 weeks of indoor
cycling at the gym in untrained females. Int | Sports Med 2017;38:653-658.

Hickson RC, Kanakis C Jr, Davis JR, Moore AM, Rich S. Reduced training duration ef-
fects on aerobic power, endurance, and cardiac growth. | Appl Physiol Respir Environ
Exerc Physiol 1982;53:225-229.

Huang Y-C, Tsai H-H, Fu T-C, Hsu C-C, Wang J-S. High-intensity interval training im-
proves left ventricular Contractile function. Med Sci Sports Exercise 2019;51:
1420-1428.

Hulke S, Yuganti V, Ratta A. Effects of sixteen weeks exercise training on left ventricu-
lar dimensions and functions in young adults. Natl | Physiol Pharm Pharmacol 2012;2:
152-158.

Hwang C-L, Yoo J-K, Kim H-K, Hwang M-H, Handberg E-M, Petersen J-W, Christou
DD. Novel all-extremity high-intensity interval training improves aerobic fitness, car-
diac function and insulin resistance in healthy older adults. Exp Gerontol 2016;82:
112-119.

Kanakis C, Coehlo A, Hickson R. Left ventricular response to strenuous endurance
training and reduced training frequencies. | Cardiac Rehab 1982;2:141-146.

Kiflom S, Enyew D, Ayalew A, Hailu A, Gebretensay M, Gebrehawerya G. Effect of aer-
obic exercise on physiological and left ventricular echocardiographic characteristics of
non-athletic adult males in northern Ethiopia. | Sports Med Phys Fitness 2022;62:
288-295.

Kivisté S, Perhonen M, Holmstrém M, Lauerma K. Assessment of the effect of endur-
ance training on left ventricular relaxation with magnetic resonance imaging. Scand |
Med Sci Sports 2006;16:321-328.

Kleinnibbelink G, Panhuyzen-Goedkoop N, Hulshof H, van Dijk A, George K,
Somauroo J, Oxborough D, Thijssen DH]. Exercise training induces left- but not right-
sided cardiac remodelling in Olympic rowers. Int | Sports Med 2022;43:151-160.

$20Z ey gz uo Jasn AlisiaAlun sa400|\ uyor j0odsaAlT A 688€10./2.22/6/0S/e10nie/odlina/woo dno-olwapeoe)/:sdiy Woil papeojumMo(]


https://www.nhlbi.nih.gov/health-topics/study-quality-assessment-tools

792

B.N. Morrison et al.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7

=

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Lamont LS. Effects of training on echocardiographic dimensions and systolic time inter-
vals in women swimmers. | Sports Med Phys Fitness 1980;20:397—-404.

Landry F, Bouchard C, Dumesnil ). Cardiac dimension changes with endurance training.
Indications of a genotype dependency. JAMA 1985;254:77-80.

Lane AD, Yan H, Ranadive SM, Kappus RM, Sun P, Cook MD, Harvey |, Woods J,
Wilund K, Fernhall B. Sex differences in ventricular-vascular coupling following endur-
ance training. Eur | Appl Physiol 2014;114:2597-2606.

Lusiani L, Ronsisvalle G, Bonanome A, Visona A, Castellani V, Macchia C, Pagnan A.
Echocardiographic evaluation of the dimensions and systolic properties of the left ven-
tricle in freshman athletes during physical training. Eur Heart | 1986;7:196-203.
Mahdiabadi J, Gaeini AA, Kazemi T, Mahdiabadi MA. The effect of aerobic continuous
and interval training on left ventricular structure and function in male non-athletes. Bio/
Sport 2013;30:207-211.

Marsh CE, Thomas HJ, Naylor LH, Dembo LG, Green D). Sex differences in cardiac
adaptation to distinct modalities of exercise: a cardiac magnetic resonance study.
Med Sci Sports Exerc 2021;53:2543-2552.

Marsh R, Lapan D, Goldman S, Boyden T, Rotkis T, Stanforth P, Wilmore J. Effects of
chronic, moderate endurance running on body composition and cardiac structure in
women. | Card Rehabil 1983;3:208-212.

Matsuo T, Saotome K, Seino S, Shimojo N, Matsushita A, lemitsu M, Ohshima H,
Tanaka K, Mukai C. Effects of a low-volume aerobic-type interval exercise on
VO2max and cardiac mass. Med Sci Sports Exerc 2014;46:42-50.

Morrison DA, Boyden TW, Pamenter RW, Freund BJ, Stini WA, Harrington R,
Wilmore JK. Effects of aerobic training on exercise tolerance and echocardiographic
dimensions in untrained postmenopausal women. Am Heart | 1986;112:561-567.
O’Driscoll JM, Wright SM, Taylor KA, Coleman DA, Sharma R, Wiles |D. Cardiac auto-
nomic and left ventricular mechanics following high intensity interval training: a rando-
mized crossover controlled study. | Appl Physiol (1985) 2018;125:1030-1040.

Park S-K, Park J-H, Kwon Y-C, Yoon M-S, Kim C-S. The effect of long-term aerobic
exercise on maximal oxygen consumption, left ventricular function and serum lipids
in elderly women. J Physiol Anthropol Appl Hum Sci 2003;22:11-17.

Perrault H, Lajoie D, Péronnet F, Nadeau R, Tremblay G, Lebeau R. Left ventricular
dimensions following training in young and middle-aged men. Int | Sports Med 1982;
3:141-144.

Pickering GP, Fellmann N, Morio B, Ritz P, Amonchot A, Vermorel M, Coudert ].
Effects of endurance training on the cardiovascular system and water compartments
in elderly subjects. | Appl Physiol (1985) 1997;83:1300-1306.

. Rahimi S, Khademvatani K, Zolfaghari MR. Association of circular Klotho and insulin-

like growth factor 1 with cardiac hypertrophy indexes in athlete and non-athlete wo-
men following acute and chronic exercise. Biochem Biophys Res Commun 2018;505:
448-452.

Rodrigues AC, de Melo Costa J, Alves GB, Ferreira da Silva D, Picard MH, Andrade JL,
Mathias W Jr, Negrdo CE. Left ventricular function after exercise training in young
men. Am J Cardiol 2006;97:1089-1092.

Rojek A, Bialy D, Przewlocka-Kosmala M, Negrusz-Kawecka M, Mysiak A, Kosmala W.
Biventricular response of the heart to endurance exercise training in previously un-
trained subjects. Echocardiography 2015;32:779-786.

Sagiv M, Fisher N, Yaniv A, Rudoy J. Effect of running versus isometric training pro-
grams on healthy elderly at rest. Gerontology 1989;35:72-77.

Sareban M, Winkert K, Sperlich B, Berger MM, Niebauer |, Steinacker JM, Treff G.
Speckle tracking-derived bi-atrial strain before and after eleven weeks of training in
elite rowers. Sci Rep 2018;8:14300.

Sayevand Z, Mehrialvar Y, Heidari N, Gheraat A. Comparison of high-intensity interval
training and resistance training on cardiac structure. Med Sport 2015;11:2526-2531.
Scharf M, Schmid A, Kemmler W, von Stengel S, May MS, Wuest W, Achenbach S,
Uder M, Lell MM. Myocardial adaptation to high-intensity (interval) training in previ-
ously untrained men with a longitudinal cardiovascular magnetic resonance imaging
study (Running Study and Heart Trial). Circul Cardiovasc Imaging 2015;8:e002566.
Shah AB, Zilinski }, Brown MG, Neary JH, Weiner RB, Hutter AM, Apple FS, Picard MH,
Januzzi JL, Baggish AL. Endurance exercise training attenuates natriuretic peptide re-
lease during maximal effort exercise: biochemical correlates of the “athlete’s heart”.
J Appl Physiol (1985) 2018;125:1702-1709.

Skattebo @, Bjerring AW, Auensen M, Sarvari SI, Cumming KT, Capelli C, Hallén .
Blood volume expansion does not explain the increase in peak oxygen uptake induced
by 10 weeks of endurance training. Eur | Appl Physiol 2020;120:985-999.

Slgrdahl SA, Madslien VO, Staylen A, Kjos A, Helgerud ), Wisleff U. Atrioventricular
plane displacement in untrained and trained females. Med Sci Sports Exerc 2004;36:
1871-1875.

Soto PF, Herrero P, Schechtman KB, Waggoner AD, Baumstark M, Ehsani AA,
Gropler R]. Exercise training impacts the myocardial metabolism of older individuals
in a gender-specific manner. Am J Physiol Heart Circ Physiol 2008;295:H842-H850.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Spence AL, Naylor LH, Carter HH, Buck CL, Dembo L, Murray CP, Watson P,
Oxborough D, George K, Green D). A prospective randomised longitudinal MRl study
of left ventricular adaptation to endurance and resistance exercise training in humans. J
Physiol. 2011;,589:5443-5452.

Spina RJ, Meyer TE, Peterson LR, Villareal DT, Rinder MR, Ehsani AA. Absence of left
ventricular and arterial adaptations to exercise in octogenarians. | Appl Physiol (1985)
2004;97:1654-1659.

Spina R}, Ogawa T, Coggan AR, Holloszy JO, Ehsani AA. Exercise training improves left
ventricular contractile response to beta-adrenergic agonist. | Appl Physiol (1985) 1992;
72:307-311.

Spina R}, Rashid S, Davila-Romén VG, Ehsani AA. Adaptations in beta-adrenergic car-
diovascular responses to training in older women. | Appl Physiol (1985) 2000;89:
2300-2305.

Spina R], Turner MJ, Ehsani AA. Exercise training enhances cardiac function in response
to an afterload stress in older men. Am J Physiol 1997;272:H995-1000.

Vance DD, Chen GL, Stoutenberg M, Myerburg R], Jacobs K, Nathanson L, Perry A,
Seo D, Goldschmidt-Clermont PJ, Rampersaud E. Cardiac performance, biomarkers
and gene expression studies in previously sedentary men participating in half-marathon
training. BMC Sports Sci Med Rehabil 2014;6:6.

Vanhees L, Hespel P, Van Hoof R, Fagard R, Amery A. Effect of physical training on
systemic and brachial artery haemodynamics in normal men. Int | Sports Med 1992;
13:145-151.

Venckunas T, Stasiulis A, Raugaliene R. Concentric myocardial hypertrophy after one
year of increased training volume in experienced distance runners. Br | Sports Med
2006;40:706-709.

Wasfy MM, Bibbo CF, Brown M, Deluca JR, Wang F, Berkstresser B, Weiner RB, Lewis
GD, Hutter AM, Picard MH, Di Carli MF, Baggish AL. Myocardial metabolism in endur-
ance exercise-induced left ventricular hypertrophy. JACC Cardiovasc Imaging 2018;11:
928-930.

Wasfy MM, Weiner RB, Wang F, Berkstresser B, Deluca J, Hutter AM Jr, Picard MH,
Baggish AL. Myocardial adaptations to competitive swim training. Med Sci Sports Exerc
2019;51:1987-1994.

Windecker S, Allemann Y, Billinger M, Pohl T, Hutter D, Orsucci T, Blaga L, Meier B,
Seiler C. Effect of endurance training on coronary artery size and function in healthy
men: an invasive followup study. Am | Physiol Heart Circ Physiol 2002;282:
H2216-H2223.

Wolfe LA, Laprade A, Burggraf GW, Norman R. Cardiac responses of young women
to conditioning for a 10 kilometer race. Int | Sports Med 1992;13:384-389.

Younis L, Poelnitz A, Sturbois X, Detry J-M. Effects of exercise training on left ventricu-
lar function in healthy young men: a longitudinal echocardiographic study. | Cardiopulm
Rehabil 1987;7:278-284.

Zilinski JL, Contursi ME, Isaacs SK, Deluca JR, Lewis GD, Weiner RB, Huitter AM |r,
d’Hemecourt PA, Troyanos C, Dyer KS, Baggish AL. Myocardial adaptations to recre-
ational marathon training among middle-aged men. Circ Cardiovasc Imaging 2015;8:
€002487.

Saadatnia A, Ebrahim K, Rashidlamir A. Echocardiographic evaluation of the effects of
high-intensity interval training on cardiac morphology and function. Arch Cardiovasc
Imaging 2016;4:5.

Masoomeh H, Agha AH, Peeri M, Hajsadeghi S. Effect of endurance, resistance and
concurrent training on the heart structure of the female university students. Biol
Sport 2012,29:17-21.

Torlasco C, D'Silva A, Bhuva AN, Faini A, Augusto |B, Knott KD, Benedetti G, Jones S,
Zalen JV, Scully P, Lobascio |, Parati G, Lloyd G, Hughes AD, Manisty CH, Sharma S,
Moon JC. Age matters: differences in exercise-induced cardiovascular remodelling in
young and middle aged healthy sedentary individuals. Eur | Prev Cardiol 2021;28:
738-746.

Lakatta EG, Levy D. Arterial and cardiac aging: major shareholders in cardiovascular
disease enterprises: Part I: aging arteries: a “set up” for vascular disease. Circulation
2003;107:139-146.

Wooten SV, Moestl S, Chilibeck P, Alvero Cruz JR, Mittag U, Tank ], Tanaka H,
Rittweger J, Hoffmann F. Age- and sex-differences in cardiac characteristics deter-
mined by echocardiography in masters athletes. Front Physiol 2020;11:630148.
Aronson D. Cross-linking of glycated collagen in the pathogenesis of arterial and myo-
cardial stiffening of aging and diabetes. | Hypertens 2003;21:3—12.

Diaz-Canestro C, Montero D. The impact of sex on left ventricular cardiac adaptations
to endurance training: a systematic review and meta-analysis. Sports Med 2020;50:
1501-1513.

Howden EJ, Perhonen M, Peshock RM, Zhang R, Arbab-Zadeh A, Adams-Huet B,
Levine BD. Females have a blunted cardiovascular response to one year of intensive
supervised endurance training. | Appl Physiol (1985) 2015;119:37-46.

$20Z ey gz uo Jasn AlisiaAlun sa400|\ uyor j0odsaAlT A 688€10./2.22/6/0S/e10nie/odlina/woo dno-olwapeoe)/:sdiy Woil papeojumMo(]



Endurance training and left ventricular structure

793

104.

105.

106.

107.

108.

109.

110.

11

Finocchiaro G, Dhutia H, D'Silva A, Malhotra A, Steriotis A, Millar L, Prakash K, Narain
R, Papadakis M, Sharma R, Sharma S. Effect of sex and sporting discipline on LV adap-
tation to exercise. JACC Cardiovasc Imaging 2017;10:965-972.

Svartberg J, von Muhlen D, Schirmer H, Barrett-Connor E, Sundfijord J, Jorde R.
Association of endogenous testosterone with blood pressure and left ventricular
mass in men. The Tromso study. Eur | Endocrinol 2004;150:65-71.

Zemva A, Rogel P. Gender differences in athlete’s heart: association with 24-h blood
pressure. A study of pairs in sport dancing. Int | Cardiol 2001;77:49-54.

Douglas PS. Citius, altius, fortius (the Olympic motto: swifter, higher, stronger). | Am
Coll Cardiol 2004;44:150—-151.

Wisleff U, Ellingsen @, Kemi O). High-intensity interval training to maximize cardiac
benefits of exercise training? Exerc Sport Sci Rev 2009;37:139-146.

Mitchell JH, Haskell W, Snell P, Van Camp SP. Task force 8: classification of sports. ] Am
Coll Cardiol 2005;45:1364-1367.

Riding NR. The swimmer’s heart—the cardiovascular influence across the spectrum.
Aspetar Sports Med 2015;4:440—446.

Pelliccia A, Culasso F, Di Paolo FM, Accettura D, Cantore R, Castagna W, Ciacciarelli
A, Costini G, Cuffari B, Drago E, Federici V, Gribaudo CG, lacovelli G, Landolfi L,
Menichetti G, Atzeni UO, Parisi A, Pizzi AR, Rosa M, Santelli F, Santilio F, Vagnini A,
Casasco M, Di Luigi L. Prevalence of abnormal electrocardiograms in a large, unse-
lected population undergoing pre-participation cardiovascular screening. Eur Heart |
2007;28:2006-2010.

112,

113.

114,

115.

116.

117.

118.

Pelliccia A, Culasso F, Di Paolo FM, Maron BJ. Physiologic left ventricular cavity dilata-
tion in elite athletes. Ann Intern Med 1999;130:23-31.

Pelliccia A, Sharma S, Gati S, Back M, Bérjesson M, Caselli S, Collet JP, Corrado D,
Drezner JA, Halle A, Hansen D, Heidbuchel H, Myers ], Niebauer ], Papadakis M,
Piepoli MF, Prescott E, Roos-Hesselink JW, Graham SA, Taylor RS, Thompson PD,
Tiberi M, Vanhees L, Wilhelm M. 2020 ESC guidelines on sports cardiology and exer-
cise in patients with cardiovascular disease. Eur Heart | 2021;42:17-96.

Sharma S, Maron BJ, Whyte G, Firoozi S, Elliott PM, McKenna W]. Physiologic limits of
left ventricular hypertrophy in elite junior athletes: relevance to differential diagnosis of
athlete’s heart and hypertrophic cardiomyopathy. | Am College Cardiol 2002;40:
1431-1436.

Spirito P, Pelliccia A, Proschan MA, Granata M, Spataro A, Bellone P, Caselli G, Biffi A,
Vecchio C, Maron BJ. Morphology of the “athlete’s heart” assessed by echocardiog-
raphy in 947 elite athletes representing 27 sports. Am | Cardiol 1994;74:802-806.
Whyte GP, George K, Sharma S, Firoozi S, Stephens N, Senior R, McKenna WJ. The
upper limit of physiological cardiac hypertrophy in elite male and female athletes:
the British experience. Eur | Appl Physiol 2004;92:592-597.

Pelliccia A, Maron BJ, Spataro A, Proschan MA, Spirito P. The upper limit of physiologic
cardiac hypertrophy in highly trained elite athletes. N Engl | Med 1991;324:295-301.
Woundersitz DWT, Gordon BA, Lavie CJ, Nadurata V, Kingsley MIC. Impact of endur-
ance exercise on the heart of cyclists: a systematic review and meta-analysis. Progr
Cardiovasc Dis 2020;63:750-761.

$20Z ey gz uo Jasn AlisiaAlun sa400|\ uyor j0odsaAlT A 688€10./2.22/6/0S/e10nie/odlina/woo dno-olwapeoe)/:sdiy Woil papeojumMo(]



	Effects of endurance exercise training on left ventricular structure in healthy adults: a systematic review and meta-analysis
	Introduction
	Methods
	Eligibility criteria
	Search strategy
	Selection process
	Data extraction
	Data synthesis and analysis
	Meta-analysis
	Descriptive analysis


	Results
	Study selection and characteristics
	Effect of endurance training on left ventricular structure
	Meta-analysis

	Moderator analysis
	Impact of training protocol and status on left ventricular structural change

	Discussion
	Age
	Sex differences
	Training status
	Type of training
	Mode of training
	Limitations

	Conclusion
	Authors’ contributions
	Supplementary material
	Acknowledgements
	Funding
	Data availability
	References




