Y

HUMAN MOVEMENT (ISSN 1899-1955)
2023; 24(2): 1-17

A meta-analysis of the effects of strength training on arterial stiffness

review paper
DOI: https://doi.org/10.5114/hm.2023.117126

© Wroclaw University of Health and Sport Sciences

PABLO GARCIA-MATEO!®, RODRIGO RAMIREZ-CAMPILLO*?®,

ANTONIO GARCIA-DE-ALCARAZ"*®, MANUEL ANTONIO RODRIGUEZ-PEREZ!+®

! Faculty of Education Sciences, University of Almeria, Almeria, Spain

? Department of Physical Activity Sciences, University of Los Lagos, Santiago, Chile

% Exercise and Rehabilitation Sciences Laboratory, School of Physical Therapy, Faculty of Rehabilitation Sciences,

Universidad Andres Bello, Santiago, Chile

* SPORT Research Group (CTS-1024), Centre for Neuropsychological Evaluation and Rehabilitation (CERNEP),

University of Almeria, Almeria, Spain

ABSTRACT

Purpose. Arterial stiffness (AS) describes the mechanical properties of the arterial wall and predicts cardiovascular health.
Even if it is known that AS is improved by aerobic exercise, the effects of resistance training (RT) are less clear. Therefore,
this meta-analysis aimed to assess the effects of RT on AS.

Methods. A systematic search for randomized controlled trials published until October 2020 was performed in the PubMed,
SPORTDiscus, MEDLINE, and Web of Science databases. Overall, 19 studies were selected, with 12.58 + 0.82 methodological
quality points (from a total 15 points) and a total of 626 participants.

Results. No significant long-term effect was noted for RT on AS (ES = -0.07; 95% CI: -0.59 to 0.45; p = 0.789). However,
RT induced a significant acute increase in AS (ES = 1.07; 95% CI: 1.55 to 0.59; p < 0.001). No other factors (i.e., age, gender,
AS measurement, upper- vs. lower-body RT, training intensity, duration, frequency) had a significant modifying effect on
AS in acute or long-term interventions.

Conclusions. Although RT induces an acute AS increase, this effect has no long-term impact, irrespective of the participant’s
age, sex, or RT variables, such as intensity. However, the clinical implications of acute AS increase after RT are unknown.
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Introduction

Arterial stiffness (AS) concerns the mechanical
characteristics of the wall of the vessels [1]. It applies
to the way in which blood pressure, blood flow, and
arterial diameter are affected by each heartbeat,
having functional consequences on the cardiovascular
system [1]. Raised AS alters the normal arterial func-
tion, such as buffering and increase in systolic blood
pressure, which may lead to abnormal ventricular
hypertrophy, reductions in baroreflex sensitivity, and
coronary diseases [2, 3]. High AS values (e.g., 12 m/s in
young adults) [4] are closely related a with risk of major
cardiovascular events [5, 6], cardiovascular diseases

(CVD) [7], and stroke [5]. Moreover, elevated AS in-
creases the risk of developing hypertension [8-10]. In
this sense, raised AS may be considered the cause of
hypertension, not simply a consequence [9-11]. Hence,
AS in young individuals may be a crucial factor to
predict cardiovascular health [7]. Pulse wave velocity
(PWYV), obtained from pulse wave analysis, is the most
common way of quantifying AS [1]. PWV can be
measured from carotid to femoral arteries (cfPWV)
[12], between the ankle and the brachial artery (baPWV)
[13], or as an augmentation index (Alx; the higher
the Alx, the higher the PWYV, hence higher AS) [14].
However, the gold standard of evaluation is at the level
of the aorta (aPWV) [15].
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Nowadays, physical activity is widely known as
a fundamental behavioural strategy for treatment and
prevention of CVD [15, 16]. Two common training
methodologies are the most frequently prescribed:
aerobic training and resistance training (RT). Aerobic
training exercises have been promoted as a convenient
strategy to prevent and reverse AS in healthy adults
[16, 17]. Similarly, RT has been recommended for
treating CVD-related conditions, such as osteoporosis,
sarcopenia [18], impaired glucose and lipid metabo-
lism [19], and related risks, such as falling and func-
tional disability [20]. Moreover, RT may be crucial in
controlling hypertension since it reduces blood pres-
sure in both acute [21-23] and chronic [24] ways.

Nevertheless, compared with aerobic training, RT is
less commonly prescribed to treat and prevent CVD,
probably owing to the doubts existing about the safety
in risk patients, which is still in question [25-27]. This,
in turn, may be related to the scarcity of research on RT
and its potential effects (e.g., benefits) on non-musculo-
skeletal components, such as cardiovascular function
[27], particularly AS. Although previous meta-analyses
explored the effects of RT on AS, heterogeneous find-
ings were reported [28-30]. In addition, earlier studies
included patients with CVD [28] or mixed samples of
CVD patients and healthy people [31]. Also, in the
aforementioned meta-analyses, factors affecting the

effects of RT, such as the type of machine or intensity
of training, were not explored. Furthermore, to our
knowledge, no previous works addressed both acute
and long-term conditions. Therefore, this meta-analysis
aimed to assess both short- and long-term effects of
RT on AS.

Material and methods
Experimental approach to the problem

The guidelines of the PRISMA statement (Preferred
Reporting Items for Systematic Reviews and Meta-
Analyses) [32] were followed (Appendix 1).

Eligibility criteria

In order to evaluate the studies for eligibility, the
PICOS (Participant, Intervention, Comparator, Out-
comes, and Study design) approach was used. The se-
lection criteria were defined beforehand (Table 1).

To be included in this meta-analysis, the studies
had to be randomized controlled trials evaluating both
RT and AS expressed in PWYV, Alx, or cardio-ankle
vascular index. Also, the interventions had to be exclu-
sively based on RT exercises. In addition, for chronic
effects, a minimum period of 4 weeks duration with

Table 1. Selection criteria used in the meta-analysis

Category Inclusion criteria Exclusion criteria
Population Adults (> 18 years of age), normotensive, Adults with health problems that prevented sports
with normal body mass index practice (i.e., osteo-muscular pathology, recent
history of surgery or contusion) or a pre-clinical
condition (i.e., pre-hypertensive or pre-diabetic)
Intervention Resistance training interventions. Exercise interventions not involving resistance
Either a single intervention (acute effects) training or combining resistance training with
or a minimum of 2 days per week, 4-week another training modality (i.e., aerobic training)
interventions (chronic effects), which are
the minimum time and frequency necessary
for neuronal and structural adaptations
to occur [33]
Comparator Control group (either sedentary, stretching Absence of control group
or resistance intervention)
Outcomes At least 1 measure of arterial stiffness Lack of baseline and/or follow-up data
(e.g., pulse wave velocity, augmentation index,
heart-ankle cardiovascular index) before
and after the training intervention
Study design ~ Randomized controlled trials Non-controlled trials, descriptive designs without
intervention, literature reviews, meta-analyses,
letters to the editor, comments, abstracts
2
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a frequency of at least 2 days per week were required,
since this has been proved to be the shortest amount
of stimulus necessary for structural and neuronal
adaptations to occur [33]. For data synthesis, studies
were divided into 2 groups: chronic and acute effects.

Information sources

The PubMed, Web of Science, SPORTDiscus, and
MEDLINE databases were searched for relevant studies
published until October 30, 2020.

Search strategy

The search strategy used was: (“resistance train-
ing” OR “strength training” OR “weight training”)
AND (“arterial stiffness” OR “arterial elastance” OR
“pulse wave velocity” OR “PWV” OR “brachial-ankle
pulse wave velocity” OR “baPWV” OR “wave reflection”).

Selection process

In the first screening, a review of title and abstract
was performed, and duplicates were removed. There-
after, the full-text articles were reviewed. Two authors
conducted this process independently, and a third re-
searcher was consulted when potential discrepancies
arose. The papers excluded were recorded, together
with the exclusion details.

Data collection process

A customized spreadsheet was used to gather the
data extracted from the papers. In the case of unavail-
able data, corresponding authors were contacted. If the
data could finally not be accessed, the study was ex-
cluded. However, when data were displayed in a figure,
information was obtained directly from the figures by
using a validated software (r = 0.99; p < 0.001; Web-
PlotDigitizer; https://apps.automeris.io/wpd/) [34].
Two authors conducted this process independently, and
a third researcher was consulted when potential dis-
crepancies arose.

Data items

Basic information from each study was initially ex-
tracted: authorship, publication date, study design, and
sample size. Besides, sample characteristics and the
RT protocols (i.e., training modality [i.e., free weights,
machines, combined], main muscle group trained,

number of exercises, intensity, frequency, duration, sets,
repetitions, duration of resting intervals) were collected.
Mean and standard deviation AS data from before
and after the training bouts were obtained.

Risk of bias assessment

The randomized controlled trials were evaluated
with a specific validated (intraclass correlation coef-
ficient>0.91; p < 0.001) tool for the assessment of study
quality and reporting in exercise training studies
(TESTEX) [35]. The scale includes sections concern-
ing randomization, blinding, statistical analysis, with-
draws, and activity monitoring.

Synthesis methods

For the classification of the extracted data, the studies
were organized into: (a) free-weight, machine, or com-
bined training interventions; (b) programs focused
exclusively on the upper muscle training, lower muscle
training, or combined; (c) eccentric or concentric muscle
actions; (d) fast (1-s lifting phase) or slow-controlled
(3-s lifting phase) RT movements; and (e) high (> 70%
of one-repetition maximum [1RM]), moderate (50-69%
1RM), or low (< 50% 1RM) intensity [36].

Central, peripheral, and systemic AS were estab-
lished with measurements of central AS (i.e., cfPWYV,
aPWYV, Alx), peripheral AS (i.e., femoral-tibial PWV),
and systemic AS (cardio-ankle vascular index, baPWV).

Effect size (ES; Hedges’ g) was calculated from
AS means and standard deviations. Data were stand-
ardized by using post-score standard deviation. The
model of inverse-variance random-effects meta-analy-
ses was used. ES was interpreted as trivial (< 0.2),
small (0.2-0.6), moderate (> 0.6-1.2), large (> 1.2-2.0),
very large (> 2.0-4.0), and extremely large (> 4.0) [37],
with 95% confidence intervals (CI). To provide a com-
parison across participants, the control group was pro-
portionately divided into the intervention groups [38].
Heterogeneity was considered to be low (< 25%), mod-
erate (25-75%), or high (> 75%), on the basis of the I?
statistic [39].

The potential sources of heterogeneity that might
have influenced the results were selected beforehand,
through a random-effects model and independent com-
puted single factor analysis. Age, gender, training du-
ration and frequency (weeks and weekly sessions, re-
spectively), training intensity, type of RT equipment
(i.e., machine, free weights), body part trained (i.e., full
body, upper body), and AS assessment (e.g., cfPWYV,

3
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baPWV) were taken into consideration as moderator
variables. When appropriate, the median split tech-
nique was used to divide single factor analyses [40-42].
The median was computed only when data for a given
moderator were available in 2 or more studies.

Reporting bias assessment

The extended Egger’s test [43] was used to assess
the risk of bias, in which case, the trim-and-fill method
was applied [44] and L.O was considered as the default
estimator for missing studies [45]. The Comprehensive
Meta-Analysis software (version 2; Biostat, Englewood,
NJ, USA) was used for all the analyses. Statistical sig-
nificance was set at p < 0.05.

Ethical approval
The conducted research is not related to either hu-
man or animal use.

Results

The literature search retrieved 647 studies from
databases and literature reviews. Before screening, re-
cords were removed for being duplicated (n = 367), as
well as for other reasons (i.e., language, meta-analysis,
reviews, reports, letters to the editor) (n = 193), which
resulted in 87 records. Then, 8 excluded records were
sought for retrieval, of which 3 were finally retrieved,
so 90 items were assessed for eligibility. Thereafter,
71 studies were excluded owing to different reasons,
detailed in Appendix 2. A total of 19 studies met the
selection criteria, involving 626 participants. The arti-
cle’s screening PRISMA 2020 flowchart is shown in
Figure 1 [32]. Of the selected studies, 12 investigated
the long-term effects of RT on AS, providing 19 groups
that carried out an intervention (n = 226) and 12 control
groups (n = 126). The remaining 7 papers analysed
acute effects, providing 8 training groups (n = 145) and
7 control groups (n = 129).

[ Identification of studies via databases and registers ]
_5 Records removed before screening:
® Records identified from: Dupli
o plicate records removed
£ Databases (n = 603) > (n=367)
= Registers (n = 44) Records removed for other reasons
3 (n=193)
o y
Records screened
(n=187)
v
o Reports sought for retrieval R Reports not retrieved
£ (n=28) e (n=5)
=
[
o
o
(7] v
P Reports excluded:
R for el I
eports ass(re73=se9%)or eligibility > Commentary (n = 1)
Cross-sectional studies (n = 4)
Insufficient arterial stiffness data (n = 21)
Non-controlled trials (n = 28)
Additional intervention (n = 5)
Population with pathology (n = 12)
—
\4
H
2 Studies included in review
o (n=19)
=
Figure 1. PRISMA 2020 flow diagram of the study
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Table 2. Characteristics of the randomized controlled trials: long-term effects

. . Arterial
Authors (year) n, gender Age Groups AS Pre- / post-intervention I.ilffect stiffness
(years) (n) outcome results size (d) (A%)
G1 (16) 6.4+0.7/57*0.6m/s -1.07 | 10%
é‘gf;;‘a 6l 46, M 23+2  G2(16) cfPWV 6.2+0.6/58 = 0.8m/s 057 | 6%
G3 (14) 59+ 0.7/6.0 = 0.7 m/s 0.14 o
Casey et al. G1 (24) 6.5+014/63+019m/s -1.20 o
42, M/F (23F) 21.4+0.6 cfPWV
(2007) [47] e G2 (18) 6.9+015/7.0+0.16m/s  0.65 o
i G1 (23 7.91 + 0.88/8.33 + 0.96 0.46 5%
Cortez-Cooper et al. 33, F 084 + 1.3 (23) PWV / m/s 15%
(2005) [48] G2 (10) 7.24 +0.83/7.80 +0.66m/s  0.75 1 8%
G1 (10) 991 +071/9.62+0.83m/s 0375 |3%
8%%’(;0{29? al. 20, F 193+0.6 G2(10) baPWV 9.82 +0.82/10.87 1.0l m/s 1.4 111%
G1 (9) 9.86 +0.85/9.94 +0.70m/s  0.10 -
. G1 (13 10.95 + 1.47/10.21 = 1.28 m/s -0.537 7%
Okamoto et al 26, M/F (7F) 1855+ 05 3 papwy L7
(2011) [50] G2 (13) 10.95 + 1.47 /10.95 + 1.48 m/s 0 o
G1 (10) 6.13 + 0.4/ 6.27 + 0.54 m/s 0.30 o
81(‘)?;0{5"1? al. 30,M/F 192 +0.7 G2(10) cfPWV 6.05+049/7.42+038m/s 3.13  123%
G3 (10) 6.35+0.41/6.31 +0.76 m/s -0.07 o
i G1(13 10.8 +3.7/12.1 + 7.4 m/s 0.22 12%
Raj et al. 25, M/F(11F) 68 +5 13 pwy / / f12%
o Ji== . 0= .om/s . (]
(2012) [52] G2 (12) 14.5 £ 10.3/16.0 + 10.8 m/ 0.14  110%
G1 (10) 10.71 £ 0.39/10.21 £ 0.31 m/s -1.42 | 5%
8%%‘;?%? al. 30, M 195+ 0.2 G2(10) baPWV 10.52 +0.39/11.56 = 0.31m/s 2.95  110%
G3 (10) 10.68 + 0.3/10.78 + 0.33m/s 0317
G1(9 91+1.4/9.0=0.5m/s -0.10 o
Yasuda et al. LO.MF(5F) 694265 1@ cant
(2014) [54] G2 (10) 87+0.8/85+0.1m/s -0.35 PN
G1 (10) 11.21 £ 0.40/12.66 = 0.54m/s 3.05 113%
Okamoto et al.
(2009) [55] 30, M/F (11 F) 20.1+04 G2(10) baPWV 11.55+0.35/11.46 = 0.37 m/s -0.25 o
G3 (10) 11.35 £ 0.3/11.3 + 0.37 m/s 0317 o
§ G1 (12 11.09 + 0.37 /10.48 = 0.31 -1.79 5%
Cortez-Cooper et al. 24, M/F 525+ 1.5 (12) PWV / m/s 15%
(2008) [56] G3 (12) 11.33 £ 0.55/11.32 + 0.54 m/s -0.02 -
G1 (10) 6.5+0.8/69*15m/s 033  16%
ggigfr[;;]al' 30, M 217+3  G2(10) cfPWV 7.0 +2.1/80 = 1.7 m/s 0.419 114%
G3 (10) 6.6 +0.9/6.6 = 0.9m/s 0 o
AS - arterial stiffness, M - male, F - female, G1 - experimental group 1, G2 - intervention group 2 / control,
G3 - control group, cfPWV - carotid-femoral pulse wave velocity, baPWV - brachial-ankle pulse wave velocity,
ftPWV - femoral-tibial pulse wave velocity, CAVI - cardio-ankle vascular index
5
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Table 3. Characteristics of the randomized controlled trials: acute effects

. . Arterial
Authors (year) n, gender Age Groups AS Pre- / post-intervention Effect stiffness
(years) (n) outcome results size (d)
(A%)
Palmiere et al. G1 (35) 4.82 +0.39/5.12 + 0.58 m/s 0.61 1 6%
(2018) [58] 35,MFI9F) 223 o) a0 APWV o L 043/ 4.86 + 0.5 m/s 0.086 <
Kingsley et al. G1 (26) 53+0.7/58 £0.7m/s 0.71 1 9%
(2017) [59] 52, MF(12F) 230£05 o) ne AWV S 0753 +06m/s 015 o
Lefferts et al. G1 (20) 51+05/6.0+0.7m/s 1.48 118%
(2015) [60] WMEOR 244 5y ng WV 5L 05/52:05ms 020 o
Augustine et al. G1 (9) 54+05/5.6 +0.5m/s 0.40 >
(2014) [61] 18, M 246 G2 (9) aPWv 56 +0.7/55 +0.6m/s -0.16 —
Okamoto et al. G1 (10) -5+2/-15+3% -3.92 110%
(2014) [62] 1MEGE) 265 o) 1 Al 4+2/-5+2% 050 @ o
Yoon et al. G1 (13) 5.85+0.94/6.08 + 0.72 m/s 0.275 “—
(2010) [63] 26, M 208222 o3 WV 591407/582+073m/s 0126 <
Tai et al G1 (16) 10 =12 /45 = 23% 1.91 135%
(Zaéfg)a[é 4 16, M 23+3  G2(16) Alx 15+ 17/ 35 + 15% 125  120%
G3 (16) 16 + 16 /4 + 14% ~0.798 | 10%

AS - arterial stiffness, M — male, F - female, G1 - experimental group 1, G2 - intervention group 2 / control,
G3 - control group, aPWYV - aortic pulse wave velocity, Alx — augmentation index, cfPWV - carotid-femoral pulse

wave velocity

The participants’ chronic and acute outcomes are
described in Tables 2 and 3, respectively. Furthermore,
a detailed list of acute and long-term RT interventions
is presented (Table 4).

Of note, the measurement of AS in all the includ-
ed studies (Tables 2 and 3) was preceded by a period
of complete rest in supine position.

Study quality

The minimum score (from a possible maximum
of 15) in the quality assessment was 11 points, and
the maximum score was 14 points, with the mean val-
ue of all studies of 12.58 = 0.82 points (Table 5). The
main systematic drawback was not reporting whether
the participant’s status was unknown to the outcome
assessors (16 studies out of 19).

Long-term effects

A'total of 12 studies provided data for AS (n = 413).
RT did not significantly affect AS (ES = -0.07; 95%
CI: -0.59 to 0.45; p = 0.789; P = 84.0%; Egger’s test
p = 0.002; Figure 2). When adjusted in accordance
with Duval and Tweedie’s method, the results switched

6

to ES = -0.40; 95% CI: -0.99 to 0.19. Each study ana-
lysed had a relative weight ranging from 4.3% to 5.7%.

No AS differences (p = 0.079) between the groups
were found for RT programs applied in participants
with a mean age of > 22 years (12 experimental groups;
ES =-0.41; 95% CI: -1.22 to 0.40; between-group
I? = 88.5%) compared with under-22-year-old par-
ticipants (7 experimental groups; ES = 0.42; 95% CI:
-0.03 to 0.87; between-group I* = 50.4%).

In addition, AS did not significantly differ (p = 0.979)
between RT protocols applied in male participants
(6 experimental groups; ES = 0.02; 95% CI: -1.17 to
1.21; between-group I* = 88.2%) and in female par-
ticipants (3 experimental groups; ES = -0.12; 95%
CI: -0.97 to 0.72; between-group I* = 67.5%) or mixed
(10 experimental groups; ES = -0.12; 95% CI: -0.86
to 0.62; between-group I = 85.8%).

Moreover, AS did not differ (p = 0.312) between
AS measurements incorporating baPWV techniques
(7 experimental groups; ES = -0.49; 95% CI: -1.63 to
0.65; between-group I* = 89.2%) and cfPWV tech-
niques (9 experimental groups; ES = 0.21; 95% CI:
-0.53 to 0.95; between-group I* = 84.3%).

AS did not significantly differ (p = 0.051) in RT
programs applied over < 12 weeks (10 experimental

Human Movement, Vol. 24, No 2, 2023
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Table 4. Training intervention details

(2018) [64]

Days/ - . -, . Rest
Authors (year) Weeks ek Training type Exercises Sets Repetitions Intensity interval (s)
Chronic effects
Au et al. 12 2 CB FBt / CB FB# / NS§ 5 3 20-25t/ 30-50% RM+ / 60
(2017) [46] 8-12% 75-90% RM*E
Casey et al. 12 3 MA FBt / NSt 7 2 8-12 To failure NR
(2007) [47]
Cortez-Cooper 11 4 CB FBT / NS+ 12 3-6 5-10 To failure NR
et al. (2005) [48]
Okamoto et al. 8 3  FWUTETt+/FW UT CT# / NS§ 1 5 10 100% RM+t / NR
(2006) [49] 75% MVC#t
Okamoto et al. 10 2 CB FBt / NSk 8 5 10 50% 30
(2011) [50]
Okamoto et al. 10 2 CB FBt / CB FB%: / NS§ 5 2-3 10-12 50% & 80% RM+t/ 30-120
(2012) [51] 80% & 50% RM+
Raj et al. 16 2 MA FB ET+ / MA FB CT# 4 2+ /3% 10t /5-10% 75% RMt / 180
(2012) [52] 50-100% RM:
Okamoto et al. 10 2 CB FB QL+ / CB FB SL% / NS§ 6 5 8-10 80% RM NR
(2009) [53]
Yasuda et al. 12 2 MA LT+ / NSt 2 4 30+ / 10+ 20% RM+ / 90
(2014) [54] 30% RM:
Okamoto et al. 10 2 CB UT+/ CB LT/ NS§ 5 5 8-10 80% RM 120
(2009) [55]
Cortez-Cooper 13 3 MA FBt / NS% 10 3 8-12 70% RM 120-180
etal. (2008) [56]
Werner et al. 12 3 CB FBt / CB FB# / NS§ 9 3-4+/2-3% 10-15t/ 50-70% RM+t / NR
(2019) [57] 3-8+ 80-90% RMi
Acute effects
Palmiere et al. - - FW UT+ / NS% 2 5 5-10 5-10 RM 90
(2018) [58]
Kingsley et al. - - FW FBt / NS# 3 3 10 75% RM 120
(2017) [59]
Lefferts et al. - - FW UT+ / NSk 2 5 5 To failure 90
(2015) [60]
Augustine et al. - - FW UT+ / NSk 2 5 5 To failure 180-300
(2014) [61]
Okamoto et al. - - FW UT+/ NSt 1 3 To exhaustion 40% RM 120
(2014) [62]
Yoon et al. - - CB FBt / NSk 8 2 15 60% RM NR
(2010) [63]
Tai et al. - - FW UT+ / FW UT# / NS§ 1 4 15-30 /8%  30%t/70%+ 30t/ 60%

CB - combined, FB - full body, NS - no strength, MA - machines, FW - free weights, UT - upper body training,

ET - eccentric, LT - lower body training, CT - concentric, QL - quick lift, SL - slow lift, RM - maximum load in 1 repetition,
MVC - maximal voluntary contraction, NR - not reported

T intervention group 1, & intervention group 2, § group 3 (see Table 2)

Human Movement, Vol. 24, No 2, 2023
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Table 5. Methodological quality assessment of the studies in accordance with TESTEX [35]

Authors (year) 1 2 3 4 5 6 7 8 9 10 11 12  Total

Chronic effects

Au et al. (2017) [46] 1 1 1 1 - 2 1 2 1 1 1 1 13
Casey et al. (2007) [47] 1 - 1 1 1 2 1 2 1 - 1 1 12
Cortez-Cooper et al. (2005) [48] 1 - 1 1 - 2 1 2 1 1 1 1 12
Okamoto et al. (2006) [49] 1 1 1 1 - 2 1 2 1 - 1 1 12
Okamoto et al. (2011) [50] 1 1 1 1 1 3 1 2 1 1 1 14
Okamoto et al. (2012) [51] 1 1 1 1 - 3 1 2 1 - 1 1 13
Raj et al. (2012) [52] 1 1 1 1 - 1 1 2 1 1 1 1 12
Okamoto et al. (2009) [53] 1 1 1 1 1 3 1 2 1 - 1 1 14
Yasuda et al. (2014) [54] 1 1 1 1 - 2 1 2 1 1 1 1 13
Okamoto et al. (2009) [55] 1 1 1 1 - 2 1 2 1 1 1 1 13
Cortez-Cooper et al. (2008) [56] 1 1 1 1 - 3 1 1 1 - 1 1 12
Werner et al. (2019) [57] 1 1 1 - - 3 1 2 1 1 1 1 13

Acute effects
Palmiere et al. (2018) [58] 1 1 1 1 - 3 1 1 1 - 1 1 12
Kingsley et al. (2017) [59] 1 1 1 1 - 3 1 2 1 1 1 1 14
Lefferts et al. (2015) [60] 1 1 1 1 - 1 1 2 1 1 1 1 12
Augustine et al. (2014) [61] 1 1 - 1 - 2 1 2 1 1 1 1 12
Okamoto et al. (2014) [62] 1 1 1 1 - 2 1 2 1 1 1 1 13
Yoon et al. (2010) [63] 1 1 1 1 - 2 1 2 1 1 11
Tai et al. (2018) [64] 1 1 - 1 - 2 1 2 1 1 1 1 12

Study name Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper
g error  Variance lmit lImit Z-Valuie p-Value

Auetal. (2017) [46] (low int) 1224 0473 0223 0297 2.150 2.589 0.010 ——

Auetal. (2017) [46] (vigorous inf) 0.624 0446  0.199 -0251 1498 1397 0.162 i

Casey et al. (2007) [47] 1.655 0.355 0.126 0959 2351 4.658 0.000 —.l—

Cortez-Cooper et al. (2005) [48] 0.155 0.370 0.137 -0.571 0.880 0.418 0.676

Okamoto et al. (2006) [49] (ecentric) 0458 0445  0.198 -0414 1331 1.029 0.303 ——

Okamoto et al. (2006) [49] (concentric) -1.055 0.471 0.222 -1.979 -0.132 -2.240 0.025 +

Okanoto et al. (2011) [50] 0.518 0.387 0.149 -0.240 1.276 1.340 0.180 --.—

Okanoto et al. (2012) [51](VI+LI) -0.262 0.430 0.185 -1.105 0.582 -0.608 0.543

Okanoto et al. (2012) [51] (LI + VI) 2248 0557 0310 -3.338 -1.157 -4.038  0.000 —B—

Raj et al. (2012) [52] (moderate int) 0.043 0.405 0.164 -0.751 0.838 0.107 0915

Raj et al. (2012) [52] (vigorous int) 0.011 0412 0.170 -0.796 0.818 0.026 0.979

Okamoto et al. (2009) [53] (quick lift) 1.795 0.514 0.264 0.788 2.802 3.493 0.000 +

Okamoto et al. (2009) [53] (slow lift 2812 0617 0381 -4.022 -1.602 -4.555  0.000 ——

Yasuda et al. (2014) [54] -0.272 0.441 0.195 -1.137 0.592 -0.618 0.537

Okamoto et al. (2009) [55] (upper body) 2858 0734  0.538 -4.296 -1.420 -3.896  0.000 ——

Okanoto et al. (2009) [55] (lower body) 0.102 0.516 0.266 -0.909 1.113 0.197 0.844

Cortez-Cooper et al. (2008) [56] 1316 0438  0.191 0458 2.173 3.007 0.003 ——

Werrer et al. (2019) [57] (medium int) -0.280 0.518 0.268 -1.295 0.735 -0.541 0.589

Werner et al. (2019) [57] (vigorous int) 0627 0528 0279 -1.662 0408 -1.188 0.235

-0.071 0.265 0.070 -0.590 0.448 -0.267 0.789

-4.00 -2.00 0.00 2.00 4.00

VI - vigorous intensity, LI — low intensity Favours control Favours infervention
Voul vours I

Figure 2. Forest plot of long-term changes in arterial stiffness in healthy participants after resistance training compared

with control condition (rest). Black boxes: individual study groups. White diamond: overall results.
The relative weight of each study is indicated by the size of the plotted box
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Study name

Statistics for each study

Hedges's g and 95% CI

Hedges's Standard

Palmiere et al. (2018) [58]

Kingsley et al. (2017) [59]

Lefferts et al. (2015) [60]

Augustine et al. (2014) [61]
Okamoto et al. (2014) [62]

Yoon et al. (2010) [63]

Tai et al. (2018) [64] lower intensity

Lower Upper
g error Variance limit

0475 0240  0.057 -0.945
20.906  0.287  0.083 -1.470
-1.289 0342 0.117 -1.959
20.517  0.457  0.209 -1.413
3381 0.685 0.469 -4.724
0427 0384  0.148 -1.181
-1.767 0490  0.240 -2.727
Tai et al. (2018) [64] higher intensity -0.930  0.439  0.193 -1.791
-1.069  0.245  0.060 -1.549

limit Z-Value p-Value

-0.005 -1.980 0.048
-0.343 -3.156  0.002
-0.619 -3.771 0.000
0.379 -1.132  0.258
-2.038 -4.936 0.000
0.326 -1.112 0.266
-0.807 -3.608 0.000
-0.069 -2.118 0.034
-0.589 -4.362 0.000

<>'|'++ LR

-4.00 -2.00 0.00 2.00 4.00

Fawours control Fawours intervention

Figure 3. Forest plot of acute changes in arterial stiffness in healthy participants after resistance training compared
with control condition (rest). Black boxes: individual study groups. White diamond: overall results.
The relative weight of each study is indicated by the size of the plotted box

groups; ES = -0.56; 95% CI: -1.39 to 0.28; between-
group I = 87.1%) and over > 12 weeks (9 experimental
groups; ES = 0.44; 95% CI: -0.11 to 0.99; between-
group I* = 72.4%).

Similarly, AS did not differ (p = 0.303) for RT pro-
tocols with 2 sessions per week (12 experimental
groups; ES = -0.28; 95% CI: -0.99 to 0.43; between-
group I* = 85.4%) and with > 2 sessions per week
(7 experimental groups; ES = 0.27; 95% CI: -0.49 to
1.02; between-group I* = 81.5%).

Furthermore, AS did not change (p = 0.531) be-
tween RT programs incorporating low or medium in-
tensities (5 experimental groups; ES = 0.25; 95% CI:
-0.27 to 0.78; between-group I* = 46.2%) and those
involving vigorous intensity (12 experimental groups;
ES =-0.04; 95% CI: -0.77 to 0.70; between-group
P = 87.1%).

In addition, AS was not significantly different (p =
0.105) in RT programs incorporating machine-based
exercise (5 experimental groups; ES = 0.56; 95% CI:
-0.22 to 1.35; between-group I* = 79.3%) and those
with a combination of machine and free weights (12 ex-
perimental groups; ES = -0.33; 95% CI: -1.06 to 0.41;
between-group I* = 85.7%).

Finally, AS did not significantly differ (p = 0.423)
between RT programs involving lower-body drills
(2 experimental groups; ES = -0.11; 95% CI: -0.77 to
0.54; between-group I* = 0.0%) and upper-body drills
(3 experimental groups; ES = -1.07; 95% CI: -2.78 to
0.64; between-group I* = 87.5%) or full-body drills
(14 experimental groups; ES = 0.12; 95% CI: -0.48 to
0.73; between-group I* = 85.0%).

Acute effects

Seven studies provided data for AS (n = 274). RT
significantly increased AS (ES = -1.07; 95% CI: -1.55
to -0.59; p < 0.001; I? = 69.4%; Egger’s test p = 0.053;
Figure 3). Each study analysed had a relative weight
ranging from 7.7% to 16.2%.

AS did not acutely differ (p = 0.248) for RT ses-
sions applied in participants with a mean age of < 23
years (5 experimental groups; ES = -0.81; 95% CI:
-1.21 to 0.41; between-group I* = 41.2%) compared
with subjects aged > 23 years (3 experimental groups;
ES =-1.63; 95% CI: -2.96 to -0.30; between-group
I’ = 83.5%).

Likewise, AS was not considerably different (p =
0.391) between RT sessions applied in male participants
(4 experimental groups; ES = -0.87; 95% CI: -1.44 to
-0.30; between-group I? = 43.1%) and in males and
females combined (4 experimental groups; ES = -1.31;
95% CI: -2.12 to —-0.49; between-group I = 82.9%).

Additionally, AS was not different (p = 0.230) for
low- or medium-intensity RT sessions (3 experimental
groups; ES = -1.78; 95% CI: -3.36 to -0.20; between-
group I’ = 86.9%) in comparison with vigorous ones
(5 experimental groups; ES = -0.79; 95% CI: -1.10 to
-0.49; between-group I* = 10.7%).

Finally, AS did not differ (p = 0.203) when upper-
body RT sessions (6 experimental groups; ES = -1.26;
95% CI: -1.93 to —-0.59; between-group I = 76.4%)
were compared with full-body ones (2 experimental
groups; ES = -0.74; 95% CI: -1.19 to -0.28; between-
group I = 0.0%).
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Discussion

The aim of the present meta-analysis was to eval-
uate both the long-term and acute effects of RT on AS
among healthy participants. The main findings indi-
cate that RT keeps AS stable over a long period, mean-
ing that it seems to be a safe way of training for healthy
individuals, regardless of their age or gender, or train-
ing characteristics such as type, duration, frequency,
and intensity. However, a transitory increase of AS
following RT bouts was found as an immedjiate effect,
although this impact does not appear to be clinically
significant enough to hesitate about RT effects on car-
diovascular health.

From 647 articles retrieved in the electronic data-
base searching, 19 quality-based studies were included,
involving 626 participants. The main findings imply
that RT did not provoke chronic increases of AS (ES =
-0.07). This outcome differs from those in previous
research [31] that revealed considerable increases
(10.7%), but it corroborates a more recent work [29]
which did not report such changes (mean difference:
-1.33 cm/s, p = 0.94). Indeed, RT does not impair
cardiovascular health by chronically increasing AS
values to a dangerous level. This observation could help
to keep building evidence on the appropriateness of
including RT in exercise protocols for health. How-
ever, this study showed that AS was significantly in-
creased in participants performing an acute bout of
RT (ES = 1.07) compared with control groups. Since
no meta-analysis has been previously performed on
that topic, it clarifies a quite unsettled issue, as pre-
vious papers [65] and reviews [30] notified.

No moderator factor (i.e., age, gender, RT intensity)
disturbed AS either in an acute or in a chronic way.
Regarding the participants’ age, our findings indicate
that there were no significant subgroup differences for
long-term or acute effects. This differs from other re-
sults [31] that implied significant long-term increas-
es in AS among young participants (14.3%) but not in
their older counterparts (> 40 years). That means that
RT is as safe for elders as it has been proved to be for
young subjects. Gender, on the contrary, has been paid
too little attention. In an attempt to give some insight
into this aspect, we warn that more intervention groups
presented a gender-mixed sample (n = 10) compared
with male (n = 6) and female (n = 3) in long-term in-
terventions, whereas no exclusively female groups
were available in acute-effect studies (male, n = 4;
mixed, n = 4). The predominance of gender-mixed
experimental groups makes gender analysis difficult.
Hence, more exclusively female groups in both short-
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and long-term interventions are needed to establish
whether gender has a decisive influence on the effects
of RT on AS or not. In turn, other training factors such
as frequency, duration, and kind of training have been
shown to have no influence on AS behaviour after RT,
in both long and short terms. On the one hand, as it
has been stated that a 4-week period with a frequency
of 2 days weekly is the shortest stimulus necessary for
structural and neuronal adaptations to occur [33],
studies with shorter frequencies or durations were
excluded, since no arterial adaptations could have been
expected. Further, with the present results, we acknowl-
edged that longer durations and higher frequencies
did not induce any differences in cardiovascular ad-
aptations compared with shorter or less frequent in-
terventions. On the other hand, before making overall
conclusions about the ineffectiveness of applying a spe-
cific kind of training program, it should be underlined
that some kinds of training did not provide enough data
to be analysed (i.e., free-weight RT), so they should
be used with caution in risk subjects before stronger
evidence is gathered. Namely, consistent acute increases
in AS could be influenced by the incorporation of free-
weight protocols as a confounder factor. In fact, all
acute-effect groups used free-weight protocols, with
1 exception [63], whereas just 1 [49] performed this
kind of training in a long-term way. Therefore, we en-
courage further research to focus on the different kinds
of training used in a systematic way, in order to re-
solve the existing doubts.

Major health organizations recommend RT [25-27].
However, previous research warned that high-inten-
sity RT might promote arterial changes leading to ar-
terial stiffening [48, 49, 66]. Indeed, intermittent in-
creases in blood pressure occur during vigorous RT
bouts, up to 320/250 mm Hg [67]. These acute raises
affect vessel properties [31]. As a result, the vessel walls
cope with an elevated stress, higher AS, and increased
blood pressure [67], which might be detrimental to
cardiovascular health by damaging the structure of
the arteries [8]. Indeed, previous meta-analyses showed
long-term AS increases in response to high-intensity
RT interventions [29, 31]. Nevertheless, the present
work revealed no differences in AS response to RT,
either after acute low- or medium-intensity RT (ES =
-1.78) compared with vigorous-intensity RT (ES =
-0.79), or after long-term low- or medium-intensity
RT (ES = 0.25) vs. vigorous-intensity RT (ES = -0.04).
Therefore, despite the fear that high-intensity RT has
always provoked, the results of this study show that
it does not imply any increase in AS and that it would
therefore be safe for cardiovascular health to apply it
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in subjects of all ages, with the necessary progression
and adaptation processes. Only specific groups [9, 49,
57] (G2, G1 and G1, respectively) experienced consid-
erable AS increases compared with lower-intensity
counterparts, and these were equally distributed among
different intensity subgroups. It has been maintained
that using exclusively upper limbs might compromise
cardiovascular health by increasing AS, as blood
noradrenaline concentration raises, causing a vaso-
constrictive effect [55]. We identified that 4 out of the
6 groups [55, 60, 64] that experienced AS increases
greater than 10% having performed high-intensity
programs underwent upper body training exclusively;
3 of them [60, 64] were the only groups that experi-
enced those changes in acute-effect studies. It is of
crucial importance to emphasize that the mean rela-
tive acute increase in AS was only 4.73% (increase in
PWYV or Alx) (clinically significant change of 10%) [6].
It is therefore essential to define whether this increase
can be considered as threatening to cardiovascular
health or not. In that sense, according to Mattace-
Raso et al. [10], such levels of AS raise should not be
clinically dangerous in adults with low baseline AS
levels. However, more studies are definitely warranted
in order to check the extent and hazardousness of these
AS increases. Among some other considerations,
1 intervention group [51] was not included in our analy-
sis for combining vigorous and low intensity in both
intervention programs. These protocols reflect the pos-
sible role of low-intensity bouts after high-intensity
exercising to buffer the cardiovascular effects, as pre-
vious research already proposed to be true with low-
intensity aerobic training [49].

Some limitations need to be mentioned. Even if the
number of studies is larger than in previous meta-
analyses and should be encouraging to draw more ro-
bust conclusions, some subgroup analyses were pre-
cluded owing to a limited number (i.e., less than 3) of
studies available. Secondly, the present results are true
for healthy populations and should not be extrapo-
lated to non-healthy ones. For that, analysing patho-
logical populations would broaden the knowledge
provided by this meta-analysis. Thirdly, not properly
applied or described protocols were at times a result
of training programs designed by clinicians, and not
coaches. These inconsistencies in exercise prescrip-
tion might compromise the obtained results. Finally,
current observations should be considered with caution
owing to moderate-high heterogeneity (I* = 84.0%,
long-term effects; I = 69.4%, acute effects), probably
arising from different RT protocols or different AS as-
sessment protocols.

Conclusions

Long-term RT programs seem safe for healthy in-
dividuals, without chronic increases in AS. They ap-
pear applicable irrespective of the age and gender of
the participants, the assessment protocol for AS, and
some RT configurations such as duration, frequency,
type of training (e.g., free weights, machine-based, with
elastic bands), body part trained (e.g., upper body, lower
body), and intensity. However, acute RT bouts transi-
torily increase AS, although the clinical relevance of
such increases is unclear.

Practical applications

As long-term RT did not affect AS, it may be sug-
gested that its use may provide well-proved benefits
in physical fitness and health, without undue altera-
tions in AS. This may be applicable independently of
the subjects’ age (i.e., < 22 vs. > 22 years) or sex, or RT
program total duration (i.e., < or > 12 weeks). Since
RT of any programming variables (e.g., frequency,
duration, intensity) induces no harm to AS, different
protocols (e.g., low-intensity, high-intensity) may be
used safely, in accordance with the individual’s needs
and preferences. In that sense, some kinds of training,
like high-intensity, positive in many health-related
aspects, can be applied without hesitation, which clari-
fies a topic that was still under question. Full-body RT
protocols, with free weights, machines, body weight,
elastic bands, or related equipment, may provide well-
known physical fitness and health benefits, and our
findings suggest that such RT protocols will not increase
AS. Moreover, we encourage to use high-, moderate-,
or low-intensity RT without fear, despite the subjects’
gender and age. We only warn that more evidence is
needed for the possible acute AS increases provoked by
certain protocols. However, this meta-analysis clari-
fies that, to date, in the context of safety and cardiovas-
cular health prevention, there is no reason or evidence
to restrict any kind of RT training owing to short-term
AS increases.
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Appendix 2. Detailed reasons for study exclusion in accordance with PICOS approach

Time of exclusion Exclusion criteria Reason for exclusion n
Duplicates 367
Title and abstract Participant-related Population with pathology 41
Intervention-related No strength training 27
Additional intervention 62
Insufficient duration 3
Comparator-related Not applicable 0
Outcome-related No arterial stiffness data 21
Study-design-related Language other than English 3
Meta-analyses, reviews, reports, and letters to editor 33
190
Full-text Participant-related Population with pathology 12
Intervention-related Additional intervention 5
Comparator-related Non-controlled trials 28
Outcome-related Insufficient arterial stiffness data (no PWV or Alx data) 21
Study-design-related Commentary 1
Cross-sectional design 4
71
Total 628
PWYV - pulse wave velocity, Alx - augmentation index
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