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Abstract

Background The role of trunk muscle training (TMT) for physical fitness (e.g., muscle power) and sport-specific performance
measures (e.g., swimming time) in athletic populations has been extensively examined over the last decades. However, a
recent systematic review and meta-analysis on the effects of TMT on measures of physical fitness and sport-specific perfor-
mance in young and adult athletes is lacking.

Objective To aggregate the effects of TMT on measures of physical fitness and sport-specific performance in young and
adult athletes and identify potential subject-related moderator variables (e.g., age, sex, expertise level) and training-related
programming parameters (e.g., frequency, study length, session duration, and number of training sessions) for TMT effects.
Data Sources A systematic literature search was conducted with PubMed, Web of Science, and SPORTDiscus, with no date
restrictions, up to June 2021.

Study Eligibility Criteria Only controlled trials with baseline and follow-up measures were included if they examined the
effects of TMT on at least one measure of physical fitness (e.g., maximal muscle strength, change-of-direction speed (CODS)/
agility, linear sprint speed) and sport-specific performance (e.g., throwing velocity, swimming time) in young or adult com-
petitive athletes at a regional, national, or international level. The expertise level was classified as either elite (competing at
national and/or international level) or regional (i.e., recreational and sub-elite).

Study Appraisal and Synthesis Methods The methodological quality of TMT studies was assessed using the Physiotherapy
Evidence Database (PEDro) scale. A random-effects model was used to calculate weighted standardized mean differences
(SMDs) between intervention and active control groups. Additionally, univariate sub-group analyses were independently
computed for subject-related moderator variables and training-related programming parameters.

Results Overall, 31 studies with 693 participants aged 11-37 years were eligible for inclusion. The methodological quality
of the included studies was 5 on the PEDro scale. In terms of physical fitness, there were significant, small-to-large effects
of TMT on maximal muscle strength (SMD =0.39), local muscular endurance (SMD = 1.29), lower limb muscle power
(SMD =0.30), linear sprint speed (SMD =0.66), and CODS/agility (SMD =0.70). Furthermore, a significant and moder-
ate TMT effect was found for sport-specific performance (SMD =0.64). Univariate sub-group analyses for subject-related
moderator variables revealed significant effects of age on CODS/agility (p =0.04), with significantly large effects for chil-
dren (SMD =1.53, p=0.002). Further, there was a significant effect of number of training sessions on muscle power and
linear sprint speed (p <0.03), with significant, small-to-large effects of TMT for> 18 sessions compared to < 18 sessions
(0.45<SMD <0.84, p <0.003). Additionally, session duration significantly modulated TMT effects on linear sprint speed,
CODS/agility, and sport-specific performance (p <0.05). TMT with session durations < 30 min resulted in significant, large
effects on linear sprint speed and CODS/agility (1.66 <SMD <2.42, p <0.002), whereas session durations > 30 min resulted
in significant, large effects on sport-specific performance (SMD =1.22, p =0.008).

Conclusions Our findings indicate that TMT is an effective means to improve selected measures of physical fitness and sport-
specific performance in young and adult athletes. Independent sub-group analyses suggest that TMT has the potential to improve
CODS/agility, but only in children. Additionally, more (> 18) and/or shorter duration (<30 min) TMT sessions appear to be more
effective for improving lower limb muscle power, linear sprint speed, and CODS/agility in young or adult competitive athletes.
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This meta-analysis investigated the effects of trunk
muscle training (TMT) on physical fitness (e.g., maximal
muscle strength, CODS/agility, linear sprint speed) and
sport-specific performance (e.g., throwing velocity, drive
distance, swimming time) in apparently healthy, com-
petitive athletes.

Overall, our analyses showed small-to-large effects of
TMT on physical fitness and moderate effects on sport-
specific performance in favor of TMT, when compared
to active controls.

Participants’ age significantly modulated on CODS/agil-
ity with a positive effect of TMT in children.

In terms of training-related programming parameters,
a larger effect of TMT on physical fitness was found
for higher volume (> 18 sessions) and shorter duration
(<30 min) of sessions.

1 Introduction

Exercise protocols specifically targeting trunk muscles
have been applied for both prevention and rehabilitation
of low back pain [1, 2], and the effects of this approach
have been examined in several reviews over recent years
[3-5]. Whereas initial regimens identified intra-pelvic,
spine, and anterior abdominal muscles, that were proposed
to exhibit a localised effect on proximal trunk stability via
an enhanced feedforward mechanism at low levels (<25%)
of maximal voluntary contractions (MVC) [6], the concept
of discrete trunk muscle training (TMT) has subsequently
been deployed to improve physical fitness [7, 8] as well as
sport-specific performance. In this regard, earlier approaches
defined a muscular cylinder within the trunk formed by a
group of muscles, comprising the diaphragm, pelvic floor,
abdominals, paraspinals, and gluteals [9—11]. Accordingly,
the term “core training” has become widely used to describe
exercises that broadly focus on augmenting proximal sta-
bility (i.e., trunk stiffness) during limb-loading tasks [6].
Initial research examined the active role of isolated, ana-
tomically deep-lying muscles in spinal stability, as well as
the contribution of passive (i.e., non-contractile) elements
(ligaments and bone) attached to the spine, pelvis, and hips
[9, 10, 12]. However, “core training” does not adequately
distinguish between anatomical depth or localization of tar-
get muscles [13]. Given the difference in emphasis between
these approaches (low-load, muscle-specific proximal sta-
bility training vs. global strength and/or muscle endurance

training of the whole trunk), the present review has adopted
the term TMT, as opposed to “core training,” to describe
exercise regimens that focus on trunk muscles (i.e., axial
components of the skeleton), irrespective of anatomical ori-
entation and depth.

Trunk muscles provide proximal stability for distal mobil-
ity, facilitating transfer of torque and angular momenta
between the limbs [12, 14]. Consequently, the trunk has been
described as a “powerhouse” due to its capacity to transfer,
absorb, and redirect kinetic energy during functional activi-
ties [4, 5, 10]. As a kinetic link, connecting upper and lower
extremities during whole-body movements, the trunk plays
a crucial role in acquisition and execution of sport-specific
skills, as well as during sports performance, fitness training,
and activities of daily living [4, 14, 15]. Despite the number
of studies acknowledging the importance of TMT for sport-
specific performance, the available evidence is inconclusive
[16, 17]. In golf [18] and handball the significant improve-
ments in drive distance and throwing velocity were 4.8%
and 4.9% after a TMT intervention, whereas no significant
improvement was observed in swimming (50-m crawl time)
[19, 20] or rowing (e.g., 2000-m ergometer time) [17].

During the last decades, original papers and reviews of
different TMT strategies have been conducted [3, 12, 14, 15,
21, 22]. However, several of these studies included healthy
and active participants of low sport-specific expertise level,
rather than competitive athletes [12, 15, 23]. Therefore,
these findings cannot be generalized to other populations,
particularly highly trained and elite athletes. Furthermore,
lack of homogeneity between TMT interventions in terms
of weekly training frequency, length of each training ses-
sion, and number of sets and repetitions [12, 15, 23] could
explain the inconclusive findings in the literature [16-20].
In addition, debate as to whether TMT should be applied
as an isolated modality or as part of compound, multi-joint
training programs (e.g., those including deadlift, squat,
bent-over row) is on-going. For deadlift and squat exercises,
cross-sectional studies have demonstrated greater trunk mus-
cle activation during the performance of heavy resistance
strength exercises compared with isolated trunk muscle
exercises [24, 25]. Still, and to the authors’ best knowledge,
neither dose-response relation effects of TMT nor longitu-
dinal effects of integrated TMT compared to isolated TMT
have been addressed in the literature.

Furthermore, differences in performance level (e.g., elite
athletes vs. recreational athletes) and age (e.g., youths vs.
adults) have not been included previously within explana-
tory models to examine their potential moderating effects
on TMT outcomes. When applying similar training stimuli
in participants of different training expertise and/or fitness
status, less experienced individuals achieve larger magni-
tudes of improvements than more experienced subjects [26].
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A potential ceiling effect for TMT to deliver performance-
related gains has been reported to have an impact on mag-
nitude of adaptive responses in individuals of higher fitness
status [26, 27]; however, this phenomenon has not been
formally examined by including athletes of different ages
undergoing TMT [28]. Mechanistically, sport-specific ben-
efits of TMT could be attributed to improved locomotor effi-
ciency as a result of reductions in non-sagittal displacement
(e.g., trunk rotation and lateral flexion), leading to greater
dynamic trunk stability and reduction in energy cost during
sport-specific actions, which involve trunk perturbation. As
maturation is ongoing in young athletes, unlike their adult
counterparts, it is possible that TMT exerts a greater effect
on task performance in younger subjects, by dampening
proximal perturbation associated with sagittal limb actions,
in the presence of continuous and/or high-velocity linear and
appendicular growth phases [29]. However, studies compar-
ing the effects of TMT on different age groups are missing
in the literature.

Only a few reviews on TMT have been conducted pre-
viously [3, 4, 12, 14, 15, 21, 22], which included a vari-
ety of cohorts [3, 12, 22], and focused either on TMT for
performance development [14, 21], or injury prevention
or rehabilitation [4]. To the authors’ knowledge, only one
meta-analysis has been conducted that included trained
individuals [23]. More specifically, the systematic review
and meta-analysis of Prieske et al. [23] reported small effect
sizes for the relationship between trunk muscle strength
and physical fitness and small-to-moderate effects of TMT
on physical fitness. However, Prieske et al. [23] included
both healthy (recreationally) trained individuals and com-
petitive athletes. Furthermore, the study did not perform
sub-group analyses for moderator variables, such as age,
sex, and expertise level, which are likely to modulate TMT
effects in competitive athletes [30-33]. Sex-specific differ-
ences in anabolic hormones after onset of puberty, age, and
maturation (e.g., pre-pubertal, pubertal, and post-pubertal),
and training expertise and/or fitness status (e.g., ceiling
effect), have resulted in different strength gains [26, 34,
35]. Whether these moderator variables (e.g., age, sex, and
expertise level) affect TMT has not been addressed in the
literature.

Therefore, the main aim of this systematic review and
meta-analysis was to examine the effects of TMT on physical
fitness and sport-specific performance in apparently healthy,
competitive athletes. In addition, sub-group analyses, which
are lacking in the literature, were proposed, to investigate
whether participant characteristics such as age, sex, and
expertise level were significant moderators of TMT effects,
and to examine the effect of training-related programming
parameters, such as weekly training frequency, session dura-
tion, and chronic training exposure, on TMT outcomes.

2 Methods

The present study followed the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses Protocols guidelines
[36, 37]. The review protocol was not registered, as system-
atic reviews assessing sport performance are not accepted
with PROSPERO.

2.1 Search Strategy

A systematic search was conducted in PubMed, Web of
Science, and SPORTDiscus. The computerized search was
conducted by an independent researcher using keywords
related to TMT, physical fitness, and sport-related perfor-
mance measurements. Previous reviews and meta-analy-
ses [15, 23] were used to help define our search strategy,
which was conducted using the following Boolean opera-
tors “AND,” and “OR”: (“core training” OR “core stabil-
ity” OR “core endurance” OR “core strength” OR “trunk
training” OR “trunk stability” OR “trunk endurance” OR
“trunk strength”) AND (“athletes” OR “players”) AND
(“performance” OR “velocity” OR “speed” OR “height” OR
“distance” OR “time”) AND (“training intervention” OR
“training period”). In addition, we analyzed relevant review
articles published before June 2021 [4, 12, 14, 15, 21, 23], to
identify additional studies potentially eligible to be included
in this systematic review. In addition, reference lists from all
identified articles were screened for publications not identi-
fied by the original computerized search. Finally, we asked
two independent experts (ML; MB) in the field to provide
a list of five key papers within the scope of this review. The
two lists were used to ensure that we identified all relevant
papers. The search was limited to English and Scandinavian
languages. Only original, full-text articles with human par-
ticipants were included, with no restriction on publication
year. Conference abstracts, unpublished studies, pilot stud-
ies, or studies not published in peer-review journals were
excluded. A secondary search was conducted, approximately
2 weeks before the submission of the paper, to ensure that
all recently published papers were identified. Two potential
papers were identified [38, 39] and one of these papers was
included in the analysis [38].

2.2 Selection Criteria

To be included, studies had to meet the following criteria:
Participants: (1) active and apparently healthy competitive
athletes, free from injury; (2) aged > 10 and <40 years; (3)
intervention: supplementary TMT (minimum ten sessions
over at least 6 weeks) in addition to regular training; (4)
reported performance indicator (measure of physical fitness
or sport-specific performance); (5) included comparator
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(passive, active, alternative training). Studies with a two-
armed TMT intervention design were excluded, as none of
the interventions could serve as a control condition. Further-
more, TMT was defined as a training program incorporating
specific exercises (e.g., body mass, slings, medicine balls,
fitness balls) with the primary objective of targeting ventral,
dorsal, and lateral muscles of the trunk (e.g., abdominal curl,
side-bridge, prone bridge). Studies only including whole
body resistance exercises (e.g., Olympic lifts, squats, bench
press, rowing, and deadlifts) were not included.

The search strategy discovered several articles (see Fig. 1),
but many of the identified studies were excluded because: (1)
investigators implemented a strength training program where
the majority of the exercises did not specifically target trunk
muscles; (2) the study design was not a controlled trial; (3)
injured athletes or patients were recruited; (4) means and
standard deviations were not consistently reported in results
(and the authors did not respond to our inquiries); (5) child
athletes aged < 10 years or adult athletes aged > 40 years
were included; (6) no measures of physical fitness or sport-
specific performance were assessed; and (7) participants were
not competitive athletes. An overview of the excluded and
included studies is presented in Fig. 1.

2.3 Study Quality

Two independent reviewers (AHS and NS) assessed the risk
of bias and methodological quality of eligible articles using
the Physical Therapy Evidence Database (PEDro) scale
[40]. Scores were assigned, based on assessing each study
against the eleven criteria used to rate internal and external
variability, on a scale from 0 (high risk of bias) to 10 (low
risk of bias). A score of 6 or more represents the threshold
for studies with low risk of bias [41, 42]. In training inter-
vention studies, it is impossible to blind participants to an
exercise program, and the investigators are rarely blinded.
Therefore, we removed PEDro scale items 5, 6, and 7, which
reduced the maximal score to 7. Based on previous reviews
of exercise interventions [41, 42], studies with scores were
interpreted as follows: 67 “excellent quality”, 5 “good qual-
ity, 4 “moderate quality”, and 0-3 “poor quality.” If possible,
we aimed to include studies with a score > 6 from the PEDro
Scale (i.e., 0-7); however, the score itself was not a crite-
rion for inclusion or exclusion. Points were only awarded if
a study clearly met the criteria. If there was disagreement
between reviewers (AHS and NS) with regards to the rating,
a third assessor (VA) was contacted to achieve a consensus
through discussion.

2.4 Data Extraction

A template from previous systematic reviews and meta-anal-
yses conducted by our research group was used to extract

data [23]. One author (AHS) extracted the data from the
included studies, and a second author (NS) double-checked
the extracted data. Disagreements were resolved through
personal communication between the two authors (AHS,
NS). Each study was coded for the following variables:
sport, expertise level, number of participants, age, sex, sport-
specific performance measures, physical fitness outcomes,
and trunk training endurance (e.g., time to fatigue in prone
bridge or side-bridge position). Physical fitness outcomes
were divided into the following categories: lower limb mus-
cle power (power output, vertical- and horizontal jumping
performance, and acceleration over 0—10 m), linear sprint
speed (20—40 m sprint), change-of-direction speed (CODS/
agility), local muscle endurance (e.g., numbers of push-ups),
and muscle maximal strength (e.g., maximal isometric con-
traction of the hip and leg, isokinetic torque of hip (flex-
ion and extension), and during a dynamic action (squat and
leg press)). Sport-specific performance measures included
throwing velocity, drive distance (golf), and race time (row-
ing and swimming).

In addition, programming parameters, such as weekly
training frequency, duration of the intervention, total num-
ber of training sessions, and duration per session, were
extracted. According to Thiele et al. [43] and Cochrane deci-
sion rules [44], multiple outcomes were ranked, based on
the most significant outcome for sport-specific performance.
Furthermore, if performance outcomes were divided by sex,
without reporting a mean of the groups, data were merged
to provide one independent outcome for each group [36].
Similarly, if trunk outcomes reported both left and right side
(e.g., side-bridge) in a test, results were merged using the
same approach.

2.5 Statistical Analyses

To determine the effects of TMT on physical fitness and
sport-specific performance, between-subject standardized
mean differences (SMDs) were calculated, according to the
following equation: SMD = (meanl — mean2)/s,,jeq [23, 45,
46], with ‘meanl’ defined as the mean pre/post-test value
of the intervention group, ‘mean2’ as the mean pre/post-
test value of the control group, and “s,,qeq” as the pooled
standard deviation. In accordance with Hedges and Olkin
[47], the SMD was adjusted for sample size using the fac-
tor (1 — (3 /4 N —9)), with N representing the total sample
size. Additionally, adjusted SMD values were calculated as
the difference between pre-test SMD to post-test SMD [48].
Finally, a random effects model was applied to weight each
included study according to the magnitude of the respective
standard error, and to aggregate weighted, mean adjusted
SMDs. At least two intervention groups had to be included
in order to aggregate SMD values for each proxy of physical
fitness [44]. The meta-analysis was conducted using Review
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Fig. 1 Flowchart illustrating the different phases of the search and selection strategy

Manager 5.3 (The Nordic Cochrane Centre, The Cochrane
Collaboration, Copenhagen, Denmark).

Sub-group analyses were computed for subject-related
moderator variables (i.e., age, sex, performance level) and
training-related programming parameters (i.e., training
period, weekly training frequency, total number of training
sessions, session duration). More specifically, participants
were classified as children (> 10 to <13 years), adolescents
(> 13 to< 18 years), and adults (> 18 years), based on previ-
ous classifications [33]. Sex has previously been used as a
moderator variable due to potential differences in training-
related adaptations to resistance training [30]. Participants’
expertise level (i.e., level of competition: regional, national,
international) was included as a moderator variable, on the
basis that expertise level has been reported to have an impact

on the magnitude of adaptive responses (i.e., ceiling effects
if competitive level) [26, 27]. Athletes' expertise level was
classified as either elite or non-elite (i.e., recreational and
sub-elite) [43]. Elite athletes were defined as athletes com-
peting at a national and/or international level [49].

To analyze training programming parameters in relation
to TMT, single-factor analyses were conducted on the fol-
lowing parameters: training period (i.e., <8 vs. > 8 weeks),
number of weekly training sessions conducted (i.e., 2 ses-
sions per week vs. 3 session per week vs. >4 sessions per
week), total number of training sessions (i.e., <18 vs.> 18
sessions) and session duration (<30 vs.> 30 min) [30, 33].

To improve readability, we consistently reported posi-
tive SMD values if a favorable effect of TMT, compared
with controls, was indicated. A p value of <0.05 indicated
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a statistically significant effect. SMD values were classified
as trivial (SMD <0.2), small (0.2 <SMD <0.5), medium
(0.5<SMD <0.8), and large (SMD > 0.8) [50].

The level of between-study heterogeneity was assessed
using the I statistics [51]. I? outcomes of 25, 50, and 75%
correspond to low, moderate, and high heterogeneity [52].
Values above 75% were rated as heterogeneous. In addition,
a chi-square statistic (y%) was included to determine whether
the results of the analysis were due to chance. In such cases,
low p values, or high y? statistics, relative to degrees of
freedom (df), would be observed.

3 Results
3.1 Study Characteristics

The flow chart illustrates the systematic search process
(Fig. 1). The search identified 584 potential papers, of which
31 studies [16-20, 38, 53-77] met the inclusion criteria
(Fig. 1). The included studies comprised 693 young and adult
athletes (n=369 in intervention group, n=324 in control
group) from different sport disciplines (Tables 1, 2 and 3).
As expected in this setting, none of the control groups were
passive and all continued their normal sport training routines
(i.e., active controls). For the sub-group analysis according to
age, eight studies included children (n=177; Table 1), eight
studies included adolescents (n=158; Table 2), and 14 stud-
ies included adults (n=358; Table 3). For sub-group analysis
according to sex, six studies included females (n=175), 16
studies included males (n=363), and six studies included
both sexes (n=134). In terms of athletes’ expertise level,
four studies were categorized as elite (n=106) and 27 studies
as sub-elite/recreational (n=>587). In addition, eight studies
reported 1-5 years of the specific-sport experience [17, 57,
67,69,72,74,75, 77], six studies reported between five and
10 years [16, 18, 19, 38, 62, 71], and two studies reported
over 10 years [53, 60], whereas 15 studies did not report the
duration of sport-specific experience of the participants [20,
54-56, 58, 59, 61, 63-66, 68, 70, 73, 76].

Twenty-four of the 31 included studies reported greater
numbers of training sessions for the TMT group than the
active controls [17-19, 38, 53-58, 60, 62—-67, 69-74, 76].
Three studies reported similar weekly training sessions (i.e.,
training time for TMT replaced sport-specific training) [16,
75, 77], and four studies did not report the weekly number
of training sessions [20, 59, 61, 68]. The mean duration of
TMT was 8.6 weeks (+3.5; range 6-—24) and mean weekly
frequency was 3.1 sessions (+0.8; range 2-5); mean total
number of TMT sessions was 27.9 (+ 17.0; range 12-96).
Nine studies reported a session duration between 10 and
30 min, nine between 30 and 60 min, and two studies over
60 min. Eleven studies did not report session duration.

In terms of quality assessment using the PEDro scale
(Tables 1, 2 and 3), the median quality score was 5 points
(95% confidence interval (CI) 4.8-5.5), which can be clas-
sified as good methodological quality with low risk of bias.
Twenty-three of the studies reached the pre-determined cut-
off score of > 5 points. In terms of quality, 14 studies were
scored as “excellent” (>6 points), nine studies as “good”
(5 points), five as “moderate” (4 points), and two as “poor”
(<3 points).

3.2 Main Analyses
3.2.1 Trunk and Local Muscle Endurance

Nine studies were included in the analyses to determine the
effects of TMT on trunk muscle endurance, compared to
regular sport training. Irrespective of age, sex, and expertise
level, the weighted mean SMD of 0.53 (p=0.10; F=81%,
1>=41.70, df=8) indicated a moderate but non-significant
effect in favor of TMT (Fig. 2).

Four studies, comprising five intervention groups, were
included in the analyses to determine the effects of TMT
on local muscular endurance, compared to regular sport
training. Irrespective of age, sex, and expertise level, the
weighted mean SMD of 1.29 (p=0.002; P=49%, 7%=5.94,
df=3) indicated a large effect in favor of TMT (Fig. 3).

3.2.2 Strength and Power

Sixteen studies, with 18 TMT intervention groups, were
included in the analyses to determine the effects of TMT
on lower limb muscle power, compared to regular sport
training. Irrespective of age, sex, and expertise level, the
weighted mean SMD of 0.30 (p=0.02; P =41%, y*>=28.91,
df=17) indicated a small effect in favor of TMT (Fig. 4).
Six studies were included in the meta-analysis to deter-
mine the effects of TMT on maximal muscle strength, com-
pared to regular sport training. The overall effects showed a
weighted mean SMD of 0.39 (p=0.03; >=28%, y*>=6.95,
df=15), which is indicative of a small TMT effect (Fig. 5).

3.2.3 Linear Sprint Speed and CODS/Agility

Twelve studies, with 13 intervention groups, were included
in the analyses to determine the effects of TMT on linear
sprint speed, compared to regular sport training. The overall
effects showed a weighted mean SMD of 0.66 (p=0.005;
P=72%, 7>=42.81, df=12), which indicates a moderate
TMT effect (Fig. 6).

Nine studies, with 11 TMT intervention groups, were
included in the analysis to determine the effects of TMT
on CODS/agility performance, compared to regular sport
training. The overall effects showed a weighted mean SMD



1605

Trunk Muscle Training and Sport-Specific Performance

SOSIOIOXD

Qoue)sISaI Apoq
JIOMO[ + ow) Poy s-G|
10 sda1 g ‘)9S ¢ ‘sasIo

jenbs AR T
‘K110070A Suryory

-10%9 yuerd oLowost 9uuds w- w g ¥1=1AL
pue orwreuk(J "uru (g ‘(W 01—0) UONRIS[ROOY SOFIILINL ¥1=NOD
L oM X X¢ ‘Soam § “(rS pue [ND) Surdwn( [euonearddy/AR-qns 9'0F [T NOD so[ew 87 19200§ [£L] Te 3o sinoSeueq
(e3ptiq opis) 0I=LINL
awin proy s-gg Jo sdax 159) QOUBINPUD ‘)$9) COFIT ‘LNL 01=NOD [eL]
L 0T P9M X XT ‘Seam 9 ddue[eg UOISINOXY IeIS (s1our([]) 1591 ANMIY [RUONBAIINY/AN[R-qNS  H0F [T NOD X3S poxIwWi )z uoyurwpeg  snwSopAy pue Udwz(
own
PIoY S-0¢ “$198 T 9I=1NL
‘SOSIOIOXQ OLIJAWIOST (uorsu9Ixd jurds w- w G| ZI=NOD
G € 9eam XXy ‘sqjuowr 9 pue uorxay) anbioy di  ‘(rS pue [ND) Surdwinf [BUONBAIOIY/AI[Q-qNS €121 Sofewr 87 132008 [1L] ‘Te 10 emeyIysoHy
SOSIOIOXd JLI jurds w- w (¢
-JoWOSI pue JIWeuAp ‘sdn-ysng
Ayisuoyut -mof £ ‘dwn( reonsop TI=xINL
umu Og ‘dum( reyuoztioy ETFIT 'LAL T1=%NOD
S [OaM X XG ‘Syoom § Q1A1S 991 WI- W ()G [BUONBRAIONY/AN[-qNS ¢ T F T NOD SO[BWI) 47 SUTWWIMS [69] ‘100U2D)
sda1 Ge—01 wn(
)M S19S 7 ‘SOSIOIOX [ejuozrioy ‘sdn-ysng 0l =1L
onweukp g1-9 ‘urur o9 “urids w- w g 9'0F€l “LIAL 0I=NOD
S oM X X¢ ‘Syoom § 3puq ouold ‘(W ()]—(0) UONBIIAIIY [BUONBAIINY/AR-qNS L 0F €] NOD so[ewW ()7 10000§  [(L] 101081D) pue Suon
SOSTOIOX MOIY)
[[eq SuldIpawl yiim
urw g pue (sda1 gg
YIM S39s 7) p3uans
Apoq 1oddn yrim
un ¢z “awn p[oy s-0g uon
Jo s39s ¢ 10 sda1 Oz -BJ0I JOp[noys ul NOY SI=LAL
JO 198 T ‘Ut 6101 ‘KorIndde dAIAS SOFEI "LAL SI=NOD [zLl e
L ‘S0AM X X¢ ‘SooMm 9 ‘KIIO0[OA QAIQS  [BUONIBAIONY/ANR-qNS  9°0F €] ‘NOD soreW ()¢ SIuua, ZOPUBUIS-ZOPUBUID]
jurads w (g
sda1 g—¢ ‘dwn[ [eonsoa €I=1INL
‘PIOY $-G “UI $Z7-0T ‘dwn[ [eyuozLioy CI=NOD
L oM X XG ‘Syoom 7] 93p1iq uoig ‘(stourq]) 1591 AN[ISY [BUONEBAIOIY/ANN[-qNS [SOEES sofew G 19000§ [SL] Te 30 ueyreq
sdorx
G§C-01 s1es ¢ 1o awn 01 =omueukp LAL
PIOY $-09—0T JO s1°8 (1521 05) 1591 ANNSY 0T =9one1s LIAL
7 ‘SOSIOIOXA § ‘UTW ()¢ sdn-yis ‘o3priq euord  ‘dwn( reonioa ‘dwnf 01 =NOD [92]
S OOM X XT ‘SYOM g 1S9 UASURIOS-3uLIdlg  [BIuozLIoy ‘JuLIds W-()¢  [RUOIIBAINIY/N[-qNS $1-21 So[ew ()¢ 19000§ Zog pue Iepeyelieq
QWooIN0
21095 01qdd UOTJUAIIU] S159) yunij, doueurioyrod 110dg [9AQ] QOUBWLIONI] (s1eak) 93y  s109[gns Jo roquunN J10dg Apnig

(s1e2K €101 0] <paSe) UdIP[IYD JO SAIPNIS PIPN[OUT JO MIIAIAQ | d]qel



A. H. Saeterbakken et al.

1606

S 09 (SR
pue ¢ usamioq ‘sorewdy LANLL
awmn proy yim CT+SI
SISIOIXA JLIoW ‘sorewt AL
-OST ‘S9SIOIOXd STI+¢EI
9 ‘unu 09-0¢ yISuo] ajons *$9[eWRY) NOD 0¢=LNL
Yoom X X¢ A KD (WiN [euon CIFGI 0£=NOD
L ‘syoam 9 93puiq duoid JMBIO JUOIJ WI-()G  -BOIOIY/AN[O-qNS {So[ewl NOD XS paxIul X1ul ()9 Suruwimg [0Z] ‘Te 30 [Rd
awmn pioy s o
pue sdor 0z—01 a3puiq apis ‘(dwn( pue sdos 01 =1L
[Pam X XT 1891 ouereyg ¢ ‘Surpuels) [euon €0F ST "LAL 0I=NOD
S ‘syoom 9 UoISINOXH Ie)S dwmn(jenbg A100[oA SuimoIy], -BAIOIY/AN[Q-qNS S'0FSI ‘NOD so[ew ()7 [reqpueq [$.] ‘Te 10 uswzQ
suon
-nadar ge—01 1591 Qoue[Rg
‘5198 7 ‘SOSIOIOXD uoISINOXY IelS jurids
19 Ui og 189 w-0¢ pue -0f 0I=LNL
Yoom xx¢  uasuaroS-Sundrg  dwnf jejuozrioy [euon ¥ 1F8T ‘LINL 01=NOD
S ‘syoom g ‘9pliq duoid ‘TN sy “BAIDY/AMN[R-qng 6'TF8I ‘NOD So[ewd) O [reqpuey [59] 'Te 10 dusn
(sdaz
01 X X awn pjoy
S ()€) SOSIOIOXD
JLIJOWOSI 7 pue
(sdar 916 jo (uorxay (sorewray)
$30S 7—[) SOSIO PUE SIOSUIX 9SIN0D WY -f
-I9X9 J1wRUAp ¢$1030Nppe ‘SI10) pue (sorew) 9] =u AL
8 ‘SYOIM X X¢ -onpqe) diy oy 9SIN0D WY-G [euon €' 1F L] soewaq LI=UNOD Suruuni
9 ‘SY99M §  UI 9210 JLNQWOS] QW Q0BY  -BAIDOY/AN[Q-qNS €' 1FO9] SO[RJN  XOS PIXIW XIW ¢¢ A1unoo-sso1) [96] 'Te 30 yre[D
awn pjoy
S Oy—6C Pim Qoue)
$19s ¢— pue -s1p doy-ordriy,
sda1 gz—01 ‘s1es 159) dwn( ejuozrioy SI=LINL
T Joom X X¢ wo)sAs JULI0S )59} unI [euon 9°0F9T ‘LINL ¥1=NOD
L ‘syoom § Jo1 Qouereg  omnys ‘Ayfide oig -BAI09Y/AN[I-qNS 80F91 ‘NOD sofeW 67 10000S  [89] '[B 10 uB[SY
SOSIO
-I9XQ OTWRuAp
puR OLIOWOST
‘uonjeinp s
GE—C1 *S19s €~
u ¢e—0¢ QuIn 9pLIq suold Jurids w-0g SI=1LAL
oM X X¢ ‘(o8urw dwn[ rejuoziioy [euon SI=NOD
4 ‘YoM 71 -e[q) eouereq [IND “BAIDY/AMN[e-qng 91 S9fell O¢ 130308 [€9] uokyy
Qouewioyrad [oA9] s3192[qns
21008 0I(Idd UOTJUSAIIU] S1S9) Yunay, ssomy [eo1sAyq ogroads-110dg QOUBWLIOJIoJ (s1eak) 98y Jo IoquunN y10dg Apmgs

sojo[yIe (S1BAK 81 S 03 ¢ < paSe) Juadsa[ope JO SIAIPNIS PAPNIIUL JO MIIAIIAQ T d|qel



Trunk Muscle Training and Sport-Specific Performance 1607

of 0.66 (p=0.04; ’=77%, y*=42.86, df=10), which is
indicative of a moderate TMT effect (Fig. 7).

PEDro score

n v 3.2.4 Sport-Specific Performance

Twelve studies were included in the meta-analysis that deter-
mined the effects of TMT on sport-specific performance,
compared with regular sport training only. The analysis
demonstrated a weighted mean SMD of 0.64 (p =0.007,
F=72%, 7%=39.79, df=11), which indicates a moderate
TMT eftect (Fig. 8).

Intervention

6 weeks,
2x X week,
60 min. 6
dynamic exer-
cises, 4 sets of
4-6 repetitions
3x X week,
30 min. 4
dynamic and
2 Isometric
exercises, 2—4
sets, 30-120 s
holds or 10-30
repetitions

3.3 Participant-Related Moderating Variables

Prone bridge time 12 weeks,

Trunk tests

An overview of the subject-related moderator variables on
TMT effects is displayed in Table 4. Univariate sub-group
analysis indicated that age significantly modulated TMT
effects, but only for CODS/agility (p =0.04). More specifi-
cally, TMT effects on CODS/agility were significant and
large-sized in children (SMD 1.53, p=0.002) but not in ado-
lescents and adults (— 0.01 <SMD <£0.09, p>0.05).

Physical fitness

3.4 Training-Related Programming Parameters

Table 5 displays the effects of training-related program-
ming parameters for TMT-effects on performance-related
outcomes. Univariate sub-group analyses revealed that the
total number of training sessions significantly moderated
TMT effects on lower limb muscle power and linear sprint
speed (p <0.05). Significant and small-to-large effects of
TMT were found for lower limb muscle power (SMD =0.45,
p=0.003) and linear sprint speed (SMD =0.84, p=0.002)
for> 18 TMT sessions. Furthermore, session duration sig-
nificantly moderated TMT effects on linear sprint speed,
CODS/agility, and sport-specific performance (p <0.05).
While TMT sessions of <30 min duration were found to
significantly improve linear sprint speed and CODS/agility
(1.66 <SMD <2.42, p <0.002), sessions lasting > 30 min
significantly enhanced sport-specific performance
(SMD =1.22, p=0.008).

Sport-specific

performance

Throwing velocity
(standing)

50-m swim time

Sub-elite/Recrea-
tional

Performance

level
Elite

Age (years)
17+0
16+1.0

20 mix mixed sex

Number of
subjects

24 females
CONn=10
TMT n=14
CONn=10
TMT n=10

4 Discussion

The aim of this meta-analysis was to examine the effects of
TMT on physical fitness and sport-specific performance in
apparently healthy competitive young and adult athletes. The
analyses showed small-to-moderate-sized effects on meas-
ures of physical fitness (e.g., trunk muscle strength) and
sport-specific performance (e.g., swimming time) in favor
of TMT compared to active controls. Significant between-
group differences in the above-mentioned outcomes were

Sport
Handball
Swimming

Saeterbakken
etal. [16]

Study

Table 2 (continued)
Weston et al. [19]
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TMT CON SMD SMD

Study or Subgroup SMD SE Total Total Weight IV, Random, 95% CI IV, Random, 95% CI

Afyan [63) 0.2 037 15 15 11.8% 0.20 [-0.53,0.93) ==

Geng and Cigerci [70] 043 045 10 10 11.0% 0.43[-0.45,1.31) -

Genc et al. [65) 1.04 0.49 10 10 106% 1.04 [0.08, 2.00)

Hung et al. [57] 049 044 11 10 111%  0.49[-0.37,1.35) S

Kim [59) 053 049 9 8 10.6% 0.53[-0.43,1.49) =

0Ozmen and Aydogmus [73] 2.08 062 10 10  9.2% 2.08 [0.86, 3.30) —

Patil et al. [20] 134 029 30 30 126% 1.34[0.77,1.91] —_

Tseetal. [17) -1.24 035 20 14 12.0% -1.24[1.93,-0.55) =

Weston etal. [19] 0.28 045 10 10 11.0% 0.28 [-0.60,1.16) -1

Total (95% Cl) 125 117 100.0%  0.53[-0.09, 1.16] p

Heterogeneity: Tau?= 0.73; Chi*= 41.70, df = 8 (P < 0.00001); F=81% t t t t

. -4 -2 0 2 4

Test for overall effect. Z=1.67 (P=0.10) Favours CON Favours TMT
Fig.2 The effects of TMT on trunk muscle endurance compared ance, Random random-effects model, SE standard error, SMD stand-
to regular sport training. TMT trunk muscle training, CON control ardized mean difference
group, CI confidence interval, df degrees of freedom, /V inverse vari-

TMT CON SMD SMD

Study or Subgroup SMD SE Total Total Weight IV, Random, 95% CI IV, Random, 95% CI

Afyon [63] 2 048 15 15 31.2%  2.00[1.06,2.94] —a—

Bayrakdar and Boz [76] (INT1) 057 0.67 10 5 226% 057 [-0.74,1.88) B

Bayrakdar and Boz [76] (INT2) 2.24 097 10 5 14.0% 2.24[0.34,4.14)

Geng and Ciderci [70] 0.7 046 10 10 32.2% 0.70 [-0.20, 1.60] T

Total (95% CI) 45 35 100.0% 1.29 [0.46, 2.12] .

Heterogeneity: Tau®= 0.34; Chi*= 5.94, df= 3 (P=0.11); F= 49% _54 =2 S é j‘

Test for overall effect: Z= 3.05 (P = 0.002) Favours CON Favours TMT
Fig.3 The effects of TMT on local muscular endurance compared ance, Random random effects model, SE standard error, SMD stand-
to regular sport training. TMT trunk muscle training, CON control ardized mean difference, /NT intervention

group, CI confidence interval, df degrees of freedom, IV inverse vari-

TMT CON SMD SMD

Study or Subgroup SMD  SE Total Total Weight IV, Random, 95% CI IV, Random, 95% CI

Afyon [63] 064 037 15 15 63%  064[0.09,1.37) ——

Afyon [64] 0.08 0.34 18 18  69% 0.08 [-0.59, 0.75) -1

Aslan et al. [68] 0 028 37 14  83% 0.00 [-0.55, 0.55) -T—

Bayrakdar and Boz [76] INT1)  -0.38 061 10 5 33% -0.38[158, 082 —_—

Bayrakdar and Boz [76] INT2) 018 055 10 5 38%  0.18[-0.90,1.26) o

Butcher et al. [62] 059 0.38 14 14  61% 0.59[-0.15,1.33) T

Farhan etal. [75] 168 05 13 12  44%  1.69[0.71,267) —_—

Geng and Cigerci [70] 0.03 045 10 10 50% 0.03[-0.85,0.91) B

Gencer [69] 006 041 12 12 56%  0.06[-0.74,0.86) —_

Genc et al. [65] 011 045 10 10 50% 011077099 —_

Hoshikawa et al. [71] 05 039 16 12 6.0%  0.500.26,1.26] T

Mills et al. [61] (INT1) 05 056 10 5  37%  0.50[0.60,1.60) N e

Mills et al. [61] (INT2) -0.02 055 10 5 38% -0.02[1.10,1.08) i

Ozmen et al. [74] -0.22 045 10 10  50%  -0.22[-1.10,0.66) /T

Panagoulis etal. [77] 0.26 0.39 14 14 6.0% 0.26 [-0.50,1.02) o L

Sharma et al. [49] 01 032 20 20 7.3% 0.10[-0.53,0.73] -T—

Taskin [67] 1.47 035 20 20 6.7% 1.47[0.78, 2.16] —

Tseetal. [17] -0.24 035 19 14 6.7%  -0.24[-0.93,0.45) -

Total (95% ClI) 268 215 100.0% 0.30 [0.06, 0.55] L 2

Heterogeneity: Tau?= 0.11; Chi*= 28.91, df=17 (P = 0.04); F= 41% 54 52 5 % f‘

Testfor overall effect Z= 2.41 (P = 0.02) Favours CON  Eavours TMT
Fig.4 The effects of TMT on lower limb muscle power compared ance, Random random effects model, SE standard error, SMD stand-
to regular sport training. TMT trunk muscle training, CON control ardized mean difference, INT intervention

group, CI confidence interval, df degrees of freedom, IV inverse vari-
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TMT CON SMD SMD

Study or Subgroup SMD SE Total Total Weight IV, Random, 95% CI IV, Random, 95% CI

Afyon [64) 051 035 18 18 17.7% 0.51 [-0.18,1.20] =

Butcher et al. [62) 011 0.38 14 14 158% 0.11 [-0.63, 0.85] -

Clark et al. [56) 0.01 0.34 16 18 185% 0.01 [-0.66, 0.68] =

Hoshikawa et al. [71] 0.32 0.38 16 12 158% 0.32[-0.42,1.08] =

Panagoulisetal. [77] 1.39 045 14 14 12.2% 1.39[0.51, 2.27) ——

Sung etal. [18] 0.3 032 20 20 201% 0.30 [-0.33,0.93] 1%

Total (95% ClI) 98 96 100.0% 0.39 [0.04, 0.73] s 2

Heterogeneity: Tau®= 0.05; Chi*= 6.95, df= 5 (P = 0.22); F= 28% 94 32 5 % j‘

Test for overall effect: Z=2.21 (P=0.03)

Fig.5 The effects of TMT on maximal muscle strength compared
to regular sport training. 7MT trunk muscle training, CON control
group, CI confidence interval, df degrees of freedom, IV inverse vari-

Favours CON Favours TMT

ance, Random random effects model, SE standard error, SMD stand-
ardized mean difference, INT intervention

TMT CON SMD SMD
Study or Subgroup SMD SE Total Total Weight IV, Random, 95% CI IV, Random, 95% CI
Afyon [63] -0.07 0.36 15 15 87% -0.07[-0.78,0.64] S
Bayrakdar and Boz [76] (INT1) 0.23 055 10 5 6.8% 0.23[-0.85,1.31) B
Bayrakdar and Boz [76] (INT2) 0.32 055 10 5 68% 0.32 [-0.76, 1.40] = i
Dadganay et al. [38] 0.71 043 12 12 8.0% 0.71[-0.13,1.55) T
Farhan etal. [75] 231 055 13 12 68% 2.31[1.23,3.39) ——
Geng and Cigerci [70] -0.13 045 10 10 7.8% -013[1.01,0.79) i
Gencer [69) 04 042 12 12 81% 0.40[-0.42,1.22) =—
Genc et al. [65] 0.05 045 10 10 7.8% 0.05[-0.83,0.93) —_—r
Hoshikawa et al. [71] 0.32 0.39 16 12 8.4% 0.32[-0.44,1.08) ——
Panagoulis et al. [77) 257 061 14 14  63% 2.57 [1.37,3.77) E—
Taskin [67) 1.3 035 20 20 88% 1.30 [0.61,1.99) —
Tseetal. [17] -0.28 035 19 14 88% -0.28[-097,0.41] —t
Vigneshwaren [60] 1.58 053 10 10 7.0% 1.58 [0.54, 2.62) ——
Total (95% ClI) 171 151 100.0% 0.66 [0.20, 1.12] @
Heterogeneity: Tau®= 0.50; Chi*= 42.81, df=12 (P < 0.0001); F=72% t t

Test for overall effect: Z= 2.82 (P = 0.005)

Fig.6 The effects of TMT on linear sprint speed performance com-
pared to regular sport training. TMT trunk muscle training, CON con-
trol group, CI confidence interval, df degrees of freedom, /V inverse

observed for age but not for the other two subject-related
moderator variables examined (sex and expertise level). In
regard to training-related programming parameters, a signifi-
cant difference according to total number of training sessions
was found for TMT effects on muscular power/jump perfor-
mance and linear speed, and for session duration on linear
speed and CODS/agility, but not for intervention duration or
weekly training frequency.

Despite the high number of studies included in this meta-
analysis, the quality of the studies was acceptable. In fact, 24
of the 31 studies included (Tables 1, 2 and 3) achieved the
PEDro cut-off score of > 5 points (“good quality”), with 14
studies achieving a quality score of “excellent” (> 6 points),
compared with only two studies reported in the previous

4 2 0 2 1
Favours CON Favours TMT

variance, Random random effects model, SE standard error, SMD
standardized mean difference, INT intervention

meta-analysis of Prieske and colleagues [23]. Despite the
improvement in methodological quality, and greater num-
ber of studies included in this meta-analysis, heterogeneity
in training content and programming parameters (i.e., fre-
quency, duration, and length of the intervention), differences
in expertise level (recreational/sub-elite vs. elite), sport-per-
formance outcomes, and number of participants recruited,
need to be considered when interpreting the present find-
ings. For example, in 24 of the included studies [17-19, 38,
53-58, 60, 62-67, 69-74, 76], weekly TMT sessions were
performed in addition to regular training. Potentially, this
un-matched supplemental training volume could provide an
additional stimulus to induce neurological and morphologi-
cal adaptations, favoring the TMT groups [26, 27, 78, 79].
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TMT CON SMD SMD
Study or Subgroup SMD SE Total Total Weight IV, Random, 95% CI IV, Random, 95% ClI
Aslan et al. [68] 011 037 15 14 105% 0.11[-0.62,0.84) -
Bayrakdar and Boz [76] (INT1) 0.39 059 10 5 86% 0.39[-0.77,1.55)
Bayrakdar and Boz [76] (INT2) 204 097 10 5 56% 2.04[0.14,3.94)]
Dadganay et al. [38) 0.4 0.4 12 12 10.2% 0.40 [-0.40,1.20)
Farhan etal. [75] 269 059 13 12 86% 2.69[1.53, 3.85) ——
Genc et al. [65] 0.06 0.45 10 10  9.8% 0.06 [-0.82, 0.94)]
Mills et al. [61] (INT1) 063 058 10 5 B7% 0.63[0.51,1.77)
Mills et al. [61] (INT2) 0 0.56 10 5 8.8% 0.00[1.10,1.10)
Ozmen and Aydogmus [73) 058 047 10 10 9.6% 0.58 [-0.34, 1.50]
Panagoulis et al. [77) 2.2 054 14 14 9.0% 2.20[1.14,3.26) —_—
Tseetal. [17] -0.84 036 20 14 106% -0.84[-1.55,-0.13]
Total (95% ClI) 134 106 100.0% 0.66 [0.04, 1.27] o
Heterogeneity: Tau*= 0.79; Chi*= 42.86, df= 10 (P < 0.00001), F=77% t t

Test for overall effect: Z= 2.10 (P = 0.04)

Fig.7 The effects of trunk on CODS/agility performance compared
to regular sport training. TMT trunk muscle training, CON control
group, CI confidence interval, df degrees of freedom, /V inverse vari-

4 2 0 2 3
Favours CON Favours TMT

ance, Random random effects model, SE standard error, SMD stand-
ardized mean difference, INT intervention

TMT CON SMD SMD
Study or Subgroup SMD SE Total Total Weight IV, Random, 95% CI IV, Random, 95% CI
Fernandez-Fernandez et al. [72] 064 039 15 15  9.2% 0.64 [-0.12,1.40) T
Gencer [69] 036 0.41 12 12 8.9% 0.36 [-0.44,1.16) o
Karpiriski et al. [60] 0.35 062 8 8 B7% 0.35[-0.87,1.57) B D
Kim [59] 064 049 9 8 8.0% 0.64 [-0.32,1.60] —_——
Kuhn et al. [53] 0.66 045 10 10 8.5% 0.66 [-0.22,1.54) =
Manchado et al. [54] 032 037 15 15  9.4% 0.32[-0.41,1.05) ——
Ozmen et al. [74] -0.25 0.46 10 10 84% -0.25[1.15,0.65) /T
Panagoulis et al. [77] 013 038 14 14 9.3% 0.13[-0.61,0.87] s
Patil et al. [20] 01 026 30 30 10.6% 0.10 [-0.41, 0.61] ==
Saeterbakken et al. [16) 3.33 086 14 10  47% 3.33[1.64,5.02)
Sung etal. [18] 277 043 20 20 8.0% 2.77[1.81,3.73] —
Weston etal. [19] 0.09 046 10 10 8.4% 0.09 [-0.81,0.99) o
Total (95% CI) 167 162 100.0% 0.64 [0.17, 1.11] &
Heterogeneity: Tau?= 0.47; Chi*= 39.79, df= 11 (P < 0.0001); F=72% 54 52 3 t }‘

Test for overall effect: Z= 2.67 (P = 0.007)

Fig.8 The effects TMT on sport-specific performance compared
with regular sport training. TMT trunk muscle training, CON control
group, CI confidence interval, df degrees of freedom, IV inverse vari-

4.1 Main Analyses

To the authors’ knowledge, this is the first meta-analysis on
TMT that included competitive athletes aged 1040 years. In
analyses of sport-specific outcomes, twelve of the included
studies demonstrated moderate effects in favor of TMT
(mean SMD of 0.64), which supports findings elsewhere of
greater maximal power and more efficient use of the muscles
of the lower limbs, shoulders, and arms, following TMT [4,
5, 12]. In comparison, previous meta-analyses have reported
small-to-moderate effects [23] and moderate-to-large effects
[22] in favor of TMT on muscle power, athletic performance,
and functional performance. It is important to consider that
Granacher and colleagues [22] included sedentary old adults
(> 60 years) in their analysis, whereas Prieske et al. [23]
included healthy trained individuals (aged 16—44 years). In

Favours CON Favours TMT

ance, Random random effects model, SE standard error, SMD stand-
ardized mean difference, INT intervention

contrast, this study aggregated data from apparently healthy
competitive athletes aged 10—40 years. Furthermore, clas-
sification of outcomes, which differed between the present
study and Prieske et al. [23], may explain the different effects
reported. For example, Prieske et al. [23] classified running/
swimming/rowing time trials as sport-specific performances,
and high-velocity tasks (i.e., throwing) as muscular power
outcomes [23]. In the present study, all these outcomes
were merged and categorized as sport-specific outcomes
(P=T72%). As reported in the Results, assessment of hetero-
geneity supported the feasibility of this approach. In addi-
tion, differences in the number of studies in each outcome
category may also explain the discrepancy in findings. For
example, Prieske et al. [23] included eight and six studies,
in the categories of sport-specific performance and muscular
power, respectively, while the present study included 12 and
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17 studies, in the categories of sport-specific performance
and lower limb muscle power, respectively.

4.2 Sub-Group Analyses of the Subject-Related
Moderator Variables

The present study revealed small-to-moderate effects (mean
SMD of 0.30-0.70) of TMT compared to regular sport train-
ing on CODS/agility, linear sprint speed, and lower limb
muscle power/jump performance. Our findings demon-
strated similar trends to those in the previously published
meta-analysis of Prieske et al. [23], which reported a mean
SMD of 0.71 for muscle power in favor of TMT. However,
in contrast to Prieske et al. [23], the present study included
additional sub-group analyses according to age (children,
adolescents, adults), expertise level (elite, sub-elite/recrea-
tional), and sex (males, females, or males and females), and
therefore extends the findings reported by Prieske et al. [23].

Our results demonstrated between-group differences in
the computed sub-group analyses for age, but not expertise
level and sex. Children, in contrast to adolescents and adults,
demonstrated a significant and large TMT-related effect
(SMD of 1.53) of TMT on CODS/agility. Furthermore, triv-
ial-to-small TMT effects (SMD of 0.14-0.36) were observed
for lower limb power (including jump performance) across
the age categories. Interestingly and irrespective of the non-
significant sub-group differences, there were also large TMT
effects (mean SMD =0.81) on linear sprint speed in children,
which could be interpreted as suggesting that CODS/agility
is highly influenced by linear running speed, and therefore
is not an independent outcome category, at least in younger
(child) athletes. This proposal is supported by evidence of
a moderate association between CODS, linear sprint speed,
and an indicator of leg muscle power (jump height) [80],
although this was not examined in a youth athlete popula-
tion. Interestingly, present findings also showed adults dem-
onstrated large TMT effects on linear sprint speed (mean
SMD of 0.83), despite the trivial and small TMT effects on
CODS/agility and lower limb power. It could be speculated
that TMT may improve linear sprint speed by limiting exces-
sive lateral and horizontal trunk displacements; however,
in the absence of a concomitant effect on CODS/agility in
adults, the present findings suggest that TMT, at least as
applied in studies here, did not result in performance gains
during tasks involving deceleration and reacceleration, as
imposed by COD maneuvers.

Previous meta-analyses have demonstrated greater
strength adaptations with older (> 15 years) compared to
younger participants (< 15 years) [30], in addition to greater
strength gains in pubertal and post-pubertal than pre-puber-
tal subjects [34]. Different strength-training modalites
(e.g., plyometric training, heavy resistance training, power

training) have frequently been used to improve CODS/agility
and linear sprint speed [80-82], and the results of the pre-
sent findings are somewhat surprising. Nevertheless, when
applying similar training stimuli in participants of differ-
ent training expertise and/or fitness status, less experienced
individuals achieve larger magnitudes of improvements than
more experienced subjects [26]. The presence of a ceiling
effect may explain the greater TMT effects on CODS/agility
in children compared with adolescents or adults.

Unlike the findings of increased CODS and agility for
TMT in children, there were no significant, age-related dif-
ferences of TMT effects on sport-specific performance, lin-
ear sprint speed, and lower limb muscle power. Hence, for
lower limb muscle power and linear sprint speed, similar
non-significant effects (small and large, respectively) were
observed between adults and children. For sport-specific per-
formance, adults demonstrated large effects, whereas chil-
dren demonstrated small effects despite no significant differ-
ences. Furthermore, and despite non-significant sub-group
effects of performance level, large effects were observed in
elite athletes compared to small effects in sub-elite (Table 4).
Although only four studies were conducted in athletes at an
elite level, underlining the requirement for further research
into TMT effects on performance in this population, this
finding was somewhat surprising. It is possible to interpret
these findings as indicating a role for proximal strength
training in enhancing aspects of agility in very young ath-
letes. For example, greater trunk stability after TMT could
improve performance during COD maneuvers, as a result
of TMT enhancing trunk muscle stiffness, particularly in
the abdominal obliques and paraspinals, during locomotor
tasks. In very young athletes, unlike their adult counterparts,
maturation is ongoing, and therefore it is possible that TMT
exerts a greater effect on task performance by dampening
proximal perturbation associated with sagittal limb actions,
due to the presence of continuous and/or high-velocity lin-
ear and appendicular growth phases [29]. Previous studies
have demonstrated a proximal to distal movement pattern
in sport-specific actions (e.g., gymnastic, throwing, tennis
serve), in which trunk muscles are important in the trans-
fer of forces [83—86]. Furthermore, evidence that proximal
deficits (“core dysfunction”) significantly influence lower
limb function [87], and prospectively are strongly associated
with increased risk of lower limb injury [88, 89], indirectly
supports the finding of a favorable effect of TMT on athletes’
performance at elite level. Presumably, favorable effects
of TMT on athletes’ performance may be linked to more
effective force transfer and optimized movement strategies
[83-86]. Furthermore, the trunk muscles are used to gener-
ate rotational torques around the spine [90-92]. For example,
greater gluteus and trapezius muscle activation resulted in
increased ankle (26%) [93] and rotator cuff (23-24%) [94,
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95] activation, respectively. Potentially, greater trunk muscle
strength, and/or stability, may optimize transfer, control, and
production of force and kinetic energy during sport-specific
movements.

Sub-group analyses according to sex revealed greater,
but non-significant effects in females than males for sport-
specific performance outcomes (large vs. moderate); how-
ever, effects were smaller for CODS/agility (small vs. large)
and similar for lower limb muscle power (small) and lin-
ear sprint speed (moderate). The cause of the divergence
between the sport-specific performance and CODS/agility
outcomes between sexes is unclear and may be related to
factors such as training volume, training intensity, or exper-
tise level [80—82]. Prieske et al. [23] did not include sex
as a moderator in their meta-analysis. Therefore, the pre-
sent findings are difficult to compare with the latter study.
Previously, differences in adaptations to strength training
between sexes [30, 34, 96] have been attributed to sex-spe-
cific differences in systemic anabolic hormones from the
onset of puberty [35]. Furthermore, as a training modal-
ity, TMT is not homogeneous, and typically involves dif-
ferent approaches to trunk exercise programming. Despite
these differences in approach, adaptation to TMT appears
to involve similar morphological and neurological pathways
to those elicited by strength training targeting the upper and
lower limbs [78, 81].

For maximal muscle strength and trunk muscle endur-
ance outcomes, the lack of studies including measurements
of adaptations in trunk muscles makes the comparison
between sex, age, and expertise level incomplete (Table 4).
Still, time to fatigue in an isometric position (e.g., side-
bridge position, prone bridge) was the most frequently
used measure of trunk muscle endurance. Although non-
significant, females demonstrated greater TMT effects than
males in these tests (moderate vs. small effects), adolescents
greater than adults (large vs. negative trivial effects), and
sub-elite/recreational greater than elite (moderate vs. small
effects). Of note, Prieske and colleagues [23] reported a
small-sized association between trunk muscle strength and
physical performance, in addition to a small-sized corre-
lation (r=0.16, P = 2.6%) between trunk muscle strength
and sport-specific performance. The diversity between
TMT effects on trunk muscle endurance and physical fitness
found in the present analysis may indicate that improved
trunk muscle endurance may not necessarily lead to greater
sport-related performance. For maximal muscle strength,
children displayed large effects, whereas adolescents and
adults displayed trivial and small TMT effects. Of note,
several of the maximal muscle strength tests included and
analyzed in the present paper did not adequately mimic the
movement pattern or muscle action generated in sports-
related locomotor actions [97].

4.3 Sub-Group Analyses for Training-Related
Programming Parameters

It is generally accepted that a dose—response relationship
exists between strength training volume and physiological
adaptations [27, 98]. However, TMT programs are not neces-
sarily designed to improve cross-sectional area, force output
or torque of the trunk, but may also be prescribed to enhance
the ability to stabilize the lumbo-pelvic hip complex [4, 5,
14]. For example, during a golf swing, the function of the
trunk is not to make the lumbo-pelvic hip complex rigid and
stiff via maximal trunk muscle co-activation, but rather to
provide fine control and positional alignment of the trunk
over the pelvis during motion, to optimize the production,
transfer, and control of force. In accordance with this objec-
tive, several of the TMT programs reviewed in this study
were designed to improve trunk stability, or a combination
of strength, stability, and/or endurance. This may in part
explain results from sub-group analyses of training-related
programming parameters, which did not necessarily support
a dose—response relationship for TMT as typically observed
for traditional strength-training programs. For example, non-
significantly greater effects in favor of shorter TMT periods
(<8 weeks) were found for sport-specific performance (mod-
erate vs. small) and trunk muscle endurance (moderate vs.
small). Given that the effects of block-periodization of train-
ing are well documented [99, 100], with shorter periods at
higher training frequencies demonstrated to provide a greater
stimulus to adaptation and improvements in performance-
related parameters, present findings for categories directly
related to sport-specific performance could be partly attrib-
uted to lack of evidence of periodization in TMT program-
ming. Of note, similar effects were found for linear sprint
speed (moderate) and trunk muscle strength (small); however,
there were non-significantly smaller effects on CODS/agil-
ity (small vs. large) following shorter (<8 weeks) compared
with longer training periods (> 8 weeks). Apparently, the
number of sessions conducted was of higher impact than the
overall duration of the intervention, with significantly greater
effects for more than 18 sessions on linear sprint speed (large
vs. trivial) and lower limb muscle power (small vs. negative
trivial). Interestingly, for sport-specific performance, similar
but moderate effects were found for both less and more than
18 training sessions. Since TMT was performed in addition
to, or as a substitute for, regular training sessions it is sur-
prising that fewer (< 18) sessions revealed similar effects to
those observed for a higher number of TMT sessions (> 18).
This could be due to a potential ceiling effect, whereby the
effect of TMT on performance-related gains demonstrated
saturation or, alternatively, to differences in athletes’ train-
ing experience and history, and a wide range of age and/or
expertise level [27, 98, 101] included in the studies.
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However, there were non-significantly larger effects of
TMT at a frequency of two sessions per week compared
with moderate effects for three weekly sessions of TMT on
sport-specific performance outcomes. Most importantly,
effects sizes for sessions with more than 30 min duration
were significantly larger compared with TMT effects for
shorter (<30 min) sessions (i.e., large vs. small). Although
not consistently statistically significant, longer sessions
(> 30 min) twice per week appear to be more beneficial for
gains in sport-specific performance than shorter sessions at
a higher weekly frequency. These findings are difficult to
compare directly with what has previously been reported.
For example, Prieske and colleagues [23] did not include
training-related programming parameters in their analy-
ses. Chaabene et al. [33] did report large effects of strength
training programs on CODS, whereas moderate effects
were reported for three sessions per week. Elsewhere, in a
review of studies that only included females, Moran et al.
[30] showed larger effects of strength training on strength
performance for fewer training sessions (< 16), shorter train-
ing periods (<8 weeks), and at lower weekly training fre-
quencies (<2 sessions). It is possible to speculate from this
and the present evidence that prescribing TMT at lower fre-
quencies may allow more time for recovery and potentially
enhance adaptation responses to the applied TMT training
stimuli. Furthermore, periodizing TMT in order to enhance
the potential for performance-related gains, according to
adaptations demonstrated for other training modalities, is
worthy of further investigation.

This study aimed to examine the effects of TMT on physi-
cal fitness and sport-specific performance in healthy compet-
itive athletes, and included additional analyses of potential
training- and subject-related mediator variables. The present
findings support the importance of TMT in improving both
sport-specific athlete performance and important indices
of physical fitness, specifically muscular strength, muscle
power, CODS/agility, and linear sprint speed. Potentially,
increased trunk muscle strength and/or enhanced trunk
stability as a result of TMT exposure, may be speculated
to reduce unwanted trunk displacement (e.g., trunk lateral
flexion or rotation) during sport-specific actions, thereby
optimizing the efficiency of force transfer between limbs
(e.g., from leg to leg, leg to arm, or arm to arm) and across
the trunk. Furthermore, of the subject-related moderators
examined (sex, age, and performance level), only age signifi-
cantly modulated a positive TMT effect on CODS/agility. An
explanation for this finding could be a potential ceiling effect
for TMT, whereby greater longitudinal exposure, and higher
volumes of sport training in older elite athletes reduces the
potential for TMT to exert a large, independent effect. It is
also possible that as studies examining elite athletes are lim-
ited, the present investigation was unable to detect the effect
of TMT due to heterogeneity within studies and limited

numbers of participating subjects. These findings may be
related to factors such as training volume, training inten-
sity, or, alternatively, the fact that several athletes conduct
TMT as part of a resistance training program. Importantly,
only studies examining TMT interventions were included,
and all the studies were carefully screened for information
on additional resistance training conducted [26]. Of the 31
included studies, only one study reported the performance
of additional resistance training exercises conducted with
an intensity of > 50% of the 1RM [18]. However, the study
included arm and shoulder muscles of the non-dominant
arm in elite golfers. Still, unilateral resistance exercises have
proven to increase the contralateral trunk muscles signifi-
cantly in acute studies [8, 102]. Isolated versus integrated
trunk exercises (e.g., compound lifts like deadlift and squat)
is an on-going debate regarding TMT. Based on the methods
described in included studies, the authors can neither reject
nor support the proposal that present findings for effects of
TMT in athletes may be attributable to, or affected by, other
factors, and certainly debate is on-going as to the relative
benefits of applying isolated versus integrated trunk exer-
cises (e.g., compound actions, such as deadlift and squat)
within TMT. A strength of the present investigation is that
only studies that compared TMT with an active control
group were included, to reduce the potential for regular
training to bias outcomes in a sport-specific manner. Trunk
adaptation, in response to sports-specific actions, is likely
to vary according to activities regularly performed within
a sports code; therefore the inclusion of non-TMT trained
athletes, who otherwise trained at the same volume as their
TMT counterparts, limits the potential for sport-dependent
effects on trunk muscle adaptation to affect comparison
between studies included in this paper.

4.4 Limitations

This study has some limitations that need to be addressed.
TMT is not a straight-forward concept involving homo-
geneous exercise programming, and can include trunk
stability, trunk strength, trunk endurance, or a combina-
tion of these training types [4, 5, 15]. It is possible that
differences in TMT methodology contributed to different
effects on physical fitness outcomes, and this may explain
the observed evidence of considerable heterogeneity found
in the present analysis, which ranged from low to high
(I’ =28-81%), with>75% rated as considerable [52]. In
a sports-performance setting, TMT is never conducted in
isolation but in combination with other training types (i.e.,
endurance, strength, power) and regular physical fitness
training. The impact of TMT may therefore be blurred by
adaptation attributable to other training types. For exam-
ple, several studies have reported similar or greater trunk
muscle activation during lower limb heavy resistance
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training than during isolated trunk exercises [24, 25, 103].
Nevertheless, the authors only included comparable stud-
ies in this review, which is a strength of the assessment
of TMT on sport-specific and physical fitness outcomes.
Even though the present review included double the num-
ber of studies compared with the previous meta-analysis
by Prieske and colleagues [23], limited studies were found
in elite athletes and in females. Additionally, the long-
term effects of TMT on sport-specific performance are
still unclear, given that mean intervention duration within
included studies was only 9 weeks. Furthermore, none of
the included studies examining adolescents reported mat-
uration offsets, but only chronological age. Finally, it is
recommended that future studies should clearly describe
programming parameters such as number of sets and/or
repetitions, intensity (using rate of perceived exertion),
and session duration and frequency, in order to enable
direct comparison of dose-response effects of TMT on
performance outcomes in athletes. Given the potential for
multidimensionality within TMT protocols, factors such
as condition of prescription (use of external load vs. limb-
load only) and emphasis on execution (muscle-specific vs.
generalized trunk stiffness) require additional investigation,
in order to assess whether determinants of TMT influence
the effects on physical fitness and sport-specific perfor-
mance in athletes.

5 Conclusions

TMT is an important complement to sport-specific training
in athletes. This meta-analysis found moderate effects for
TMT on sport-specific performance, small-to-large effects
on physical fitness, and moderate effects on trunk muscle
endurance, when compared with non-TMT supplemented
active controls. Potential moderator variables of TMT effects
such as age, sex, and expertise level appear to have a minor
effect on the overall outcomes. Based on our findings, we
recommend that strength and conditioning coaches adminis-
ter longer TMT training interventions (> 18 sessions) and/or
employ short session durations (<30 min) to improve lower
limb muscle power, linear sprint speed, and CODS/agility.
Longer sessions (> 30 min) at a frequency of twice per week
appear more effective to improve sport-specific performance
in athletes. Future TMT intervention studies are needed in
elite athletes and females to increase our knowledge of TMT
effects in elite performance populations and to investigate
whether these vary in a sex-dependent manner. In addition,
as TMT is not homogeneous and includes a variety of train-
ing modalities, further studies are needed to examine the
effects of different TMT approaches on sport-specific param-
eters and physical performance outcomes.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s40279-021-01637-0.

Declarations

Data availability statement The datasets generated and/or analyzed
during the current study are available from the corresponding author
upon reasonable request.

Funding Open Access funding enabled and organized by Projekt
DEAL.

Conflicts of interest Atle Hole Saeterbakken, Nicolay Stien, Vidar An-
dersen, Suzanne Scott, Kristoffer Cumming, David G. Behm, Urs Gra-
nacher, and Olaf Prieske declare that there are no conflicts of interest
relevant to the content of this paper.

Authorship contributions AHS conceived the original idea and wrote
the first draft of the manuscript, conducted the search strategy, scored
the included papers, and extracted the data from the included studies.
NS screened potential papers, scored the included papers, and provided
critical feedback and input. VA scored the included papers, provided
critical feedback and input. SS provided critical feedback, commented
on the manuscript, and contributed to the interpretation of the findings.
KTC provided critical feedback, comments, and input, DGB provided
critical feedback, comments, and input. UG provided critical feedback,
input, and interpretation of the findings. OP analyzed the data, made
the figures, helped with supervision of the project, provided critical
feedback, comments and input. All authors read and approved the final
manuscript.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Stuber KJ, Bruno P, Sajko S, Hayden JA. Core stability exercises
for low back pain in athletes: a systematic review of the literature.
Clin J Sport Med. 2014;24(6):448-56.

2. Chang WD, Lin HY, Lai PT. Core strength training for patients
with chronic low back pain. J Phys Ther Sci. 2015;27(3):619-22.

3. Lederman E. The myth of core stability. ] Bodyw Mov Ther.
2010;14(1):84-98.

4. Kibler WB, Press J, Sciascia A. The role of core stability in
athletic function. Sports Med. 2006;36(3):189-98.

5. Borghuis J, Hof AL, Lemmink KA. The importance of sensory-
motor control in providing core stability: implications for meas-
urement and training. Sports Med. 2008;38(11):893-916.

6. Comerford MJ, Mottram SL. Movement and stability dysfunc-
tion—contemporary developments. Man Ther. 2001;6(1):15-26.

7. Saeterbakken AH, Loken E, Scott S, Hermans E, Vereide VA,
Andersen V. Effects of ten weeks dynamic or isometric core


https://doi.org/10.1007/s40279-021-01637-0
http://creativecommons.org/licenses/by/4.0/

1620

A. H. Saeterbakken et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

training on climbing performance among highly trained climb-
ers. PLoS ONE. 2018;13(10):e0203766.

Saeterbakken AH, Fimland MS. Muscle activity of the core dur-
ing bilateral, unilateral, seated and standing resistance exercise.
Eur J Appl Physiol. 2012;112(5):1671-8.

Bergmark A. Stability of the lumbar spine. A study in mechanical
engineering. Acta Orthop Scand Suppl. 1989;230:1-54.
Akuthota V, Nadler SF. Core strengthening. Arch Phys Med
Rehabil. 2004;85(3 Suppl 1):S86-92.

Richardson C, Jull G, Hodges P. Therapeutic exercise for spi-
nal segmental stabilization in low back pain: scientific basis and
clinical approach. Edinburgh: Churchill Livingstone; 1999.
Hibbs AE, Thompson KG, French D, Wrigley A, Spears I.
Optimizing performance by improving core stability and core
strength. Sports Med. 2008;38(12):995-1008.

Dingenen B, Blandford L, Comerford M, Staes F, Mottram S.
The assessment of movement health in clinical practice: a mul-
tidimensional perspective. Phys Ther Sport. 2018;32:282-92.
Willardson JM. Core stability training: applications to sports
conditioning programs. J Strength Cond Res. 2007;21(3):979-85.
Reed CA, Ford KR, Myer GD, Hewett TE. The effects of isolated
and integrated “core stability” training on athletic performance
measures: a systematic review. Sports Med. 2012;42(8):697-706.
Saeterbakken AH, van den Tillaar R, Seiler S. Effect of core
stability training on throwing velocity in female handball players.
J Strength Cond Res. 2011;25(3):712-8.

Tse MA, McManus AM, Masters RS. Development and vali-
dation of a core endurance intervention program: implications
for performance in college-age rowers. J Strength Cond Res.
2005;19(3):547-52.

Sung DJ, Park SJ, Kim S, Kwon MS, Lim YT. Effects of core
and non-dominant arm strength training on drive distance in elite
golfers. J Sport Health Sci. 2016;5(2):219-25.

Weston M, Hibbs AE, Thompson KG, Spears IR. Isolated core
training improves sprint performance in national-level junior
swimmers. Int J Sports Physiol Perform. 2015;10(2):204-10.
Patil D, Salian SC, Yardi S. The effect of core strengthening on
performance of young competitive swimmers. Int J of Sci and
Res. 2014;3(6):2470-7.

Behm DG, Drinkwater EJ, Willardson JM, Cowley PM, Cana-
dian Society for Exercise P. Canadian Society for Exercise Physi-
ology position stand: the use of instability to train the core in
athletic and nonathletic conditioning. Appl Physiol Nutr Metab.
2010;35(1):109-12.

Granacher U, Gollhofer A, Hortobagyi T, Kressig RW, Mue-
hlbauer T. The importance of trunk muscle strength for balance,
functional performance, and fall prevention in seniors: a system-
atic review. Sports Med. 2013;43(7):627-41.

Prieske O, Muehlbauer T, Granacher U. The role of trunk muscle
strength for physical fitness and athletic performance in trained
individuals: a systematic review and meta-analysis. Sports Med.
2016;46(3):401-19.

Nuzzo JL, McCaulley GO, Cormie P, Cavill MJ, McBride JM.
Trunk muscle activity during stability ball and free weight exer-
cises. J Strength Cond Res. 2008;22(1):95-102.

Hamlyn N, Behm DG, Young WB. Trunk muscle activation dur-
ing dynamic weight-training exercises and isometric instability
activities. J Strength Cond Res. 2007;21(4):1108-12.
Suchomel TJ, Nimphius S, Bellon CR, Stone MH. The impor-
tance of muscular strength: training considerations. Sports Med.
2018;48(4):765-85.

Rhea MR, Alvar BA, Burkett LN, Ball SD. A meta-analysis to
determine the dose response for strength development. Med Sci
Sports Exerc. 2003;35(3):456-64.

Stratton G, Oliver JL. Strength and Conditioning for Young Ath-
letes Routledge; 2019.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Kokstejn J, Musalek M, Wolanski P, Murawska-Cialowicz E,
Stastny P. Fundamental motor skills mediate the relationship
between physical fitness and soccer-specific motor skills in
young soccer players. Front Physiol. 2019;10:596.

Moran J, Sandercock G, Ramirez-Campillo R, Clark CCT, Fer-
nandes JFT, Drury B. A Meta-analysis of resistance training in
female youth: its effect on muscular strength, and shortcomings
in the literature. Sports Med. 2018;48(7):1661-71.

Lesinski M, Prieske O, Granacher U. Effects and dose-response
relationships of resistance training on physical performance
in youth athletes: a systematic review and meta-analysis. Br J
Sports Med. 2016;50(13):781-95.

Behringer M, Vom Heede A, Yue Z, Mester J. Effects of resist-
ance training in children and adolescents: a meta-analysis. Pedi-
atrics. 2010;126(5):e1199-210.

Chaabene H, Prieske O, Moran J, Negra Y, Attia A, Granacher
U. Effects of resistance training on change-of-direction speed in
youth and young physically active and athletic adults: a system-
atic review with meta-analysis. Sports Med. 2020;50(8):1483-99.
Moran J, Sandercock GR, Ramirez-Campillo R, Meylan C, Colli-
son J, Parry DA. A meta-analysis of maturation-related variation
in adolescent boy athletes’ adaptations to short-term resistance
training. J Sports Sci. 2017;35(11):1041-51.

Zhang J, Peddada SD, Malina RM, Rogol AD. Longitudinal
assessment of hormonal and physical alterations during normal
puberty in boys/ VI. Modeling of growth velocity, mean growth
hormone (GH mean), and serum testosterone (T) concentrations.
Am J Hum Biol. 2000;12(6):814-24.

Shamseer L, Moher D, Clarke M, Ghersi D, Liberati A, Pet-
ticrew M, et al. Preferred reporting items for systematic review
and meta-analysis protocols (PRISMA-P) 2015: elaboration and
explanation. BMJ. 2015;350:27647.

Moher D, Shamseer L, Clarke M, Ghersi D, Liberati A, Petticrew
M, et al. Preferred reporting items for systematic review and
meta-analysis protocols (PRISMA-P) 2015 statement. Syst Rev.
2015;1(4):1.

Doganay M, Bingiil BM, Alvarez-Garcia C. Effect of core train-
ing on speed, quickness and agility in young male football play-
ers. J Sports Med Phys Fitness. 2020;60(9):1240-6.

Dahl KS, van den Tillaar R. The effect of eight weeks of sling-
based training with rotational core exercises on ball velocity in
female team handball players. J Hum Kinet. 2021;77(1):261-72.
Mabher CG, Sherrington C, Herbert RD, Moseley AM, Elkins M.
Reliability of the PEDro scale for rating quality of randomized
controlled trials. Phys Ther. 2003;83(8):713-21.

Grgic J, Lazinica B, Mikulic P, Krieger JW, Schoenfeld BJ. The
effects of short versus long inter-set rest intervals in resistance
training on measures of muscle hypertrophy: a systematic review.
Eur J Sport Sci. 2017;17(8):983-93.

Kummel J, Kramer A, Giboin LS, Gruber M. Specificity of bal-
ance training in healthy individuals: a systematic review and
meta-analysis. Sports Med. 2016;46(9):1261-71.

Thiele D, Prieske O, Chaabene H, Granacher U. Effects of
strength training on physical fitness and sport-specific perfor-
mance in recreational, sub-elite, and elite rowers: A systematic
review with meta-analysis. J Sports Sci. 2020;38(10):1186-95.

Higgins JPT, Green S. Cochrane handbook for systematic reviews
of interventions. New Jersey: Wiley-Blackwell; 2008.

Kelley GA, Kelley KS. Statistical models for meta-analysis: a
brief tutorial. World J Methodol. 2012;2(4):27-32.

Andrel JA, Keith SW, Leiby BE. Meta-analysis: A brief introduc-
tion. Clin Transl Sci. 2009;2(5):374-8.

Hedges LV, Olkin I. Statistical methods for meta-analysis. San
Diego: Academic Press; 1985.

Durlak JA. How to select, calculate, and interpret effect sizes. J
Pediatr Psychol. 2009;34(9):917-28.



Trunk Muscle Training and Sport-Specific Performance

1621

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Araujo CG, Scharhag J. Athlete: a working definition for
medical and health sciences research. Scand J Med Sci Sports.
2016;26(1):4-7.

Cohen J. Statistical power analysis for the behavioral sciences.
2nd ed. Hillsdale: Lawrence Erlbaum; 1988.

Liberati A, Altman DG, Tetzlaff J, Mulrow C, Gotzsche PC, Ioan-
nidis JP, et al. The PRISMA statement for reporting systematic
reviews and meta-analyses of studies that evaluate health care
interventions: explanation and elaboration. J Clin Epidemiol.
2009;62(10):e1-34.

Higgins JP, Thompson SG, Deeks JJ, Altman DG. Measuring
inconsistency in meta-analyses. BMJ. 2003;327(7414):557-60.
Kuhn L, Weberruss H, Horstmann T. Effects of core stability
training on throwing velocity and core strength in female hand-
ball players. J Sports Med Phys Fitness. 2019;59(9):1479-86.
Manchado C, Garcia-Ruiz J, Cortell-Tormo JM, Tortosa-Mar-
tinez J. Effect of core training on male handball players’ throwing
velocity. J Hum Kinet. 2017;56:177-85.

Sharma A, Geovinson SG, Singh SJ. Effects of a nine-week core
strengthening exercise program on vertical jump performances
and static balance in volleyball players with trunk instability. J
Sports Med Phys Fitness. 2012;52(6):606—-15.

Clark AW, Goedeke MK, Cunningham SR, Rockwell DE,
Lehecka BJ, Manske RC, et al. Effects of pelvic and core strength
training on high school cross-country race times. J Strength Cond
Res. 2017;31(8):2289-95.

Hung KC, Chung HW, Yu CC, Lai HC, Sun FH. Effects of
8-week core training on core endurance and running economy.
PLoS ONE. 2019;14(3):e0213158.

Sato K, Mokha M. Does core strength training influence running
kinetics, lower-extremity stability, and 5000-M performance in
runners? J Strength Cond Res. 2009;23(1):133—40.

Kim K-J. Effects of core muscle strengthening training on flex-
ibility, muscular strength and driver shot performance in female
professional golfers. Int J of Appl Sports Sci. 2010;20(1):111-27.
Karpinski J, Rejdych W, Brzozowska D, Golas A, Sadowski W,
Swinarew AS, et al. The effects of a 6-week core exercises on
swimming performance of national level swimmers. PLoS ONE.
2020;15(8):¢0227394.

Mills JD, Taunton JE, Mills WA. The effect of a 10-week train-
ing regimen on lumbo-pelvic stability and athletic performance
in female athletes: a randomized-controlled trail. Physl Ther in
Sport. 2005;6:60-6.

Butcher SJ, Craven BR, Chilibeck PD, Spink KS, Grona SL,
Sprigings EJ. The effect of trunk stability training on vertical
takeoff velocity. J Orthop Sports Phys Ther. 2007;37(5):223-31.
Afyon YA. Effect of core training on 16 year-old soccer players.
Educ Res Rev. 2014;19(9):1275-9.

Afyon YA. The effect of core training on some motoric features
of University footballers. J Educ Train Stud. 2019;7(3):79-85.
Genc H, Cigerci AE, Sever O. Effect of 8-week core training
exercises on physical and physiological parameters of female
handball players. Phys Educ Stud. 2019;23(6):297-305. https://
doi.org/10.15561/20755279.2019.0604.

Vigneshwaran G. Impact of core training on speed among soccer
players. Int J dv Res Innov Ideas Educ. 2017;3:4192—4.

Taskin C. Effect of core training program on physical func-
tional performance in female soccer players. Int Educ Stud.
2016;9(5):115-23.

Aslan AK, Erkmen N, Aktas S, Giiven F. Postural control and
functional performance after core training in young soccer play-
ers. Mov Health Exerc. 2018;7(2):23-38.

Gencer YG. Effects of 8-week core exercises on free style swim-
ming performance of female swimmers aged 9-12. Asian J Edu
Train. 2018;4(3):182-5.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Genc H, Cigerci AE. The effect of core exercise on body com-
position, selected strength and performance skills in child soccer
players. Intl J Appl Exerc Phys. 2020;9(6):108-16.

Hoshikawa Y, Iida T, Muramatsu M, Ii N, Nakajima Y, Chumank
K, et al. Effects of stabilization training on trunk muscularity and
physical performances in youth soccer players. J Strength Cond
Res. 2013;27(11):3142-9.

Fernandez-Fernandez J, Ellenbecker T, Sanz-Rivas D,
Ulbricht A, Ferrautia A. Effects of a 6-week junior tennis
conditioning program on service velocity. J Sports Sci Med.
2013;12(2):232-9.

Ozmen T, Aydogmus M. Effect of core strength training on
dynamic balance and agility in adolescent badminton players. J
Bodyw Mov Ther. 2016;20(3):565-70.

Ozmen T, Aydogmus M, Yana M, Simsek A. Effect of core
strength training on balance, vertical jump height and throwing
velocity in adolescent male handball players. J Sports Med Phys
Fitness. 2020;60(5):693-9.

Farhan AF, Justine M, Mahammed SK. Effect of training pro-
gram on physical performance in junior male Malaysian soccer
players. J Phys Edu Sport. 2013;13(2):238-43.

Bayrakdar A, Boz HK, Isildar O. The investigation of the effect
of static and dynamic core training on performance on football
players. Turk J of Sport and Exer. 2020;22(1):87-95.
Panagoulis C, Chatzinikolaou A, Avloniti A, Leontsini D, Deli
CK, Draganidis D, et al. In-season integrative neuromuscular
strength training improves performance of early-adolescent soc-
cer athletes. J Strength Cond Res. 2020;34(2):516-26.

Folland JP, Williams AG. The adaptations to strength train-
ing : morphological and neurological contributions to increased
strength. Sports Med. 2007;37(2):145-68.

Wernbom M, Augustsson J, Thomee R. The influence of fre-
quency, intensity, volume and mode of strength training on
whole muscle cross-sectional area in humans. Sports Med.
2007;37(3):225-64.

Brughelli M, Cronin J, Levin G, Chaouachi A. Understanding
change of direction ability in sport: a review of resistance train-
ing studies. Sports Med. 2008;38(12):1045-63.

Suchomel TJ, Nimphius S, Stone MH. The importance of
muscular strength in athletic performance. Sports Med.
2016;46(10):1419-49.

Paul DJ, Gabbett TJ, Nassis GP. Agility in team sports: test-
ing, training and factors affecting performance. Sports Med.
2016;46(3):421-42.

Kibler WB. Clinical biomechanics of the elbow in tennis: impli-
cations for evaluation and diagnosis. Med Sci Sports Exerc.
1994;26(10):1203-6.

von Lassberg C, Rapp W, Mohler B, Krug J. Neuromuscu-
lar onset succession of high level gymnasts during dynamic
leg acceleration phases on high bar. J Electromyogr Kinesiol.
2013;23(5):1124-30.

Joris HJ, van Muyen AlJ, van Ingen Schenau GJ, Kemper HC.
Force, velocity and energy flow during the overarm throw in
female handball players. J Biomech. 1985;18(6):409-14.
Putnam CA. Sequential motions of body segments in striking
and throwing skills: descriptions and explanations. J Biomech.
1993;26(Suppl 1):125-35.

Chuter VH, Janse de Jonge XA. Proximal and distal contributions
to lower extremity injury: a review of the literature. Gait Posture.
2012;36(1):7-15.

Willson JD, Dougherty CP, Ireland ML, Davis IM. Core stability
and its relationship to lower extremity function and injury. J Am
Acad Orthop Surg. 2005;13(5):316-25.

De Blaiser C, Roosen P, Willems T, Danneels L, Bossche LV,
De Ridder R. Is core stability a risk factor for lower extremity


https://doi.org/10.15561/20755279.2019.0604
https://doi.org/10.15561/20755279.2019.0604

1622

A. H. Saeterbakken et al.

90.

91.

92.

93.

94.

95.

96.

injuries in an athletic population? A systematic review. Phys
Therapy Sport. 2018;30:48-56.

Marshall RN, Elliott BC. Long-axis rotation: the missing
link in proximal-to-distal segmental sequencing. J Sports Sci.
2000;18(4):247-54.

Kibler WB. Biomechanical analysis of the shoulder during tennis
activities. Clin Sports Med. 1995;14(1):79-85.

Hirashima M, Kadota H, Sakurai S, Kudo K, Ohtsuki T.
Sequential muscle activity and its functional role in the upper
extremity and trunk during overarm throwing. J Sports Sci.
2002;20(4):301-10.

van ingen Schenau GJ, Bobbert MF, Rozendahl RH. The unique
action of bi-articulate muscles in complex movements. J Anat.
1987;155:1-5.

Kebaetse M, McClure P, Pratt NA. Thoracic position effect on
shoulder range of motion, strength, and three-dimensional scapu-
lar kinematics. Arch Phys Med Rehabil. 1999;80(8):945-50.
Kibler WB, Sciascia A, Dome D. Evaluation of apparent and
absolute supraspinatus strength in patients with shoulder
injury using the scapular retraction test. Am J Sports Med.
2006;34(10):1643-7.

Moran JJ, Sandercock GR, Ramirez-Campillo R, Meylan
CM, Collison JA, Parry DA. Age-related variation in male
youth athletes’ countermovement jump after plyometric

Authors and Affiliations

Atle H. Saeterbakken'® - Nicolay Stien'® - Vidar Andersen’
David G. Behm*® - Urs Granacher*® - Olaf Prieske®
>< Olaf Prieske

prieske @thsmp.de

Atle H. Saeterbakken
atle.saeterbakken @hvl.no

Department of Sport, Food and Natural Sciences, Faculty
of Education, Arts and Sports, Western Norway University
of Applied Sciences, Campus Sogndal, Rgyrgata 6,

6856 Sogndal, Norway

Department of Sport and Health Sciences, University
of Exeter, Exeter, UK

97.

98.

99.

100.

101.

102.

103.

training: a meta-analysis of controlled trials. J Strength Cond
Res. 2017;31(2):552-65.

Behm DG, Sale DG. Velocity specificity of resistance training.
Sports Med. 1993;15(6):374-88.

Figueiredo VC, de Salles BF, Trajano GS. Volume for muscle
hypertrophy and health outcomes: the most effective variable in
resistance training. Sports Med. 2018;48(3):499-505.
Ronnestad BR, Hansen J, Ellefsen S. Block periodization of high-
intensity aerobic intervals provides superior training effects in
trained cyclists. Scand J Med Sci Sports. 2014;24(1):34-42.
Ronnestad BR, Hansen J, Thyli V, Bakken TA, Sandbakk O.
5-week block periodization increases aerobic power in elite
cross-country skiers. Scand J Med Sci Sports. 2016;26(2):140-6.
Borde R, Hortobagyi T, Granacher U. Dose-Response relation-
ships of resistance training in healthy old adults: a systematic
review and meta-analysis. Sports Med. 2015;45(12):1693-720.
Behm DG, Leonard AM, Young WB, Bonsey WAC, MacKinnon
SN. Trunk muscle electromyographic activity with unstable and
unilateral exercises. J Strength Cond Res. 2005;19(1):193-201.
Saeterbakken AH, Chaudhari A, van den Tillaar R, Andersen V.
The effects of performing integrated compared to isolated core
exercises. PLoS ONE. 2019;14(2):2216.

- Suzanne Scott? - Kristoffer T. Cumming?®

Faculty of Health and Welfare, @stfold University College,
Halden, Norway

School of Human Kinetics and Recreation, Memorial
University of Newfoundland, St. John’s, NL, Canada

Division of Training and Movement Sciences, Research
Focus Cognitive Sciences, University of Potsdam, Potsdam,
Germany

Division of Exercise and Movement, University of Applied
Sciences for Sports and Management Potsdam, Potsdam,
Germany


http://orcid.org/0000-0002-5592-6551
http://orcid.org/0000-0001-5161-9055
http://orcid.org/0000-0002-3496-8517
http://orcid.org/0000-0002-7536-3194
http://orcid.org/0000-0002-9406-6056
http://orcid.org/0000-0002-7095-813X
http://orcid.org/0000-0003-4475-4413

	The Effects of Trunk Muscle Training on Physical Fitness and Sport-Specific Performance in Young and Adult Athletes: A Systematic Review and Meta-Analysis
	Abstract
	Background 
	Objective 
	Data Sources 
	Study Eligibility Criteria 
	Study Appraisal and Synthesis Methods 
	Results 
	Conclusions 

	1 Introduction
	2 Methods
	2.1 Search Strategy
	2.2 Selection Criteria
	2.3 Study Quality
	2.4 Data Extraction
	2.5 Statistical Analyses

	3 Results
	3.1 Study Characteristics
	3.2 Main Analyses
	3.2.1 Trunk and Local Muscle Endurance
	3.2.2 Strength and Power
	3.2.3 Linear Sprint Speed and CODSAgility
	3.2.4 Sport-Specific Performance

	3.3 Participant-Related Moderating Variables
	3.4 Training-Related Programming Parameters

	4 Discussion
	4.1 Main Analyses
	4.2 Sub-Group Analyses of the Subject-Related Moderator Variables
	4.3 Sub-Group Analyses for Training-Related Programming Parameters
	4.4 Limitations

	5 Conclusions
	References




