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ABSTRACT  

Preliminary evidence indicates that age-related changes in trunk muscle morphology and 

function are associated with decreased balance and increased falls risk. However, the 

associations between trunk muscle morphology, strength, and functional ability, as well as 

the trainability of these muscles are not well established. Therefore, the aims of this thesis 

were to identify the relationships between trunk muscle morphology, strength, and 

functional ability and to determine the effects of exercise training on these outcomes in 

healthy older adults. 

We initially undertook a systematic review to determine the effect of exercise training 

on trunk muscle morphology. Our results identified motor control and machine-based 

exercises targeting the trunk muscles resulted in the largest change in the trunk muscle 

morphology.   

Using a cross-sectional design, we then explored the relationships between trunk muscle 

morphology, strength, and functional ability in 64 older adults. Our results showed anterior 

and lateral abdominal and posterior trunk muscle size and strength were positively 

associated with functional ability. 

Finally, we conducted a randomised clinical trial investigating the effectiveness of a 12-

week exercise programme on trunk muscle size, strength, and functional ability. Sixty-four 

individuals (mean(SD) age 69.8 (7.5) years; 59.4% female) were randomised to receive a 

multimodal exercise program comprising walking and balance exercises with or without 

strength/motor control training of the trunk muscles. Participants performing the trunk 

strengthening exercises experienced larger increases (mean difference [95%CI]) in trunk 
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muscle hypertrophy (1.6 [1.0,  2.2] cm) and composite trunk strength (172.6 [100.8,  244.5] 

N), as well as 30-Second Chair Stand Test (5.9 [3.3, 8.4] repetitions), Sitting and Rising 

Test (1.2 [0.22, 2.2] points), Forward Reach Test (4.2 [1.8, 6.6] cm), Backward Reach Test 

(2.4 [0.22, 4.5] cm), and Timed Up and Go Test (-0.74 [-1.4, -0.03] seconds) outcomes. 

 These findings further our understanding regarding 1) the relationships between trunk 

muscle morphology, strength, and functional ability and 2) appropriate exercise 

prescription aimed at improving these outcomes in older individuals.  
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Background 

Perspective: Aging process and changes in physical/functional ability  

The progressive loss of skeletal muscle size and function (strength) with aging is known 

as Sarcopenia [1-3], and is often accompanied by a decrease in functional ability in older 

adults [2, 4-7]. These degenerative changes are in turn associated with reduced quality of 

life [8] and an increased risk of falls [9]. Falls are a major health concern among older 

adults, in terms of amplifying risks of injury, disability, socioeconomic burden, and 

mortality [10]. Thus improved falls prevention strategies are an important primary 

healthcare target for older adults [11].   

Studies investigating the associations between age-related decrements in muscle strength 

and functional outcomes in older adults have overwhelmingly focused on peripheral 

musculature, through examining handgrip and knee extensor strength [4, 12-14]. These 

studies have provided empirical support for the benefits of multimodal exercise programs 

incorporating balance and resistance-based training of the peripheral musculature in 

reducing both the rate and risk of falls in older adults [15, 16]. More recently, studies have 

focused on age-related changes in the trunk musculature [9, 17-19] due to the important 

role of these muscles in performing activities of daily living. These studies have identified 

positive relationships between the trunk musculature with balance, mobility, and falls 

prevention in older adults [6, 20, 21].  

This chapter will firstly provide a brief overview of the previously published literature 

investigating the associations between trunk muscle morphology (size), strength and 

functional ability in older adults. This chapter will then briefly describe key studies which 

have investigated the effects of exercise programs targeting the trunk muscles, and whether 

these exercise programs resulted in improved balance and functional ability in older adults.  
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The association between trunk muscle morphology (size) and strength in older adults 

Andersen et al [22] examined the association between trunk muscle morphology 

(Computed Tomography of trunk muscle cross-sectional area and attenuation) and trunk 

extension strength in mobility-limited community-dwelling older adults (≥65 y.o.). The 

authors [22] demonstrated strong associations between trunk muscle cross-sectional area 

and absolute strength across all studied muscles (r=0.47-0.61; anterior abdominal muscles, 

posterior abdominal muscles, paraspinal muscles, and combined). 

 

The association between trunk muscle morphology (size) and functional ability in 

older adults  

Hicks et al [6] conducted a cross-sectional study to investigate the relationship between 

trunk muscle morphology (lumbar paraspinal, lateral abdominal, and rectus abdominis 

muscles) and performance in functional tasks on the Health ABC Performance Battery. The 

authors [6] found that after controlling for covariates (age, sex, race, height, total body fat 

and thigh muscle composition), the average trunk muscle area was not significantly 

associated with performance in functional tasks on the Health ABC Physical Performance 

Battery (specifically usual and narrow walk, chair stands, and standing balance tasks) in 

healthy older adults (70-79 y.o.). However, the authors [6] also revealed that higher fat 

infiltration, measured by reduced muscle attenuation in Computed Tomography (CT) 

images, was significantly and negatively associated with performance in functional tasks on 

the Health ABC Physical Performance Battery, explaining about 13% of the variance in 

performance, while thigh muscle attenuation explained only 5.5% of the variance. In other 

words, Hicks et al [6] indicated that fat infiltration in trunk muscles (a measure of muscle 

quality) was predictive of functional performance in older adults, while trunk muscle 
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morphology explained little of the observed variance in performance of these functional 

tasks in this cross-sectional study. 

 

The association between trunk muscle strength and functional ability in older adults 

Several cross-sectional studies [17-20] examined the association between trunk muscle 

strength and functional ability (balance and mobility) in older adults, and these studies [17-

20] generally demonstrate small to moderate significant associations (r=0.21-0.43) between 

trunk muscle strength and balance or functional performance in older adults. However the 

associations between measures of trunk muscle strength and functional ability in older 

adults require further investigation due to high levels of heterogeneity [21] in the study 

cohorts (e.g. clinical, healthy) and the adopted testing methodology between these cross-

sectional studies [17-20]. For these reasons, a recent systematic review suggested the need 

for additional well-designed cross sectional studies to investigate the associations between 

measures of trunk muscle strength and functional ability in older adults [21]. 

 

The effects of exercise program (s) on trunk muscle morphology (size) in older adults  

Kliziene et al examined [23] changes in the cross-sectional area of the lumbar multifidus 

muscle in healthy older women following a 32-week trunk strengthening exercise program 

comprising motor control exercises. The authors [23] indicated that there was significant 

hypertrophy in the cross-sectional area of the lumbar multifidus muscle (25.8% and 68.4% 

by week 16 and 32, respectively) in older women. On the other hand, Ryan et al. [24] 

compared the effects of a 24-week aerobic exercise program (treadmills and elliptical 

trainers) with diet-induced weight loss against diet-induced weight loss without exercise on 

trunk muscle composition (cross-sectional area of the erector spinae, psoas, rectus 
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abdominis and lateral abdominal muscles) in overweight and obese older women. The 

authors [24] found no between group differences in trunk muscle area after 24 weeks, with 

both groups demonstrating reduced cross-sectional area in most muscles studied.  Together 

these studies imply that motor control exercises can lead to trunk muscle hypertrophy 

(specifically lumbar multifidus), but aerobic exercise programs focusing on walking-based 

exercises will not increase trunk muscle morphology.  

 

The effects of exercise program(s) on trunk muscle strength and functional ability in 

older adults  

A recent systematic review conducted by Granacher et al [21] examined the effects of 

trunk strengthening exercise programs on trunk muscle strength and functional ability 

(balance and mobility) in older adults. Based on the findings of the review [21], trunk 

strengthening exercises have demonstrated significant improvements in trunk muscle 

strength, and these improvements translated to improved functional ability in older adults. 

It was noted however, that the benefits of trunk strengthening exercises on function and 

balance in older adults required further investigation, since studies included within the 

systematic review were generally low quality. 

 

Aims and hypotheses of this dissertation 

The extant literature suggests small to moderate significant associations between trunk 

muscle strength and functional ability in older adults, while the relationship between trunk 

muscle morphology and functional ability appears less clear. Additionally, trunk muscle 

morphology and strength appear to respond positively to targeted exercise programs 

incorporating motor control exercises in older adults, and increases in trunk muscle strength 
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are associated with improvements in functional ability. There are however, limited studies 

which have examined these relationships and changes in trunk muscle morphology, 

strength and functional ability in response to a multimodal exercise program within a 

randomised controlled trial. The aims of this dissertation therefore, were to determine the 

relationships between trunk muscle morphology (size), strength, and functional ability; and 

to empirically examine the effects of an exercise program on these outcomes in healthy 

older adults, through three main studies. Specifically, we sought to i) systematically review 

extant literature (Chapter 2) investigating the effectiveness of different exercise programs 

on trunk muscle morphology; ii) explore the associations between trunk muscle 

morphology, strength, and functional ability in healthy older adults using a cross-sectional 

study design (Chapter 4); and iii) determine the effectiveness of a 12-week supervised 

multimodal exercise program comprising of walking and balance exercises, with or without 

trunk strengthening/motor control exercises on trunk muscles morphology, strength, and 

functional ability in healthy older adults through a single-blinded parallel group 

randomized controlled trial (Chapter 5). 

The hypotheses of this dissertation correspond to each of the studies listed above, and 

are as follows: 

i. Systematic review (Chapter 2):  Targeted exercise program (s) recruiting the trunk 

musculature will alter trunk muscle morphology. Secondly, more intense forms of 

exercise such as machine-based resistance training, will demonstrate the largest 

effects on trunk muscle morphology.  

ii. Cross-sectional study (Chapter 4): There will be positive relationships between  

a) trunk muscle morphology and functional ability,  

b) trunk muscle strength and functional ability, and   
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c) trunk muscle morphology and strength in healthy older adults. 

iii. Randomized controlled trial (Chapter 5): Compared to a time-matched supervised 

walking and balance exercise program alone, the addition of trunk 

strengthening/motor control exercises will lead to:   

a) greater increases in trunk muscles morphology (size),  

b) greater increases in trunk muscles strength, and  

c) greater improvements in functional ability in healthy older adults. 

 

Overview of this dissertation  

This dissertation consists of six chapters. Chapter 1 (this chapter) provides an 

introduction to the dissertation, and is followed by Chapter 2 (the systematic review). 

Chapter 3 (general methods) provides an overview of the general procedures used in the 

cross-sectional study (Chapter 4), and randomized controlled trial (Chapter 5). Finally, 

Chapter 6 (general discussion) provides an overview and summary of the findings of this 

dissertation, the implications of these findings, and recommendations for future research. 
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Abstract 

Background Skeletal muscle plays an important role in maintaining the stability of the 

lumbar region. However, there is conflicting evidence regarding the effects of exercise on 

trunk muscle morphology. 

Objective To systematically review the literature on the effects of exercise training on 

lower trunk muscle morphology to determine the comparative effectiveness of different 

exercise interventions. 

Data Source and Study Selection A systematic search strategy was conducted in the 

following databases: Pub-Med, SportDiscus, CINAHL, the Cochrane Library and 

PEDro. We included full, peer-reviewed, prospective longitudinal studies, including 

randomized controlled trials and single-group designs, such as pre- to post-intervention 

and crossover studies, reporting on the effect of exercise training on trunk muscle 

morphology. 

Study Appraisal and Synthesis Study quality was assessed with the Cochrane risk-of-bias 

tool. We classified each exercise intervention into four categories, based on the primary 

exercise approach: motor control, machine-based resistance, non-machine-based resistance 

or cardiovascular. Treatment effects were estimated using within-group standardized mean 

differences (SMDs). 

Results The systematic search identified 1,911 studies; of which 29 met our selection  

criteria:  motor  control (n = 12), machine-based resistance (n = 10), non- machine-

based resistance (n = 5) and  cardiovascular (n = 2). Fourteen studies (48 %) 

reported an increase in trunk muscle size following exercise training. Among 

positive trials, the largest effects were reported by studies testing combined motor 

control and non-machine-based resistance exercise (SMD [95 % CI] = 0.66 [0.06 to 
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1.27] to 3.39 [2.80 to 3.98]) and machine-based resistance exercise programmes (SMD 

[95 % CI] = 0.52 [0.01 to 1.03] to 1.79 [0.87 to 2.72]). Most studies investigating the 

effects of non-machine-based resistance exercise reported no change in trunk muscle 

morphology, with one study reporting a medium effect on trunk muscle size (SMD [95 

% CI] = 0.60 [0.03 to 1.16]). Cardiovascular exercise interventions demonstrated no 

effect on trunk muscle morphology (SMD [95 % CI] = -0.16 [-1.14 to 0.81] to 0.09 [-

0.83 to 1.01]). 

Limitations We excluded studies published in languages other than English, and 

therefore it is possible that the results of relevant studies are not represented in this 

review. There was large clinical heterogeneity between the included studies, which 

prevented data synthesis. Among the studies included in this review, common sources 

of potential bias were random sequence generation, allocation concealment and blinding. 

Finally, the details of the exercise parameters were poorly reported in most studies. 

Conclusion Approximately half of the included studies reported an increase in lower 

trunk muscle size following participation in an exercise programme. Among positive 

trials, studies involving motor control exercises combined with non-machine-based 

resistance exercise, as well  as machine-based resistance exercises, demonstrated medium 

to large effects on trunk muscle size. Most studies examining the effect of non-machine-

based resistance exercise and all studies investigating cardiovascular exercise reported no 

effect on trunk muscle morphology. However, these results should be interpreted with 

caution because of the substantial risk of bias and suboptimal reporting of exercise details 

in the included studies. Additional research, using methods ensuring a low risk of bias, are 

required to further elucidate the effects of exercise on trunk muscle morphology. 
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1 Introduction 

 

The lumbar spine is subjected  to a variety of complex forces during daily tasks [1] and 

when engaging in physical activity [2–4]. Stability of the lumbar spine plays an important 

role in reducing the risk of injury [5, 6]. Lumbar spine stability is dependent on three 

interrelated components: the passive osteoligamentous structures; the skeletal musculature; 

and the motor control system, which coordinates the complex muscle activity required to 

mitigate expected and unexpected perturbations [5]. With respect to the lower trunk 

musculature (i.e. the abdominal muscles and those attaching to the lumbar spine), both 

global and local muscles are involved in the stabilization of the lumbar spine [7–9]. The 

coordination of muscle recruitment is critical to this stabilization and prevention of lumbar 

spine buckling [10, 11], suggesting a significant role for the motor control system [5, 12]. 

There is a positive relationship between the size and function (e.g. muscular strength, 

endurance and power) of skeletal muscle [13–17]. Similarly, reductions in trunk muscle 

mass are associated with low back pain [18–20] and decreased functional capacity [21–23], 

while exercise- related increases in skeletal muscle mass are associated with better 

clinical outcome in patients with lumbar spine disorders [14, 18, 24, 25]. 

A number of studies adopting exercise-based interventions have previously 

demonstrated increases in trunk muscle size [14, 16, 26], while others have reported no 

changes [27–29]. Moreover, there is sparse information comparing the effects of 

different exercise interventions on trunk muscle morphology. Therefore, the aim of this 

study was to systematically review the literature on the effects of exercise training on 

lower trunk muscle morphology, in order to determine the comparative effectiveness of 

different exercise strategies. We hypothesized that (1) exercise training would alter 
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trunk muscle morphology; and (2) more intense forms of exercise, such as machine-based 

resistance training, would demonstrate the largest effect on trunk muscle morphology. 

 

2 Methods 

 

This systematic review was conducted in accordance with the Preferred Reporting Items 

for Systematic Reviews and Meta-Analyses (PRISMA) statement [30]. 

 

2.1 Criteria for Considering Studies for this Review 

 

2.1.1 Types of Studies and Participants 

 

We included full, peer-reviewed, prospective longitudinal studies, including 

randomized controlled trials (RCTs) and single-group designs, such as pre- to post- 

intervention and crossover studies. We excluded animal studies, editorials, letters, 

case reports, conference proceedings and studies published in languages other than 

English. Because of detraining effects, we also excluded studies that measured changes 

in trunk muscle morphology more than 1 week after exercise cessation. Our review 

protocol placed no restrictions on study participants, including age, sex, clinical status 

and level of physical fitness. 

 

2.1.2 Types of Interventions 

 

The intervention of interest was participation in an exercise programme. The exercise 



16 

  

interventions consisted of any mode of exercise directed by a healthcare provider or 

exercise professional. We excluded studies reporting the effects of participation in 

sporting or general physical activities. 

 

2.1.3 Types of Outcome Measures 

 

The outcome of interest was change in lower trunk muscle morphology following an 

exercise intervention. Specifically, we included studies reporting changes in the size 

(e.g. cross-sectional area, thickness or volume) or structure (e.g. fatty degeneration, 

density or fibre type) of individual muscles or changes in body composition related to 

muscle (e.g. regional or whole-body muscle mass) following an exercise intervention. 

We considered the lower trunk muscles to include the abdominal musculature, as well 

as muscles attaching to the lumbar spine. Search terms were used to define 

appropriate bodily regions (lumbosacral, trunk, spine, lumbar, low back, abdominal and 

core) and muscles (transversus abdominis, external oblique, internal oblique, rectus 

abdominis, iliopsoas, multifidus, erector spinae and quadratus lumborum) of interest. 

There were no restrictions on the type of muscle morphology measure. 

 

2.2 Search Methods Used for Identification of Studies 

 

2.2.1 Electronic Searches 

 

A search strategy was developed in consultation with a reference librarian and 

conducted in the following databases from inception to 30 April 2012: PubMed, 
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SportDiscus, Cumulative Index to Nursing and Allied Health Literature (CINAHL), 

Cochrane Central Register of Controlled Trials (CENTRAL) and Physiotherapy Evidence 

Database (PEDro). We developed the search syntax for PubMed using Medical Subject 

Headings and free text terms (see Appendix S1 in the Electronic Supplementary 

Material). This syntax was then adapted as required for use in the remaining databases. 

Additionally, we screened the reference lists of included studies. 

 

2.3 Data Collection and Analysis 

 

2.3.1 Selection of Studies 

 

Two review authors (B.S. and A.S.) independently screened the titles and abstracts of 

studies to identify potentially relevant studies. Next, the full texts of potentially relevant 

articles were retrieved and assessed for inclusion. Disagreements between review authors 

were resolved by third-party adjudication (by J.J.H.). The review authors were not blinded 

to study authors, institutions or journals. 

 

2.3.2 Data Extraction and Management 

 

Data were extracted by one review author (B.S.) using a customised form. The 

extracted information included details of the study design, participants (number of 

participants, age, sex, clinical status and training level), exercise intervention (exercise 

protocol, protocol time and frequency), control or comparator condition (protocol, time and 

frequency) and outcome measures (details of morphology assessment, measurement 
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techniques and device). Any unclear information was resolved through discussion with a 

second review author (J.J.H.). In addition, we contacted several study authors to seek 

clarification and obtain additional information. There is no standard or widely adopted 

classification of trunk muscle exercises. Previously reported classifications [31, 32] did not 

adequately describe the types of exercises reported by the studies included in this 

review. Consequently, we classified each study into four categories based on the type of 

exercise that was implemented. When more than one type of exercise was included in 

the exercise programme, we classified the study according to the primary exercise 

intervention. Exercise categories were defined as: 

– Motor control exercise: exercise described as ‘motor control’, ‘specific 

stabilization’ or ‘core stability’ exercise, using interventions targeting specific  

trunk muscles with a goal of improving control and coordination of the spine and 

pelvis [33]. 

– Machine-based resistance exercise: exercise aiming to improve muscular strength 

and/or endurance by use of machines, such as the MedX lumbar extension [14], 

David back [34] and Nautilus [35, 36] devices. 

– Non-machine-based resistance exercise: exercise aiming to improve muscular 

strength and/or endurance with static or dynamic body weight resistance, and 

including the use of simple equipment such as dumb- bells, resistance bands and 

Swiss balls [37]. 

– Cardiovascular exercise: aerobic exercise (e.g. walking, jogging or cycling) aiming to 

increase the heart rate and respiration and to improve cardiovascular fitness by 

involving large muscle groups [38]. 
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2.3.3 Assessment of Risks of Bias in the Included Studies 

 

The risks of bias in all included studies were independently assessed by two reviewer 

authors (B.S. and N.S.), using the Cochrane risk-of-bias tool [39]. Seven domains were 

assessed, including sequence generation, allocation concealment, blinding 

(participants/personnel), blinding (out- come assessor), incomplete outcome data, 

selective reporting and other sources of bias. Each domain was assigned a score of ‘+’ if 

the criteria for a low risk of bias were met, ‘-’ if the criteria for a high risk of bias were 

met and ‘?’ if the data were insufficient to permit judgment. Disagreements between 

reviewers were discussed and resolved with a third review author (J.J.H.). 

 

2.3.4 Measures of Treatment Effects and Data Analysis 

 

The data were analysed in Review Manager v5.1 soft- ware. The effects of exercise on 

trunk muscle morphology were estimated using standardized mean differences (SMDs) 

calculated from Hedges’ g statistics and 95 % confidence intervals (CIs). An SMD score 

of 0.20 represents a small effect, 0.50 indicates a medium effect and 0.80 indicates 

large effect [40]. Since muscle morphology is unlikely to be influenced by nonspecific 

treatment effects, our estimates of treatment effect represent the within-group change in 

muscle morphology following exercise participation. When possible, we calculated 

separate treatment effect estimates for each muscle and condition separately. 
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3 Results 

 

3.1 Results of the Search 

 

The search outcome and study selection process are displayed in Fig. 1. The 

systematic search identified 1,910 citations: 597 from SportDiscus, 595 from PubMed, 

495 from CINAHL, 143 from CENTRAL and 80 from PEDro. Of these citations, 382 

were duplicates, thus yielding 1,529 unique studies. One additional study was identified 

during the peer review of this manuscript (n = 1). The manual search of references 

lists did not identify any additional studies. 

The title and abstract screen identified 122 potentially relevant studies, which were 

retained for full-text review. Ultimately, 29 studies met our selection criteria and were 

included for analysis [14, 16, 18, 24–29, 35, 41–58]. Of the 93 studies excluded after the 

full-text screen, the reasons for exclusion were (a) outcome measures other than muscle 

morphology (n = 44); (b) no exercise training intervention (n = 35); (c) study was an 

abstract or review paper (n = 10); (d) greater than 1-week duration between exercise  

cessation  and  follow-up  assessment  (n = 3);  and (e) language other than English (n = 

1). A list of excluded articles is available from the corresponding author. 

 

3.2 Description of the Included Studies 

 

Twenty-nine studies, comprising 1,244 participants, were classified into motor control 

(12 studies, n = 733), machine-based resistance exercise (10 studies, n = 280), non-

machine-based resistance exercise (5 studies, n = 128) and cardiovascular  exercise (2 
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studies, n = 103) conditions. The study characteristics and outcomes are presented in 

Tables 1 and 2. Large clinical heterogeneity was observed among the included  

studies.  Major  sources  of  heterogeneity  were (1) sample   populations   (age,   sex   

and   health   status);  (2) exercise mode (motor control, machine-based resistance,  non-

machine-based  resistance  or  cardiovascular);  (3) exercise prescription (frequency, 

intensity and duration); (4) outcome muscle; (5) type of muscle morphology assessment 

(e.g. thickness, density or cross-sectional area [CSA]); and (6) method used for muscle 

measurement (e.g. ultrasound, magnetic resonance imaging [MRI] or computed 

tomography [CT]). As a result, the planned analyses of statistical heterogeneity and 

random-effects meta-analysis were not conducted. 

 

3.3 Risks of Bias in the Included Studies 

 

The results of the risk-of-bias assessments for each study are presented in Fig. 2 and are 

summarized as percentages across all studies in Fig. 3. The most common sources of 

bias involved random sequence generation, allocation concealment and blinding of 

study participants. While no studies reported the blinding of participants or personnel, 

the nature of exercise interventions typically precludes this. The blinding of outcome 

assessors was reported in 15 trials (52 %) [18, 24, 26–29, 41–47, 49, 52]. Thirteen 

studies (44 %)  [14, 24,  27–29,  41,  43–47,  51,  58]  randomly assigned participants to 

intervention groups; however only six trials (20 %) [27–29, 43, 45, 47] sufficiently 

detailed the method used to generate the sequence of random numbers. Five studies (17 

%) [18, 28, 29, 41, 45] adequately reported the method used to conceal group 

allocation. Eleven studies (37 %) [13, 18, 28, 35, 45, 47, 50, 54, 55, 57, 58] stated that 
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they used methods to address incomplete outcome data, such as using intention-to-treat 

analysis. Only one study (3 %) [45] referred to a published study protocol that clearly 

defined the primary and secondary study outcomes. 

 

3.4 Effects of Interventions 

  

We were able to calculate standardized within-group treatment effects from data reported 

in 23 of the 29 studies [13, 14, 18, 24, 25, 27–29, 35, 41–49, 51, 54, 56–58]. 

Forest plots summarizing the within-group treatment effects from baseline to the final 

follow-up point of each study are presented in Figs. 4, 5, 6 and 7. In addition, we 

computed standardized within-group treatment effects at all time points, including 

comparator group outcomes (Table 1). 

Of the 22 included studies, 10 (45 %) [14, 16, 24, 35, 47–51, 56] reported positive 

changes in trunk muscle morphology following participation in an exercise training 

programme. Among trials demonstrating significant treatment effects on trunk muscle  

morphology,  the  largest effects were reported by studies [16, 24, 47, 49, 50] that used 

combined motor control and non-machine-based resistance exercise programmes (SMD [95 

% CI] = 0.66 [0.06 to 1.27] to 3.39 [2.80 to 3.98]) and studies [14, 35, 48,  51,  56]  that  

investigated  machine-based  resistance exercise protocols (SMD [95 % CI] = 0.52 [0.01 to 

1.03] to 1.79 [0.87 to 2.72]). Most studies investigating the effects of non-machine-based 

resistance exercise interventions reported no change in trunk muscle size morphology, 

while one  study  [24]  reported  a  significant  increase  in  trunk muscle  size (SMD [95 % 

CI] = 0.60 [0.03 to 1.16]). Cardiovascular exercise interventions [29, 43] demonstrated 

no effect (SMD [95 % CI] = -0.16 [-1.14 to 0.81] to 0.09[-0.83 to 1.01]). Because of data 
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limitations, we were unable to calculate SMD statistics for six studies (21 %) [18, 26, 

44, 52, 53, 55], and those study outcomes are presented in Table 2. 

 

4 Discussion 

 

4.1 Summary of the Main Results 

 

This was the first systematic review to examine the effect of exercise training on trunk 

muscle morphology. Of the 29 included studies, 14 (48 %) [14, 16, 18, 24, 26, 35, 44, 

46– 51, 56] reported positive changes in trunk muscle morphology following 

participation in an exercise training programme. Among positive trials for which we 

were able to estimate treatment effects, programmes including motor control exercises 

combined with non-machine-based resistance exercises [16, 24, 47, 49, 50] and 

programmes including machine-based exercise interventions [14, 35, 48, 51, 56] reported 

medium to large effects on trunk muscle size. 

Most studies investigating the effects of non-machine- based resistance exercise 

interventions [13, 28, 41,  45] reported no change in trunk muscle morphology, while 

three studies reported significant increases in trunk muscle size [24–26]. Cardiovascular 

exercise interventions [29, 43] had no effect on trunk muscle morphology. These results 

should be interpreted cautiously because of limitations in the included studies, such as 

investigation of small samples, suboptimal reporting of exercise details and substantial 

risks of bias. 
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4.1.1 Effect of Motor Control Exercise on Trunk Muscle Morphology 

 

Six studies [16, 24, 46, 47, 49, 50] reported positive changes in trunk muscle size 

following participation in a combined motor control and non-machine-based resistance 

exercise programme. Kliziene et al. [16] examined changes in lumbar multifidus CSA 

among 22 elderly women participating in a 32-week motor control and resistance exercise 

programme. While the authors reported large increases in lumbar multifidus CSA, this 

study demonstrated several potential sources of methodological bias, including selection, 

performance and detection bias. Additionally, there was a lack of detailed reporting of the 

exercise parameters, making it difficult to identify several aspects of the exercise 

intervention. The large treatment effects may have resulted from the longer duration of 

training (32 weeks); this is particularly evident when considering the effect sizes at 16 

weeks, which were comparable to those in other studies of similar exercise duration.  

An RCT with a low risk of bias [47] investigated the effects of three multimodal 

training programmes (which included motor control exercises) on lumbar multifidus, 

quadratus lumborum and psoas muscle CSA. The study participants comprised 46 elite 

male Australian Football League athletes. Each of the three training programmes was 

defined by the duration and sequencing of two exercise periods implemented during the 

22-week playing season: motor control exercises plus routine team training (the motor 

control period) or Pilates exercises plus routine team training (the Pilates period). Group 1 

(prolonged motor control training) completed a 15-week motor control exercise period, 

followed by a 7-week Pilates period. Group 2 (short-term motor control training) 

completed a 7-week Pilates period, followed by an 8-week motor control period and then 

another 7-week Pilates period. Group 3 (control) participants completed a 15-week Pilates 
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period and then a 7-week motor control period. Muscle CSA was assessed by MRI at 

baseline, week 15 and week 22. Participants in group 1 (prolonged training) demonstrated 

no change in lumbar multifidus CSA by week 15 but moderate to large increases in 

lumbar multifidus CSA at the L2 to L4 lumbar spinal levels by week 22. Participants in 

group 2 (short-term training) demonstrated large increases in lumbar multifidus CSA at 

the L2 to L3 lumbar spinal levels by week 15 and at L2 to L4 by week 22. Finally, group 3 

(control) participants experienced no change in lumbar multifidus CSA by week 15 but 

large increases in lumbar multifidus CSA at L2 to L3 by week 22 (following the 7-week 

motor control intervention). There were no changes in lumbar multifidus CSA at the 

remaining spinal levels, nor were there differences in muscle size among the other 

muscles that were measured (the quadratus lumborum and psoas major). It is noteworthy 

that as professional athletes, the study participants maintained an intensive exercise 

training schedule prior to and throughout the duration of the study. Therefore, these study 

results may not generalize beyond similar athletic populations. 

Two studies with high risks of bias [24, 46] reported that lumbar multifidus thickness and 

CSA increased in patients with low back pain following participation in a combined motor 

control and non-machine-based resistance exercise programme. However, our treatment 

effect estimates demonstrated no significant changes in lumbar multifidus thickness or 

CSA. Akbari et al. [24] investigated the effect of an 8-week motor control and resistance 

exercise programme on transversus abdominis and lumbar multifidus muscle thickness 

among 25 patients with chronic low back pain. They reported increases in transversus 

abdominis and lumbar multifidus muscle thickness. Another study [46] examined the 

impact of a 10-week motor control exercise programme on lumbar multifidus CSA in 59 

patients with chronic low back pain. Participants were randomly assigned to receive 
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motor control exercises, motor control and dynamic resistance exercises, or motor 

control and dynamic–static resistance exercises. Lumbar multifidus CSA was measured 

at the upper end-plate of L3, lower end-plate of L4 and upper end-plate of L4. The 

authors reported increases in lumbar multifidus muscle CSA at the upper end-plate of L3, 

upper end-plate of L4 and lower end-plate of L4 among participants performing the 

motor control and dynamic–static resistance exercises, with no change in muscle 

morphology occurring in the other groups. 

One study with a high risk of bias [49] examined changes in lumbar multifidus CSA at 

the L2 to L5 lumbar spinal levels in 21 young elite cricketers with and without low back 

pain. Participants with low back pain performed 8 weeks of motor control and non-

machine-based resistance exercises, followed by 4 weeks of cricket matches (on 4 days 

per week). Participants without low back pain completed 8 weeks of non-machine-based 

resistance exercises and 4 weeks of cricket matches (on 4 days per week). The athletes 

in both groups demonstrated no change in lumbar multifidus CSA at the L2 to L4 

lumbar spinal levels. However, for athletes with low back pain, there were large 

increases in lumbar multifidus CSA at L5 on the asymptomatic and symptomatic sides. 

Similarly, Jansen et al. [50] reported the effect of exercises targeting the lateral 

abdominal muscles among 21 young football players with chronic groin pain. There 

were moderate increases in transversus abdominis thickness and no change in internal 

or external oblique muscle thickness following 14 weeks of motor control  and 

resistance exercises. However, the results of this study must be interpreted cautiously 

because of the high risk of bias and small sample size. 

Two studies with high risks of bias [27, 42] reported no differences in abdominal and 

lumbar multifidus muscle size following motor control and non-machine-based 
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resistance exercise training. Finally, one higher-quality study [45] and one lower-quality 

study [54] evaluating the effects of short-term motor control exercise programmes 

reported no changes in lumbar and abdominal muscle CSA. 

 

4.1.2 Effect of Machine-Based Resistance Exercise on Trunk Muscle Morphology 

 

Two studies with high risks of bias [14, 48] demonstrated significant increases in 

lumbar multifidus and lateral abdominal   muscle  size  following  participation  in a 

machine-based resistance exercise. Dorado et al. [48] examined changes in rectus 

abdominis and lateral abdominal muscle volume in nine sedentary female participants 

participating in a 36-week Pilates exercise programme using the ‘balance body reformer’ 

device. There were large increases in rectus abdominis volume on the dominant and 

nondominant sides, while lateral abdominal muscle volume remained unchanged. 

Participants (n = 35) in another study [14] completed 12 weeks of training on a 

MedX lumbar extension machine, 6 weeks  after  lumbar  disc surgery. Following the 12-

week exercise intervention, there was a large increase in paraspinal muscle CSA. 

One study with a high risk of bias [51] examined the impact of an 8-week exercise 

intervention using a MedX lumbar extension machine, with or without motor control 

exercises, on paraspinal and lumbar multifidus muscle CSA, among 14 young male 

adults. Participants performing the machine-based resistance and motor control 

exercises demonstrated increases in paraspinal and lumbar multifidus muscle CSA. 

One study with a high risk of bias, reported by Parkkola et al. [35], examined changes in 

psoas major and paraspinal muscle CSA following an 18-week machine-based resistance 

exercise programme using a Nautilus multi-station device. Among the 12 sedentary 
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participants, there were large increases in psoas muscle CSA but no changes in pa- 

raspinal muscle CSA. Another study with a high risk of bias [56] investigated the effect of a 

12-week machine-based and non-machine-based resistance exercise training programme on 

lumbar multifidus type I and II muscle fibre size. Lumbar multifidus muscle biopsies were 

obtained from 30 patients with chronic low back pain before and after a 12-week 

exercise programme. There were moderate increases in type II muscle fibre size and no 

changes in the size of type I muscle fibres. Finally, one higher-quality study [28] and one 

lower-quality study [57] reported no effects on lateral abdominal and lumbar muscle size 

following 12 weeks of machine-based resistance exercise training interventions. 

 

4.1.3 Effect of Non-machine-Based Resistance Exercise on Trunk Muscle Morphology 

 

One study with a high risk of bias [24] examined changes in transversus abdominis and 

lumbar  multifidus muscle thickness among 25 patients with chronic low back pain 

participating in an 8-week progressive non-machine-based resistance exercise 

intervention. The authors reported increases in transversus abdominis and lumbar 

multifidus muscle thickness. However, the findings on lumbar multifidus thickness must 

be interpreted cautiously because our treatment effect estimates demonstrated no 

significant changes in lumbar multifidus thickness. 

Another study with a high risk of bias [25] investigated the effect of a 12-week Swiss 

ball exercise programme on psoas major, quadratus lumborum, erector spinae and 

lumbar multifidus muscle CSA among 17 patients with chronic low back pain. The 

authors reported increases in psoas major, quadratus lumborum, erector spinae and 

lumbar multifidus muscle CSA. However, the results from this study must be interpreted 
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cautiously because our treatment effect estimates demonstrated no significant changes 

in psoas major, quadratus lumborum, erector spinae and lumbar multifidus muscle CSA. 

The remaining five studies investigating the effect of non-machine-based resistance 

exercise [13, 28, 41, 45, 58] demonstrated no significant changes in trunk muscle 

morphology. The methodological quality of these studies varied from high to low. 

 

4.1.4 Effect of Cardiovascular Exercise on Trunk Muscle Morphology 

 

 

One higher-quality study [29] and one lower-quality study [43] examined the effects of 

cardiovascular exercise training interventions on trunk muscle morphology. Neither 

exercise programme resulted in morphological changes in the iliopsoas, abdominal and 

lumbar paraspinal muscles.   Kuk   et al. [29]   investigated  the  effect  of 24 weeks of 

cardiovascular exercise on abdominal muscle mass among 86 overweight or obese 

postmenopausal women. Participants exercised three to four times per week on a cycle 

ergometer or a treadmill at 50% of maximal oxygen consumption (VO2max), expending 

4, 8 or 12 kcal/ kg per week. In the second study, Sakamaki et al. [43] examined 

changes in iliopsoas volume and lumbar paraspinal muscle volume in 17 young males 

following a 3-week treadmill walking programme. 

 

4.1.5 Descriptive Interpretation of the Results of Six Studies 

 

We were unable to estimate treatment effects from the data reported in six studies [18, 26, 

44, 52, 53, 55]. One higher- quality study by Hides et al. [18] investigated the effect of 

medical treatment, with and without motor control exercises, on lumbar multifidus 
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CSA among 41 patients with acute, unilateral low back pain. At baseline, the patients 

exhibited asymmetry in lumbar multifidus CSA, purportedly resulting from unilateral 

atrophy (mean asymmetry = 24 %). Following 4 weeks of treatment, there was a 

significant difference between the groups in mean asymmetry, favouring the exercise 

group (motor control exercise and medical treatment = 0.7 %, medical treatment only = 

17 %). 

Three studies with high risks of bias [26, 44, 53] reported positive changes in trunk 

muscle morphology following participation in different types of exercise training 

interventions. Lescher et al. [26] reported that an intensive period of non-machine-based 

resistance exercise participation (daily for 12 weeks) increased paraspinal muscle CSA 

among 14 sedentary, middle-aged patients with low back pain. Ten weeks of motor 

control exercises combined with non-machine-based resistance exercises were shown to 

increase lumbar paraspinal muscle CSA among patients with chronic back pain and 

back muscle atrophy [44]. In this study, 59 participants were randomized to receive 

motor control exercises, motor control and dynamic resistance exercises, or motor 

control and dynamic–static resistance exercises. Lumbar paraspinal muscle CSA was 

measured at the upper end-plate of L3 and at the upper and lower end-plates of L4. 

The authors reported increases in paraspinal muscle CSA at the upper end-plate of L4 

among participants in the motor control and dynamic resistance exercise group. 

Additionally, there were increases in paraspinal muscle CSA at the upper end- plate of 

L3 and at the lower end-plate of L4 among participants completing the motor control 

and dynamic–static resistance exercise programme, but no differences in the motor 

control exercise group. Participants in another study [53] completed 12 weeks of training 

on ‘David back exercise devices’ 24 weeks after lumbar spine spinal surgery. The 
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authors reported only descriptive statistics demonstrating an increase in paraspinal 

muscle CSA and no change in lumbar multifidus CSA. 

Finally, two studies with high risks of bias [52, 55] examined the effects of 

machine-based resistance exercise training on trunk muscle morphology. Neither 

exercise programme resulted in morphological changes in the lumbar paraspinal 

muscle. Kaser et al. [52] investigated the effect of 12 weeks of machine-based 

resistance exercises, non-machine-based resistance exercises and aerobic exercises on 

lumbar paraspinal muscle CSA and erector spinae muscle fibre size (types I, IIA, IIX 

and IIC) among 34 patients with chronic low back pain. In  the  second study [55], 16 

participants with and without  low  back pain completed an 8-week machine-based 

resistance exercise programme using a MedX lumbar extension machine. 

4.2 Quality of the Evidence 

 

As evidenced by the lack of precision in the calculated treatment effects, many 

studies were likely underpowered and therefore prone to type II error. Most studies 

demonstrated a range of methodological limitations, such as (1) inadequate reporting of 

randomization sequence generation;    (2) concealment    of    treatment    allocation;    and 

(3) incomplete reporting of outcome data. Other methodological weaknesses included a 

lack of blinding of participants or personnel measuring treatment outcomes, and issues of 

selective reporting. Given the nature of exercise interventions, it is usually not possible 

to blind participants and clinicians to an individual’s treatment group allocation. However, 

the blinding of research personnel responsible for the measurement of treatment 

outcomes is a potentially important method of reducing bias. Indeed, a recent 

systematic review investigating the clinical importance of paraspinal muscle morphology 
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reported a trend toward larger effect sizes when outcome assessors were not blinded 

[59]. 

 

4.3 Study Limitations and Potential Biases in the Review Process 

 

A potentially important measurement issue among some of the included studies involves 

the quantification of muscle changes derived from suboptimal imaging techniques. Many 

studies appeared to have reported changes in muscle size from partial muscle measures 

(e.g. CSA or thickness) as opposed to comprehensive measures of muscle volume. 

Moreover, many of these studies appeared to generalize changes observed in part of the 

muscle to the muscle in its entirety. Such generalization requires the assumption that 

exercise-induced change in skeletal muscle size is a homogenous process that occurs 

equally throughout the muscle. However, evidence from peripheral skeletal muscle 

suggests that hypertrophy is a heterogeneous process, with some parts of a muscle 

experiencing greater hypertrophy than other parts [60]. While this phenomenon has not 

been investigated in the lower trunk musculature, negative changes in muscle size (i.e. 

atrophy) appear to occur asymmetrically within paraspinal muscles [61], suggesting that 

this concern is equally valid in that region. Therefore, the use of incomplete measures of 

muscle size represented another potential source of bias among many of the studies in 

this review.  

The primary strengths of this review were our search strategy, which implemented a 

comprehensive examination of five relevant databases, and a study selection process 

undertaken by two independent reviewers using predefined criteria. However, we 
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excluded studies published in languages other than English, and therefore it is possible 

that the results of relevant studies are not represented in this review. The quality of 

many of the included studies was suboptimal because of the risks of selection, 

performance, detection and attrition biases. We were unable to combine study results for 

meta-analyses, because of clinical heterogeneity related to differences in the sample 

populations, exercise modes, exercise prescriptions, outcome muscles and methods of 

muscle measurement. Finally, it was difficult to classify many exercise programmes, 

because of poor or incomplete reporting. Specifically, the exercise protocols often lacked 

details related to exercise prescription, setting, type of equipment used, a system to 

monitor adverse events and reasons for withdrawal, and measures of motivation, 

adherence and compliance. 

 

4.4 Implications for Practice 

 

Exercise-induced hypertrophy of skeletal muscle is a complex biological response. 

Several conceptual models have been developed to explain the cellular, biomechanical 

and molecular mechanisms involved in skeletal muscle remodeling arising from muscle 

loading [62]. Consequently, recommendations for exercise parameters ideally suited to 

inducing skeletal muscle hypertrophy have been developed. These recommendations 

include factors such as exercise duration of at least 6 to 8 weeks [63], high intensity of 

mechanical loading (i.e. 80 to 95 % of repetition maximum) [64] and high-load/low-

repetition training [65]. In addition, it is assumed that training history is an important 

determinant of exercise-induced hypertrophy, with untrained individuals experiencing 

greater change [66]. However, the muscles of the lower trunk are likely to require special 
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consideration, as high-intensity exercises may be unsafe because of low back injury 

[67]. 

Our systematic review identified that the largest effects of exercise on trunk muscle 

morphology have been reported by studies implementing training programmes 

consisting of (1) motor control exercises combined with non-machine-based resistance 

exercises; or (2) machine- based resistance exercises. However, the exercise 

prescription details were often poorly reported, and the studies were prone to several 

types of methodological bias. The identification of optimal exercise approaches aimed 

at enhancing trunk muscle morphology requires evidence from additional high-quality 

randomized trials. 

 

 

4.5 Implications for Research 

 

Most studies investigating the effects of exercise on trunk muscle morphology have 

suffered from methodological limitations. Future research should adhere to 

recommended methodological and reporting standards related to randomization; 

treatment allocation concealment; blinding of outcome assessors, participants and 

research personnel (if applicable; history and reasons for drop-outs; and performance 

of an intention-to-treat analysis. In addition, future studies should be sufficiently 

powered to identify effects sizes of interest. 

A critical element of understanding, appraising and replicating studies investigating 

the effect of exercise interventions is comprehensive and detailed reporting of the 

exercise prescription. Traditionally, the reporting of exercise details has been 
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suboptimal [68], and the studies included in this review are no exception. Slade and 

Keating [68] have developed reporting standards for trials involving exercise 

interventions, and adherence to these recommendations will improve the quality of 

future exercise trials. 

 

5  Conclusion 

 

This is the first systematic review to examine the effect of exercise training on lower 

trunk muscle morphology. Our search strategy identified 29 relevant studies. 

Approximately half of the included studies (n = 14, 50 %) reported an improvement in 

trunk muscle morphology following participation in an exercise training programme. 

Exercise training programmes comprising motor control exercises combined with non-

machine-based resistance exercises, as well as machine-based resistance exercise 

programmes, demonstrated the largest treatment effects. Cardiovascular exercise 

programmes had no effect on trunk muscle morphology. However, these results should 

be interpreted with caution because of the potential for methodological bias and 

suboptimal reporting of exercise details among the included studies. Further, 

additional high-quality research is needed to identify the optimal exercise interventions 

to improve lower trunk muscle morphology. 
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Fig. 1 Study flow diagram 
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Fig. 3 Plot of the distribution of the review authors’ judgments across studies for each risk-of-bias item 

Fig. 2 Risk-of-bias summary: review authors’ judgments for each risk-of-bias item from each included study 
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Fig. 4 Forest plot summarizing the effect [effect size, standardized mean difference and 95 % 

confidence interval (CI)] of motor control exercise training interventions on trunk muscle 

morphology (baseline versus post-training). 

CSA cross-sectional area, L left side, L2 lumbar spinal level 2, L3 lumbar spinal level 3, L4 lumbar 

spinal level 4, L5 lumbar spinal level 5, LAM lateral abdominal muscles, LM lumbar multifidus, LS 

large side, MCE1 motor control exercise group 1, MCE2 motor control exercise group 2, MCE3 

motor control exercise group 3, OE external oblique, OI internal oblique, PM psoas major, QL 

quadratus lumborum, R right, RA rectus abdominis, SS small side, TAM total abdominal muscles, 

TrA transversus abdominis 
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Fig. 5 Forest plot summarizing the effect [effect size, standardized mean difference and 95 % 

confidence interval (CI)] of machine-based resistance exercise training interventions on trunk 

muscle morphology (baseline versus post-training).  

CSA cross-sectional area, DS domi- nant side, ES erector spinae, FCSA functional cross-sectional 

area, L3 lumbar spinal level 3, L4 lumbar spinal level 4, L5 lumbar spinal level 5, LM lumbar 

multifidus, LSM longissimus, MRE1 machine- based resistance exercise group 1, MRE2 machine-

based resistance exercise  group 2,  NDS nondominant  side,  OI internal   oblique, OT obliques and 

transversus abdominis, PM psoas major, PV para- vertebral muscles, RA rectus abdominis, S1 sacral 

spinal level 1, TCSA total cross-sectional area, TrA transversus abdominis 
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Fig. 7 Forest plot summarizing the effect [effect size, standardized mean difference and 95 % 

confidence interval (CI)] of cardiovascular exercise training interventions on trunk muscle morphology 

(baseline versus post-training).  

CSA cross-sectional area, CVE1 cardiovascular exercise group 1, CVE2 cardiovascular exercise group 

2, IP iliopsoas,  L1 lumbar spinal level 1, L4 lumbar spinal level 4, L5 lumbar spinal level 5, MM 

muscle mass, T12 thoracic spinal level 12 

 

Fig. 6 Forest plot summarizing the effect [effect size, standardized mean difference and 95 % 

confidence interval (CI)] of non-machine-based resistance exercise training interventions on trunk 

muscle morphology (baseline versus post-training).  

CSA cross- sectional area, ES erector spinae, L3 lumbar spinal level 3, L4 lumbar spinal level 4, L5 

lumbar spinal level 5, LAM lateral abdominal muscles, LM lumbar multifidus, OE external oblique,OI 

internal oblique, PM psoas major, PV paravertebral muscles, QL quadratus lumborum, RA rectus 

abdominis, TAM total abdominal muscles, TLM trunk lean mass, TrA transversus abdominis 
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Table 1 Characteristics and outcomes of included studies based on exercise training categories 

Study No. of subjectsa; age 

(y)b; sex 

Clinical status; 

training levelc 

Exercise protocol Protocol 

time (wk), 

frequency 

Muscle(s);  

measurement

; device 

Outcomes SMD (95 % CI) 

Motor control exercise 

Danneels et al. 

[46] 

MCE1: 19; 43 (13); NR LBP; NR MCE1: BSE 10 wk, 3 

d/wk 

LM; CSA: wk 

0, 10; CT 

LM CSA-upper L3-MCE1 0.01 (-0.61 to 0.65) 

LM CSA-upper L3-MCE2 0.01 (-0.60 to 0.63) 

LM CSA-upper L3-MCE3 0.21 (-0.40 to 0.83) 

MCE2: 20; 44 (12); NR MCE2: MCE1+ 

IDLSE 

LM CSA-upper L4-MCE1 -0.01 (-0.64 to 0.62) 
LM CSA-upper L4-MCE2 0.07 (-0.54 to 0.69) 

LM CSA-upper L4-MCE3 0.23 (-0.38 to 0.85) 

MCE3: 20; 43 (12); NR MCE3: MCE1+  

IDSLSE 

LM CSA-lower L4-MCE1 -0.01 (-0.65 to 0.61) 
LM CSA-lower L4-MCE2 0.11 (-0.50 to 0.73) 
LM CSA-lower L4-MCE3 0.31 (-0.30 to 0.93) 

 Akbari et al. 

[24] 

MCE: 25; 39.6 (3.5); 

NR 

LBP; NR MCE: LLMA + DRE 8 wk, 2 

d/wk, 30 

min 

TrA, LM; 

thickness: wk 

0, 8; US 

TrA thickness-MCE 0.82 (0.27 to 1.37) 

TrA thickness-NMRE 0.60 (0.03 to 1.16) 

NMRE: 24; 40 (3.6); 

NR 

NMRE: RE LM thickness-MCE 0.43 (-0.11 to 0.99) 
LM thickness-NMRE 0.27 (-0.28 to 0.84) 

Hides et al. [49] MCE: 7; 21.9 (2.5); M LBP; EA MCE: MAE+WT+ 

CTM 

13 wk , 

18.5 h/wk 

LM; CSA: wk 

0, 13; US 

LM CSA-LS-L2-MCE 0.11 (-0.75 to 0.99) 
LM CSA-LS-L2-C 0.11 (-0.58 to 0.80) 

LM CSA-LS-L3-MCE 0.14 (-0.73 to 1.01) 

LM CSA-LS-L3-C 0.16 (-0.52 to 0.86) 
LM CSA-LS-L4-MCE 0.30 (-0.57 to 1.17) 

LM CSA-LS-L4-C 0.15 (-0.53 to 0.84) 

LM CSA-LS-L5-MCE 0.92 (0.04 to 1.79) 
LM CSA-LS-L5-C 0.22 (-0.46 to 0.92) 

C: 14; 21.4 (2); M Healthy; EA C: WT+ CTM LM CSA-SS-L2-MCE 0.16 (-0.70 to 1.04) 
LM CSA-SS-L2-C 0.24 (-0.44 to 0.93) 

LM CSA-SS-L3-MCE 0.18 (-0.68 to 1.06) 

LM CSA-SS-L3-C 0.17 (-0.51 to 0.86) 

LM CSA-SS-L4-MCE 0.35 (-0.52 to 1.23) 

LM CSA-SS-L4-C 0.17 (-0.52 to 0.86) 

LM CSA-SS-L5-MCE 1.13 (0.26 to 2.01) 

LM CSA-SS-L5-C 0.23 (-0.45 to 0.92) 

Sokunbi et al. 

[27] 

MCE1: 23; 39.6 (8.5); 

F: 10, M: 13 

LBP; NR MCE1: ×1 wkly MAE 

+ NMRE 

6 wk, 45 

min 

LM; CSA: wk 

0, 6; US 

LM CSA-MCE1 0.06 (-0.51 to 0.65) 

MCE2: 19; 38.1 (8.06);  

F: 15, M: 4 

MCE2: ×2 wkly MAE 

+ NMRE 

LM CSA-MCE2 0.20 (-0.45 to 0.87) 

MCE 3: 20; 43.25 (9.5); 

F: 11, M: 9 

MCE: ×3 wkly MAE + 

NMRE 

LM CSA-MCE3 0.30 (-0.32 to0.93) 

C: 22; 43.25 (9.5); F: 

14, M: 8 

NT LM CSA-C 0.19 (-0.45 to 0.85) 
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Table 1  continued 

 
Study No. of subjectsa; age 

(y)b; sex 

Clinical 

status; 

training levelc 

Exercise protocol Protocol 

time (wk), 

frequency 

Muscle(s);  

measurement

; device 

Outcomes SMD (95 % CI) 

Jansen et al. 

[50] 

21; 24.8 (7.4); F: 1, M: 

20 

CGP; EA ADIM+NMRE 10 wk, 2 

d/wk 

TrA, OI, OE; 

CSA: wk 0, 

10;  US 

TrA thickness 0.66 (0.06 to 1.27) 

OI thickness 0.31 (-0.28 to 0.92) 

OE thickness 0.24 (-0.35 to 0.85) 

Hides et al. [42] MCE: 7; 21.2 (2); M LBP; EA   MCE: MAE+WT+ 

CTM 

13 wk , 

18.5 h/wk 

TrA, OI; 

thickness: wk 

0, 13; US 

TrA thickness-MCE -0.05 (-1.09 to 0.99) 

TrA thickness-C -0.07 (-0.76 to 0.62) 

C: 14; 21.2 (2); M Healthy; EA C: WT+ CTM OI thickness/MCE 0.16 (-0.88 to 1.21) 

OI thickness-C 
 

0.03 (-0.65 to 0.73) 

Kliziene et al. 

[16] 

MCE: 22; 64.8 (5.4); F NR; MOD/SED MCE: MAE+NMRE 32 wk, 2 d/ 

wk, 45 min 

 

LM; CSA: wk 

0, 16, 32; US 

LM CSA-L-wk 0 to 16 0.44 (-0.14 to 1.03) 

LM CSA-R-wk 0 to 16 1.53 (0.93 to 2.12) 

LM CSA-L-wk 0 to 32 2.47 (1.88 to 3.06) 

LM CSA-R-wk 0 to 32 

 

3.39 (2.80 to 3.98) 

Lee et al. [54] 20; 24.4 (2.9); 

F: 4, M: 16 

CIS; NR ADIM with BFPU  2 wk, 7 

d/wk, 20 

min 

TrA, OI, OE; 

thickness: wk 

0, 2; US 

TrA thickness 0.00 (-0.61 to 0.61) 

OI thickness 0.00 (-0.61 to 0.61) 

OE thickness 0.00 (-0.61 to 0.61) 

Teyhen et al. 

[45] 

MCE: 160; 21.9 (4.2); 

NR 

Healthy; 

Military 

MCE: MAE+ ASER 12 wk, 4 

d/wk, 60 

min 

OE, IO, TrA, 

RA, LM, 

LAM, TAM; 

thickness  +  

(RA, CSA): 

wk 0, 12; US 

TrA thickness-MCE -0.10 (-0.32 to 0.11) 

TrA thickness-NMRE 0.09 (-0.15 to 0.34) 

OI thickness-MCE 0.00 (-0.21 to 0.21) 

OI thickness-NMRE -0.03 (-0.28 to 0.21) 

OE thickness-MCE -0.16 (-0.38 to 0.05) 

OE thickness-NMRE -0.24 (-0.50 to 0.00) 

RA thickness-MCE 0.00 (-0.21 to 0.21) 

RA thickness-NMRE 0.07 (-0.18 to 0.32) 

NMRE: 120; 21.9 (4.2); 

NR 

NMRE: ST  RA CSA-MCE 0.01 (-0.20 to 0.23) 

RA CSA-NMRE 0.06 (-0.19 to 0.31) 

LM thickness-MCE 0.00 (-0.21 to 0.21) 

LM thickness-NMRE 0.06 (-0.19 to 0.31) 

TAM thickness-MCE -0.05 (-0.27 to 0.16) 

TAM thickness-NMRE -0.05 (-0.31 to 0.19) 

LAM thickness-MCE -0.09 (-0.31 to 0.12) 

LAM thickness-NMRE -0.12 (-0.37 to 0.12) 
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Table 1  continued  

 
Study No. of subjectsa; age 

(y)b; sex 

Clinical status; 

training levelc 

Exercise protocol Protocol 

time (wk), 

frequency 

Muscle(s);  

measurement

; device 

Outcomes SMD (95 % CI) 

Hides et al. [47] MCE1: 17; 22.8 (3.5); 

M 

LBP + Healthy; 

EA 

MCE1: 15 wk 

MAE + 7 wk PIL 

22 wk, 2 

d/wk, 30 

min 

LM, QL, PM; 

CSA: wk 7, 

15, 22; MRI 

LM CSA-L2-wk 0 to 15-MCE1 0.50 (-0.17 to 1.17) 

LM CSA-L2-wk 0 to 15-MCE2 1.00 (0.28 to 1.71) 

LM CSA-L2-wk 0 to 15-C -0.14 (-0.88 to 0.59) 

LM CSA-L2-wk 0 to 22-MCE1 0.87 (0.20 to 1.54) 
LM CSA-L2-wk 0 to 22-MCE2 -0.14 (-0.85 to 0.57) 

LM CSA-L2-w 0 to w22-C 1.28 (0.54 to 2.02) 
LM CSA-L3-w 0 to w15-MCE1 0.39 (-0.28 to 1.06) 

LM CSA-L3-w 0 to w15-MCE2 0.90 (0.19 to 1.62) 
LM CSA-L3-w 0 to w15-C -0.07 (-0.82 to 0.66) 

LM CSA-L3-w 0 to w22-MCE1 0.68 (0.01 to 1.35) 

LM CSA-L3-w 0 to w22-MCE2 0.90 (0.19 to 1.62) 
MCE2: 8 wk MAE 

+ 14 wk PIL 
MCE2: 15; 22.8 (3.5); 

M 
LM CSA-L3-w 0 to w22-C 0.87 (0.13 to 1.61) 

LM CSA-L4-w 0 to w15-MCE1 0.50 (-0.17 to1.17) 

C: 14; 22.8 (3.5); M  

 

C: 15 wk PIL + 7 

wk MAE 

LM CSA-L4-w 0 to w15-MCE2 0.68 (-0.03 to 1.39) 

LM CSA-L4-w 0 to w15-C -0.71 (-1.45 to 0.02) 

LM CSA-L4-w 0 to w22-MCE1 1.00 (0.32 to 1.67) 

LM CSA-L4-w 0 to w22-MCE2 0.81 (0.10 to 1.53) 

LM CSA-L4-w 0 to w22-C 0.63 (-0.10 to 1.37) 
LM CSA-L5-w 0 to w15-MCE1 0.58 (-0.08 to 1.26) 

LM CSA-L5-w 0 to w15-MCE2 0.53 (-0.18 to 1.24) 

LM CSA-L5-w 0 to w15-C -0.62 (-1.36 to 0.12) 

LM CSA-L5-w 0 to w22-MCE1 0.25 (-0.42 to 0.92) 

LM CSA-L5-w 0 to w22-MCE2 0.06 (-0.64 to 0.78) 

LM CSA-L5-w 0 to w22-C -0.28 (-1.02 to 0.45) 

OL CSAd 0.38 (-0.02 to 0.79) 

PM CSAd 0.29 (-0.11 to  0.70) 

Machine-based resistance exercise 

Parkkola et al. 

[35] 

12; 23 (2); F: 11, M: 1 NR; SED NMSM 18 wk, 2 to 

3 d/wk, 45 

min 

(LM & ES), 

PM; CSA: wk 

0, 11,18; MRI 

(LM+ES) CSA-w0 to w11 0.53 (-0.26 to 1.33) 

(LM+ES) CSA-w0 to w18 0.58 (-0.21 to 1.38) 

PM-w0 to w11 0.88 (0.08 to 1.68) 

PM-w0 to w18 0.88 (0.08 to 1.68) 

Rissanen et al. 

[56] 

30; 39.9 (4); F: 16, M: 

14 

LBP; NR HRM+ NMRE 9wk 

(home), 3 

d/wk, 60 

min; 3 wk 

(hospital), 

5 d/wk, 120 

min 

LM; MFS 

(Type I, II): 

wk 0, 12; MB 

LM Type I 0.100 (-0.40 to 0.60) 

LM Type II-Total 0.52 (0.01 to 1.03) 
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Table 1  continued 

 
Study No. of subjectsa; age 

(y)b; sex 

Clinical status; 

training levelc 

Exercise 

protocol 
Protocol time 

(wk), frequency 

Muscle(s);  

measurement; 

device 

Outcomes SMD (95 % CI) 

Choi et al. [14] MRE: 35; 51.05 (9.58); 

F: 15, M: 20 

LD; NR MRE: MedX 12 wk, 2d/wk (LM & LSM); 

CSA: wk 0, 12; 

CT 

(LM and LSM) CSA-MRE 0.91 (0.45 to 1.38) 

C: 40; 42.02 (17.06); F: 

22, M: 18 

C: HLE (LM and LSM) CSA-C 0.33 (-0.10 to 0.76) 

Critchley et al. 

[28] 

MRE: 16; 30 (8); F: 12, 

M: 4 

Healthy; NR MRE: Gym-

M + FW 

8 wk, 2 d/wk, 45 

min 

OI, TrA; 

thickness: wk 0, 

8; US 

TrA thickness-MRE -0.09 (-0.78 to 0.59) 

TrA thickness-NMRE 0.33 (-0.31 to 0.99) 

NMRE: 18; 31 (5); F: 

14, M: 4 

NMRE: PIL OI thickness-MRE -0.05 (-0.74 to 0.63) 

OI thickness-NMRE 0.03 (-0.61 to 0.68) 

Jongwoo et 

al.[51] 

MRE1: 7; 26.57 (1.81); 

M 

NR; NR MRE1: MedX 8 wk, 3 d/wk, 50 

min 

LM, PV; CSA: 

wk 0, 8; CT 

LM CSA-MRE1 0.48 (-0.56 to 1.53) 

LM CSA-MRE2 0.80 (-0.24 to 1.85) 

MRE2: 7; 26.40 (1.13); 

M 

MRE2: MedX 

+ MCE 

PV CSA-MRE1 0.73 (-0.31 to 1.78) 

PV CSA-MRE2 1.60 (0.55 to2.64) 

Dorado et al. 

[48] 

9; 35.7 (5.4); F Healthy; SED PIL using 

BBRD 

36 wk, 2 d/wk, 55 

min 

OT (OE & OI & 

TrA) + RA/ 

Volume: wk 0, 

36/ MRI 

OT CSA-DS 0.74 (-0.18 to 1.66) 
OT CSA-NDS 0.20 (-0.72 to 1.12) 
RA CSA- DS 1.78 (0.85 to 2.70) 

RA CSA-NDS 1.79 (0.87 to 2.72) 

Willemink et 

al.[57] 

16; 46.2 (9.7); M LBP; NR LBRD 12 wk, 1 wk/day, 

30 min + 12 wke 

LM; TCSA, 

FCSA, AF: wk 

0, 12,  24; MRI 

 

LM TCSA-L3 to L4-w0 to w12 0.05 (-0.64 to 0.74) 

LM TCSA-L3 to L4-w0 to w24 -0.16 (-0.86 to 0.52) 
LM FCSA-L3 to L4-w0 to w12 0.09 (-0.59 to 0.78) 
LM FCSA-L3 to L4-w0 to w24 -0.11 (-0.80 to 0.57) 
LM AFI-L3 to L4-w0 to w12 -0.11 (-0.80 to 0.58) 
LM AFI-L3 to L4-w0 to w24 -0.12 (-0.81 to 0.57) 

LM TCSA-L4 to L5-w0 to w12 0.07 (-0.62 to 0.76) 

LM TCSA-L4 to L5-w0 to w24 -0.01 (-0.71 to 0.67) 

LM FCSA-L4 to L5-w0 to w12 0.10 (-0.58 to 0.79) 

LM FCSA-L4 to L5-w0 to w24 0.00 (-0.68 to 0.70) 

LM AFI-L4 to L5-w0 to w12 -0.01 (-0.70 to 0.68) 

LM AFI-L4 to L5-w0 to w24 -0.04 (-0.73 to 0.64) 

LM TCSA-L5 to S1-w0 to w12 0.03 (-0.65 to 0.73) 

LM TCSA-L5 to S1-w0 to w24 -0.02 (-0.71 to 0.67) 

LM FCSA-L5 toS1-w0 to w12 0.13 (-0.55 to 0.82) 

LM FCSA-L5 toS1-w0 to w24 0.06 (-0.63 to 0.75) 
LM AFI-L5 to S1-w0 to w12 -0.13 (-0.82 to 0.56) 

LM AFI-L5 to S1-w0 to w24 -0.10 (-0.79 to 0.59) 
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Table 1  continued 

Study No. of subjectsa; age 

(y)b; sex 

Clinical 

status; 

training 

levelc 

Exercise 

protocol 
Protocol time 

(wk), frequency 

Muscle(s);  

measurement; 

device 

Outcomes SMD (95 % CI) 

Non-machine resistance exercise  

Chilibeck et al. 

[13] 

NMRE: 19; 20.2 (0.8); F Healthy; NR NMRE: RE 

(BP, LP) 

20 wk, 2 d/wk TLM; MM:  wk 

0, 10, 20; DEXA 

TLM-w0 to w10-NMRE 0.04 (-0.59 to 0.67) 

TLM-w0 to w20-NMRE 0.32 (-0.31 to 0.96) 

C: 10; 20.2 (0.4); F C: NR NR TM; MM:  wk 0, 

20; DEXA 

NR NR 

Storheim et al. 

[41] 

NMRE: 11; 44.9 (10.3); 

F: 5, M: 6 

LBP; NR NMRE: 

NSFT 

15 wk, 3 d/w, 60 

min 

PV; 

CSA+Density: 

wk 0, 15; CT 

PV CSA L3 to L4-NMRE 0.10 (-0.72 to 0.94) 

PV CSA L3 to L4-C -0.03 (-0.80 to 0.73) 
PV CSA L4 to L5-NMRE 0.11 (-0.71 to 0.95) 
PV CSA L4 to L5-C -0.17 (-0.94 to 0.59) 

PV Density-L3 to L4-NMRE 0.39 (-0.44 to 1.22) 

C: 13; 40.9 (11.8); F: 7, 

M: 6 

C: UC by 

GP 

15 wk PV Density-L3 to L4-C -0.10 (-0.87 to 0.66) 

PV Density-L4 to L5-NMRE 0.28 (-0.55 to 1.12) 

PV Density-L4 to L5-C -0.10 (-0.87 to  0.66) 

Woohyung et 

al. [25] 

NMRE: 17; 32.7 (5.9); 

NR 

LBP; NR NMRE: 

BET 

12 wk, 3 d/wk, 

45 min 

PM, QL, ES,  

LM; CSA: wk 0, 

12; CT 

PM CSA-NMRE 0.16 (-0.51 to 0.83) 

PM CSA-C 0.01(-0.67 to 0.71 

QL CSA-NMRE 0.17 (-0.49 to 0.84) 

QL CSA-C 0.03 (-0.65 to 0.73) 

C 16; 33.1 (5.7); NR C: MHT, 

UST, TENS 

ES CSA-NMRE 0.21 (-0.46 to 0.88) 

ES CSA-C 0.00 (-0.68 to 0.69) 

LM CSA-NMRE 0.19 (-0.47 to 0.86) 

LM CSA-C 0.02 (-0.66 to 0.71) 

Hoshikawa et al. 

[58] 

NMRE: 16; 12 to 13f; M Healthy; EA NMRE: ST+ 

STP 

24 wk, 4d/wk + 

STP as per C 

RA, LAM, PM, 

QL, ES; CSA:  

wk 0, 24; MRI 

RA CSA-NMRE 0.66 (-0.03 to 1.35) 

RA CSA-C 0.81 (0.01 to 1.61) 
LAM-CSA-NMRE 0.49 (-0.19 to 1.19) 

LAM CSA-C 0.54 (-0.25 to 1.34) 

C: 12; 12 to 13f; M C: STP 24 wk, 6 d/wk PM CSA-NMRE 0.41 (-0.27 to 1.10) 

PM CSA-C 0.74 (-0.05 to 1.54) 

QL CSA-NMRE 0.23 (-0.45 to 0.93) 
QL CSA-NMRE 0.44 (-0.35 to 1.24)  

ES CSA-NMRE 0.48 (-0.20 to 1.17) 

ES CSA-C 0.47 (-0.32 to1.27) 
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Table 1  continued 
 
Study No. of subjectsa; age 

(y)b; sex 

Clinical 

status; 

training levelc 

Exercise 

protocol 
Protocol time 

(wk), frequency 

Muscle(s);  

measurement; 

device 

Outcomes SMD (95 % CI) 

Cardiovascular exercise  

Kuk et al. 

[29] 

86, 57.8 (6.4), F O/OP; NR CVE: CE or TRD 

(50% of 

VO2max) 

24 wk, 3 to 4 d/wk ABM; MM + 

lipid: wk 0, 24; 

CT 

L4 to L5-lipid 0.03 (-0.26 to 0.33) 

T12 to L1-lipid -0.06 (-0.36 to 0.23) 

L4 to L5-MM -0.04 (-0.34 to 0.25) 

T12 to L1-MM -0.02 (-0.32 to 0.27) 

Sakamaki 

et al. [43] 

CVE1: 9, 21.4 (2.1), M Healthy; 

NR 

CVE1:  BFR 

walk 

3 wk, 6 d/wk, 30 

min 

(PV, CSA) + 

(IP, volume): 

wk 0, 3; MRI 

IP volume-CVE1 0.09 (-0.83 to 1.01) 

IP volume-CVE2 0.03 (-0.94 to 1.01) 

CVE2: 8, 21.1 (1.9), M CVE2:  WBFR 

walk 

CSA-L4 to L5-CVE1 -0.08 (-1.00 to 0.84) 

CSA-L4 to L5-CVE2 -0.16 (-1.14 to 0.81) 

×1 wkly once weekly, 92 wkly twice weekly, 93 wkly three times weekly, ABM abdominal muscles, ADIM abdominal draw-in manoeuvre, AFI area of fatty 

infiltration, ASER army standard exercise regimen, BBRD balanced body reformer device, BET ball exercise therapy, BFPU biofeedback pressure unit, BFR 

blood flow restriction, BP bench press, BSE back stabilization exercise, C comparator or control group, CE cycle ergometer, CGP patient(s) with chronic groin 

pain,CI confidence  interval,  CIS individual(s)  with  core  instability,  CSA cross-sectional  area,  CT computed  tomography,  CTM cricket  training  and  matches,  

CVE cardiovascular  exercise,  d day(s),  DEXA dual-energy  x-ray  absorptiometry,  DS dominant side, DRE dynamic resistance exercise, EA elite athlete(s), ES 

erector spinae, F female, FCSA functional cross-sectional area, FW free weights, GP general practitioner(s), GYM gym machines, h hour(s), HLE home-based 

lumbar exercise, HRM hydraulic resistance machine, IDLSE intensive dynamic lumbar-strengthening  exercise, IDSLSE intensive dynamic–static lumbar-

strengthening exercise, IP iliopsoas, L left side, L1 lumbar spinal level 1, L2 lumbar spinal level 2, L3 lumbar spinal level 3, L4 lumbar spinal level 4, L5 

lumbar spinal level 5, LAM lateral abdominal muscles, LBP patient(s) with low back pain, LBRD Lower Back Revival device, LD patient(s) post-lumbar 

discectomy, LLMA low load muscle activation, LM lumbar multifidus, LP leg press, LS large side, LSM longissimus, M male, MAE muscle activation exercise, 

MB muscle biopsy, MCE motor control exercise, MCE1 MCE subject group 1, MCE2 MCE subject group 2, MCE3 MCE subject group 3, MedX MedX  lumbar  

extension  machine,  MFS muscle  fibre  size,  MHT moist  heat  therapy,  min minute(s),  MM muscle  mass,  MOD moderately  active,  MRE machine-based  

resistance  exercise, MRI magnetic resonance imaging, NDS nondominant side, NMRE non-machine-based resistance exercise, NMSM Nautilus multi-station 

machine, NR not reported, NSFT Norwegian strength and fitness training, NT no treatment, OE external oblique, OI internal oblique, O/OP overweight/obese 

postmenopausal, OT obliques and transversus abdominis, PIL Pilates, PM psoas major, PV paravertebral muscles, QL quadratus lumborum, R right side, RA rectus 

abdominis, RE resistance exercise, S1 sacral spinal level 1, SED sedentary, SMD standardized mean difference, SS small side, ST strength training, STP soccer 

training programme, T12 thoracic spinal level 12, TAM total abdominal muscles, TCSA total cross-sectional area, TENS transcutaneous electrical nerve stimulation, 

TLM trunk lean mass, TrA transversus abdominis, TRD treadmill, UC usual care, US ultrasound, UST ultrasound therapy, VO2max maximal oxygen consumption, 

WBFR without blood flow restriction, wk week(s), wk 0 baseline, WT weight training, y year(s) 

a  Exercise groups are stated where applicable 

b  All data are presented as mean (standard deviation), unless otherwise indicated 

c   Current physical fitness training level, based on the study authors’ description of the general physical activity level 

d  Combined data from MCE1, MCE2 and C 

e  Training was continued at a frequency that was tailored to the patients’ convenience 

f  Age range 
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Table 2 Descriptive interpretation of the outcomes of six studies for which standardized mean difference statistics could not be calculated 

 

Study No. of subjectsa; age (y)b; 

sex 

Clinical 

status; 

training 

levelc 

Exercise protocol Protocol 

time (wk), 

frequency 

Muscle(s); 

measurement; 

device 

Outcomes 

Motor control exercise 

Hides et 

al. [18] 

MCE: 21; 30.9 (6.5); F: 13, M: 8 LBP; NR MCE + MT 4 wk, NR LM;  CSA: wk 

0, 1-4; US 

Resolution of LM atrophy and muscle 

recovery was more rapid and complete in 

patients who received MCE (P < 0.001). C: 20; 31 (7.9);  F: 10, M: 10 MT 

Danneels 

et al. 

[44] 

MCE1: 19; 46 (37 to 57)d; F: 9, 

M: 10 

LBP; NR MCE1: BSE 10 wk, 3 

d/wk 

PV; CSA: wk 0, 

10; CT 

PV muscle CSA increased in the MCE2 

(L4: p < 0.02) and MCE3 groups (L3: p 

< 0.003); L4: p < 0.01). There was no 

difference in PV CSA in the MCE group. 

More intense resistance exercise may be 

necessary to restore the size of the PV in 

LBP patients with atrophied back 

muscles. 

MCE2: 20; 47 (35 to 52)d; F: 11, 

M: 9 

MCE2: MCE1+ IDSE 

MCE3: 20; 40 (37 to 49)d; F: 12, 

M: 8 

MCE3: MCE1+ 

IDSLSE 

Machine-based resistance exercise 

Mooney 

et al. 

[55] 

MRE: 8; 45 to 64e; F: 4, M: 4 LBP; NR MRE: MedX 8 wk, 2 

d/wk 

PV; MM: wk 0, 

8; MRI 

Four patients with severe fatty 

infiltration in the lumbar extensor 

muscles had a decrease in the degree of 

infiltration but no change in lean muscle 

mass. There were no changes in fat 

infiltration or muscle mass among the 

other patients. 

C: 8; 45 to 64e; F: 4, M: 4    Healthy; NR 

Kaser et 

al. [52] 

MRE: 25; 43.5 (10.5); F: 13, M: 

12 

LBP; NR MRE:  DBD 12 wk, 

2d/wk, 30 

to 60 min 

(PV, CSA) 

 + (ES, MFS): 

wk 0, 12 

There were no significant changes in PV 

CSA in any of the three groups. 

Pathologic changes in fibres type I, type 

II, IIX, IIC pre- to post-therapy, were not 

significantly different in the three groups 

(MRE, NMRE, CVE).  

NMRE: 16; 45.2 (11.2); F: 10, 

M: 6 

NMRE: ST + Physio 

 

CVE: 18; 43.4 (11.7); F: 7, M: 

11 

 

CVE: LIA 

Kramer 

et al. 

[53] 

15; 18 to 57e; F: 6, M: 9 DO for TVF; 

NR 

DBD 12 wk, 

2d/wk 

(IC and LSM), 

LM; CSA: wk 

0, 12; MRI 

For the LSM and IC muscles, the median 

change in CSA was 1.39 cm2 (8.3%; 

range, 0.22 cm2 [0.9 %] to 5.22 cm2 

[30.5 %]); and for the LM muscle, the 

median change in CSA was -0.27 cm2 (-

17.5 %; range, -0.03cm2 [-1.5 %] to -

0.84 cm2 [-45.4%]).  
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Table 2  continued 

Study No. of subjectsa; age (y)b; 

sex 

Clinical status; 

training levelc 

Exercise 

protocol 
Protocol time 

(wk),frequency 
Muscle(s); 

measurement; 

device 

Outcomes 

Non-machine-based resistance exercise 

Lescher et 

al. [26] 

14; 45 to 56e ; M 

 

LBP; SED RE 12 wk,7 d/wk, 

10 min 

(ES and QL); 

CSA: wk 0, 

12; MRI 

There was a significant change in ES and 

QL CSA following 3 mo NMRE (p < 

0.01).  

 BSE back  stabilization  exercise,  C comparator  or  control  group,  CSA cross-sectional  area,  CT computed  tomography,  CVE cardiovascular  exercise,  d day(s),  

DBD David  back  device, DO patients  post-dorsal  osteosynthesis,  ES erector  spinae,  F female,  IC iliocostalis,  IDLSE intensive  dynamic  lumbar-strengthening  

exercise,  IDSLSE intensive  dynamic–static  lumbar- strengthening exercise, L3 lumbar spinal level 3, L4 lumbar spinal level 4, LBP patient(s) with low back pain, 

LIA low-impact aerobics, LM lumbar multifidus, LSM longissimus, M male, MCE motor  control  exercise,  MCE1 MCE  subject  group 1,  MCE2 MCE  subject  

group 2,  MCE3 MCE  subject  group 3,  MedX MedX  lumbar  extension  machine,  MFS muscle  fibre  size, min minute(s),  MM muscle  mass,  mo month(s),  MRE 

machine-based  resistance  exercise,  MRI magnetic  resonance  imaging,  MT medical  treatment,  NMRE non-machine-based  resistance exercise,  NR not  reported,  

OE external  oblique,  OI internal  oblique,  physio physiotherapy,  PIL Pilates,  PV paravertebral  muscles,  QL quadratus  lumborum,  RE resistance  exercise, SED 

sedentary, ST strength training, TVF thoracolumbar vertebral fracture, US ultrasound, wk week(s), wk 0 baseline, y year(s) 

 
a Exercise groups are stated where applicable 
b All data are presented as mean (standard deviation), unless otherwise indicated 
c Current physical fitness training level, based on the study authors’ description of the general physical activity level 
d Median (interquartile range) 
e Range 
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The purpose of this chapter is to provide a detailed explanation of all procedures and 

measures adopted within the cross-sectional study (Chapter 4) and randomized 

controlled trial (Chapter 5). This chapter has been included due to space limitations 

associated with the targeted journal formatting requirements of each experimental 

chapter. 

 

Measurement procedures  

 

Functional ability 

Functional mobility was assessed using the Six Minute Walk Test (6MWT) [1], the 30-

second Chair Stand Test (CST) [2], and the Sitting and Rising Test (SRT) [3].  

The Six Minute Walk Test (6MWT)  

The Six Minute Walk Test (6MWT) [1] is one of the most widely-used 

cardiopulmonary functional tests. The 6MWT assesses distance walked over 6 minutes, 

as a submaximal test of aerobic capacity (endurance). Walking is an indicator of overall 

physical wellbeing, due to its strong influences on independent living, which in turn 

contributes to accomplishment in many activities of daily living [4]. A lower score 

(reflecting less distance covered in 6 minutes) indicates worse functioning (poorer 

aerobic capacity). The six minute walk distance in healthy older adults with good 

aerobic capacities has been reported to range from 400m to 700m [5]. The 6MWT was 

performed indoors, along an enclosed, flat, straight, hard-surfaced 25-metre corridor. 

The walking track was marked with two cones at turn-around points (start, turn around-

go back). The 6MWT was administered for each participant individually. Before 

starting the 6MWT, each participant rested for at least 15 minutes, and his/her resting 

heart and blood pressure was monitored using an automatic blood pressure monitor 

(Omron HEM7322, Kyoto, Japan). Safety considerations including a resting heart rate 
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of more than 120, a systolic blood pressure of more than 180 mmHg, and a diastolic 

blood pressure of more than 100 mmHg were considered prior to the 6MWT [6]. A 

pedometer (Omron HJ-320 Walking Style Pedometer, Kyoto, Japan) was rested and 

attached to the participant’s waist belt or clothing at waist level, and the Borg Rating of 

Perceived Exertion (RPE) Scale [7] was explained to the participant prior to the test. 

When the participant stood up behind the starting point (start-cone), he/she was asked to 

walk the 25-metre distance back and forth, as far as, and as quick as possible, for six 

minutes around the track (or up and down the corridor), and was advised to slow down 

if necessary. Each participant’s 6MWT was timed using a stopwatch. The maximum 

heart rate, blood pressure (using the same automatic blood pressure monitor (Omron 

HEM7322, Kyoto, Japan) from the pre-test described above), and the level of walk 

intensity experienced (RPE) [7] were recorded immediately following the 6MWT. In 

addition, number of steps (using the same pedometer (Omron HJ-320 Walking Style 

Pedometer, Kyoto, Japan) from the pre-test described above), number of laps, and 

exceed distance were recorded after finishing the 6MWT. Finally, post heart rate and 

post blood pressure were recorded using the same automatic blood pressure monitor 

(Omron HEM7322, Kyoto, Japan) from the pre-test described above, approximately 5 

minutes after finishing the 6MWT. 

The 30-Second Chair Stand Test (CST) 

The 30-Second Chair Stand Test (CST) [2] is an important functional test because it 

measures lower body strength. Age-related decline in lower body strength is associated 

with balance problems and risk of falls in older adults [2]. Performance in the CST also 

decreases with aging and low levels of activity [2]. Older individuals who completed 

the CST scores (mean (SD) repetitions) are classified into two categories. The first 

category involves age, and is divided into three subcategories: 60-69 y.o. (14.0 (2.4) 

repetitions), 70-79 y.o. (12.9 (3.0) repetitions), and 80-89 y.o. (11.9 (3.6) repetitions). 
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The second category is based on physical activity levels, and is divided into two 

subcategories: high active older individuals (13.3 (2.8) repetitions) and low active older 

individuals (10.8 (3.6) repetitions) [2]. The CST required participants to stand fully 

upright (with arms crossed over the chest) from a chair without arms, with a seat height 

of 43.2 cm, and then return to the seated position as many times as possible, within 30 

seconds. Prior to testing, a practice trial of one or two slow paced repetitions was 

recommended, to ensure that the participant understood the test and the techniques 

required. The test commenced when the examiner said “3-2-1-start” while 

simultaneously starting the stopwatch, and the participant was then stopped after 30 sec. 

Only full standing positions were counted in this test. 

The Sitting and Rising Test (SRT) 

The ability to sit and rise from the floor unassisted (represented in the Sitting and Rising 

Test; SRT) has been identified as being predictive of all-cause mortality and is an 

important functional measure in older adults [3]. The SRT measures the individual’s 

ability to sit and rise unassisted from the floor. Partial scores are assigned for each of 

the two required actions of sitting (5 points) and rising (5 points) from the floor (sit to 

rise). The final composite SRT point/s, varying from 0 to 10, is obtained by adding 

sitting and rising points (see Appendix B for more details). Each point increase in the 

SRT is associated with a 21% reduction in all-cause mortality [3]. The SRT was 

administered on a non-slippery flat surface, in a minimal space of 2×2 m, with the 

participant standing barefoot and wearing comfortable clothing that did not restrict 

movement. A mat was placed behind the participant to create a safe testing area. The 

examiner positioned himself/herself in front or at the side of the participant, to get a 

clear vision of the test and to optimize accuracy of test scoring. Prior to the SRT, the 

participant was given the following instructions: “without worrying about the speed of 

movement, try to sit and then to rise from the floor, using the minimum support that you 
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believe is needed”. The participant was allowed to cross his/her legs either during the 

sitting or rising test; however, the sides of feet could not be used for support. 

Balance  

Balance was assessed using the Berg Balance Scale (BBS) [8], the Multi-Directional 

Reach Test (MDRT) [9], the Timed Up and Go Test (TUG) [10], and the Four Square 

Step Test (FSST) [11]. The results from the Multi-Directional Reach Test are presented 

as Forward Reach Test (FRT); Backward Reach Test (BRT); Right Reach Test (RRT); 

and Left Reach Test (LRT).  

The Berg Balance Scale (BBS) 

The Berg Balance Scale (BBS) [8] is a widely used clinical test of static and dynamic 

balance abilities, both of which are good predictors of risk of falls in older adults. The 

BBS comprises 14 items of static and dynamic balance tasks of varying difficulties.  

The 14 items of BBS are as follows; 1. Sitting to standing, 2. Standing unsupported, 3. 

Sitting unsupported, 4. Standing to sitting, 5. Transfers, 6. Standing with eyes closed, 7. 

Standing with feet together, 8. Reaching forward with outstretched arm,  9. Turning to 

look behind, 10. Turning 360 degrees,  11. Turning 360 degrees,  12. Placing alternate 

foot on stool, 13. Standing with one foot in front, 14. Standing on one foot. All items 

were based on a 5 -point ordinal scale (ranging from 0-4). “0” indicates the lowest level 

of function and “4” the highest level of function. The maximum score on the BBS is 56 

(see Appendix B for more details). A cut-off score of 45 is an established criterion to 

identify older adults with high risk of falls [8]. A change of 4 points is needed, to be 

95% confident that “genuine” change has occurred if a patient scores within 45-56 

initially [12]. Each participant went through all 14 items of the BBS. The BBS assessed 

each participant’s ability to carry out postural changes without assistive devices from 

standing to sitting and vice versa, perform transfers, and to change standing positions 

[8].  
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The Multi-Directional Reach Test (MDRT) 

The Multi-Directional Reach Test (MDRT) [9, 13] was used to measure the limits of 

postural stability in four directions: forward, backward, leftward and rightward. 

Performance on the MDRT can be predictive of recurrent falls (individuals at high risk 

of falls with two or more eligible falls in the past 6-months) [14]. Newton [9] reported 

that the mean distances on the MDRT achieved by healthy older adults with good 

(normal) postural stability (FRT = 22.58 (8.63) cm, BRT = 11.78 (7.79) cm, RRT = 

15.62 (7.59) cm, and LRT = 16.78 (7.31) cm) can be applied as norms for clinical 

populations with limited postural stability.  The MDRT required participants to 

voluntarily reach and shift their centre of gravity to the limits of the base of support 

with the feet stationary [13]. To administer the MDRT, a yardstick was first affixed to 

the wall at the level of the patient's acromion process [13]. Prior to the reach, the 

yardstick was leveled so that it was horizontal to the floor. The participant lifted an 

outstretched arm to shoulder height, maintained his/her arm outstretched for an initial 

reading, then reached as far forward as possible. For the forward direction, instructions 

were given to the participant were: “without moving your feet or taking a step, reach as 

far (direction given) as you can, and try to keep your hand along the yardstick, try to 

keep your knees straight, feet flat on the floor, but do not rotate your upper body”. For 

the backward direction, the participant was instructed to “lean as far back as you can.” 

Participants could use their preferred arm for forward and backward reach tests. 

However, for the right and left reaches, only the respective arms were used. The start 

and end positions of the index finger of the outstretched hand were recorded, and the 

difference represented the total reach for that direction. Participants were required to 

keep their feet flat on the floor and if they moved their feet, the trial was discarded. 

Each participant performed two trials for each direction (forward, backward, right, and 
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left), and the average of two trials was recorded as the final score of the MDRT for each 

direction. 

The Timed Up and Go Test (TUG) 

The Timed Up and Go Test (TUG) [10] is highly correlated with functional mobility, 

gait speed, and risk of falls in older adults. Longer TUG times are associated with 

decreased mobility and may accurately predict risk of falls [10]. Older individuals who 

completed the TUG in < 10 seconds are regarded as independent with good physical 

mobility; older individuals who completed TUG in < 20 seconds are described as 

having good mobility and can walk and go out alone without a gait aid. However, older 

individuals who completed the TUG in ≥30 seconds are described as being unable to go 

outside alone, may require a gait aid and have high risk of falls [10]. For the TUG, 

participants were instructed by the examiner to stand from a standard armchair 

(approximately seat height 46 cm) without using the arms or any physical assistance, 

walk at a comfortable and safe pace to a line on the floor 3 metres away, turn, return to 

the chair, and sit down on the chair.  Each participant did the test once without being 

timed (practice trial), to ensure familiarity with the test. After the practice trial, the 

participant was then timed while he/she completed the two recorded trials and an 

average of the two recorded trials was used in data analysis. 

The Four Step Square Test (FSST) 

The Four Step Square Test (FSST) [11] is a reliable, easy to score, and quick to 

administer clinical test, to predict risk of falls in older adults [11]. The FSST is a timed 

agility test used to measure dynamic standing balance, quick stepping, and coordination 

in four different directions [11]. A cut-off score of 15 serves as the criterion to predict 

risk of falls in older adults. Participants with scores >15 seconds are considered as 

multiple fallers with greater risk of falls, and those with scores ≤ 15 seconds regarded as 

non-multiple fallers with less risk of falls [11]. For the FSST, four canes (height 2.5 cm 
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and length 90 cm) were placed flat on the floor in a cross formation to mark four 

squares (1,2,3,4). Participants were instructed to step forward sideways and backwards 

over the four canes. Participants were then asked to stand and touch the floor with both 

feet in square 1, and then step as fast as possible from one square to another in the 

order; 2-3-4-1-4-3-2 and 1. Timing commenced when the first foot contacted the floor 

in square 2 and was stopped when the last foot came back to touch the floor in square 1. 

The following instructions were given to the participants: “Try to complete the 

sequences as quick as possible without touching the sticks. Both feet must touch the 

floor in each square. If possible, face forward during the entire sequence.” The sequence 

was demonstrated to the participants, and participants were allowed to practice one trial, 

prior to the actual tests, to ensure that they understood the sequence. Two trials were 

then performed, and the best (shortest) time was considered as the final score of the 

FSST (no more than four attempts were allowed). A trial was repeated if the participant 

failed to complete the sequence successfully, lost balance, or made contact with the 

canes during the sequence. 

 

Trunk muscle morphology  

A SonoSite M-Turbo (SonoSite™, Bothell, WA, USA) ultrasound unit with a 60 mm 

broadband curved array (5-2 MHz) was used to measure the size of the rectus 

abdominis (RA), internal oblique (IO), external oblique (EO), transversus abdominis 

(TrA) and lumbar multifidus (LM) muscles. Previous studies using ultrasound imaging 

to measure trunk muscle size in older adults have demonstrated high inter-rater and 

intra-rater reliability (ICC ≥0.86) [15, 16]. 

Images of the lumbar multifidus (LM) were obtained at the L4-5 level (L4/L5) with 

the participant in the prone position using methods described in previous studies [17]. 
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The transducer was positioned lateral to the L4 and L5 spinous process and angled 

slightly medial until the L4-5 facet joint could be identified. Lumbar multifidus 

thickness measurements were made between the posterior most portion of the L4-5 

facet joint and the plane between the superficial muscle and subcutaneous tissue. 

Rectus abdominis (RA) thickness and cross-sectional area (CSA), as well as 

transversus abdominis (TrA), internal oblique (IO) and external oblique (EO) thickness 

was measured with participants in the supine, hook-lying position. For acquisition of 

the TrA, IO and EO muscles, the transducer was positioned transversely over the 

anterolateral aspect of the abdominal wall, superior to the iliac crest and perpendicular 

to the mid-axillary line. The images were captured with the middle of the muscle belly 

centered in the field of view and at the end of a normal exhalation to control for the 

influence of respiration [17]. For acquisition of the RA, the inferior border of the 

transducer was placed immediately above the umbilicus and moved laterally from the 

midline until the muscle cross-section was centered in the image [18]. A single 

assessor performed image acquisition three times bilaterally and exported the images 

for offline analysis using Image J (National Institutes of Health, version 1.41). The 

same assessor averaged all measures across the three repetitions to reduce 

measurement error [17].  

We created a composite trunk muscle size variable by summing the thickness of 

TrA, IO, and EO (total lateral abdominal muscles; TLAM), as well as other trunk 

muscles (rectus abdominis and lumbar multifidus muscles sizes). Composite trunk 

muscle size comprised the thickness of bilateral lateral abdominal muscles, rectus 

abdominis, lumbar multifidus at lumbar spinal level L4/L5 (L4/L5) (the average of 

right and left) and lumbar multifidus at lumbar spinal level L5/S1 (L5/S1) (the average 

of right and left). The formula of composite trunk muscle size is as follows; 

[Composite trunk muscle size = TLAM + RA + LM (L4/L5) + LM (L5/S1)]. 
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Trunk muscle strength  

We measured maximal isometric strength in trunk flexion, extension, and lateral 

flexion using the Humac NORM Isokinetic dynamometer (Humac NORM, Computer 

Sports Medicine, Stoughton, MA, USA) with the trunk extension–flexion (TEF) 

modular component Isokinetic dynamometry, which has been reported  to be a reliable 

and valid method for measuring trunk muscle strength [19, 20]. The footplate height 

was adjusted to align the participant’s vertical anatomical axis (L5/S1 level) with the 

machine axis. Horizontal alignment was approximately 3.5 cm below the top of iliac 

crest at L5/S1 and vertical alignment was at the approximate intersection of the mid-

axillary line and L5/S1 [21]. The lumbar pad was positioned to obtain a slightly flexed 

knee position (15º) and all other pads and belts secured in accordance with 

manufacturer instructions. The strength testing was performed in the same order each 

time: trunk flexion, extension and then lateral flexion (right, left).  

Prior to testing, participants performed a standardised warm-up consisting of one set 

(10 repetitions) of range of motion exercises and up to five practice trials. For maximal 

efforts, contractions were held for 3 seconds and the peak torque from two attempts 

recorded.  A familiarisation trial preceded each measure and the participant rested for 

45 seconds between each repetition [22]. Verbal encouragement was provided during 

each effort. Maximum isometric trunk torque (Nm) data was normalised by adjusting 

for trunk height (cm) and converting the peak torque to maximum force (N) 

[Maximum force= Peak torque/ Moment arm (trunk height)]. Therefore, all data on 

trunk muscle strength are presented as maximum force. Similar to the muscle size 

measures, we calculated a composite trunk strength score by summing the maximum 

force outcomes from flexion, extension, lateral flexion right and lateral flexion left. 

The formula of composite trunk strength is as follows; [Composite trunk strength = 

Maximum force flexion+ Maximum force extension+ Maximum force lateral flexion]. 
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Exercise programs 

All exercise training sessions were conducted and supervised at Murdoch University. 

Each training session lasted approximately 60 minutes, and there were three training 

sessions per week, with exercises being gradually progressed over 12 weeks (total of 36 

sessions) (see details of the protocols below). Participants were considered compliant if 

they attended at least 80% of the exercise sessions over the 12-week training period. 

Trunk strengthening exercise program (see Appendix C for more details): this study 

made use of a multimodal exercise program comprising of 30 minutes of trunk 

strengthening/motor control exercises [23] (e.g., abdominal bracing, front bridge pose), 

15 minutes of Otago balance exercises [24] (e.g., toe raises, figure 8 walking), and 15 

minutes of continuous walking at approximately 60% of maximum heart rate using the 

age-based prediction formula (220-age). Resting, maximum, and post heart rates of each 

individual were checked before, halfway through, and at the end of the walking session, 

respectively. The participant-to-instructor ratio was kept small [25] (1 main instructor 

(B.S) with 2 additional assistants for 8 participants) throughout the program. All trunk 

strengthening/motor control exercises were conducted on gym mats using unstable 

training equipment (e.g., Airex mats, Bosu ball), but without the use of resistance 

machines. Throughout the trunk strengthening/motor control exercises, participants 

were always in supine, prone, quadruped and side-lying positions on the gym mats to 

avoid continuous position changes (from standing to lying/sitting and vice versa), which 

are often uncomfortable for older adults [25]. Training intensity was progressively and 

individually increased over the 12-week exercise program by changing the lever 

lengths, range of motion, movement velocity (isometric, dynamic) and the level of 

stability/instability.  

Walking-balance exercise program (see Appendix C for more details): participants in 

this group performed the same Otago balance exercises [24] for 15 minutes as above 
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and 45 minutes of continuous walking at approximately 60% of their maximum heart 

rate using the age-based prediction formula (220-age). Resting, maximum, and post 

heart rates of each individual were checked before, halfway through, and at the end of 

the walking session, respectively. 
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Abstract 

Background: Preliminary evidence demonstrates that age-related changes in trunk 

muscle morphology and function may be associated with decreased balance, and 

increased falls risk. 

Objectives: To examine the associations between trunk muscle morphology, 

strength, and functional ability in healthy older adults.  

Methods: We recruited healthy adults, 60 years or older, with no history of lumbar 

surgery or medical conditions precluding safe participation in an exercise program. 

Trunk muscle morphology and strength (flexion, extension, and lateral flexion) 

were assessed using ultrasound imaging and isokinetic dynamometry, respectively. 

Functional and balance outcomes were assessed using the Six-Minute Walk Test 

(6MWT), 30-second Chair Stand Test (CST), Sitting and Rising Test (SRT), Berg 

Balance Scale (BBS), Forward, Backward, Right and Left Reach Test 

(FRT,BRT,RRT,LRT), Timed Up and Go (TUG) and Four Square Step Test 

(FSST). Univariate and multivariate analyses were performed with correlation and 

linear regression and reported with correlation coefficients (r) and standardized beta 

coefficients (β) respectively. Age, sex, and BMI were evaluated as potential 

covariates in each multivariate model. 

Results: Sixty-four healthy older adults (mean (SD) age 69.8 (7.5) years; 59.4% 

female) participated. Rectus abdominis size was associated with 

6MWT(r=0.27;p=0.029), FRT(r=0.30;p=0.014), BRT(r=0.45;p<0.001), 

CST(r=0.33;p=0.007) and SRT(r=0.29;p=0.018). Lumbar multifidus thickness 

was associated with TUG(r=0.26;p=0.037) and FSST(r=0.24;p=0.048). Total 

lateral abdominal muscle thickness (r=0.43;p<0.001) and composite trunk muscle 

size (r=0.33;p=0.007) were associated with BRT. Composite trunk strength was 
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associated with 6MWT(r=0.35;p=0.004), CST(r=0.30;p=0.016), 

SRT(r=0.40,p=0.001), BBS(r=0.29;p=0.017), FRT(r=0.36;p=0.003), and 

BRT(r=0.28;p=0.021). Composite trunk muscle size was correlated with composite 

trunk strength(r=0.42;p<0.001). After controlling for covariates, rectus abdominis 

size was associated with 6MWT(β=-0.27;p=0.050), SRT(β=0.33;p<0.01) and BRT 

(β=0.43;p=0.013), while lumbar multifidus thickness was associated with 

FSST(β=0.21;p=0.048). Trunk flexion strength was associated with FRT 

(β=0.27;p=0.01), while composite trunk strength was associated with 

SRT(β=0.34;p<0.01). Rectus abdominis size was associated with trunk flexion 

(β=0.45;p<0.01) and composite trunk strength (β=0.34;p<0.01), while total lateral 

abdominal muscles size was associated with trunk flexion strength 

(β=0.29;p<0.01). 

Conclusion: This study revealed strong associations between, trunk muscle 

strength and functional ability as well as trunk muscle size and functional ability. 

These findings identify the trunk muscles as potentially important targets for 

exercise programs designed to improve balance, mobility and function in older 

adults.  
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Introduction 

 

Age-related decreases in skeletal muscle size are accompanied by diminished 

muscle strength and function [1, 2]. These muscle changes are associated with reduced 

quality of life [3] and increased risk of falls [4]. Falls are a major health concern among 

older adults, in terms of injury, disability, socioeconomic burden, and mortality [5].  

Previous studies investigating the relationship between muscle strength and 

functional outcomes in older adults have focused on peripheral musculature through 

examining handgrip strength and knee extensor strength [6]. However, more recent 

research has begun to focus on age-related changes in the trunk musculature (i.e. the 

abdominal muscles, and muscles attaching to the lumbar spine) [4, 7-9] due to the 

important role of these muscles in performing activities of daily living, balance, 

mobility, and falls prevention in older adults [10-12].  

Recently, a systematic review conducted by Granacher et al [12] sought to examine 

if trunk muscle strength/composition was associated with balance, functional ability, 

and risk of falls in older adults. First, based on the findings of the cross-sectional studies 

included in Granacher et al [12]’s systematic review, there was a low but significant 

association between trunk muscle strength/muscle attenuation (i.e., higher fat 

infiltration) and balance, functional ability, and risk of falls in older adults. The authors 

[12] additionally identified that there was high levels of heterogeneity in terms of type 

of participants (e.g. clinical, healthy) and the applied testing methodology across the 

cross-sectional studies included in their systematic review. The authors [12] thus 

recommended that future research should specifically focus on additional well-designed 
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cross sectional studies to  investigate the relationship between measures of trunk muscle 

strength/composition, balance, and functional ability in older adults. 

In light of previous findings and recommendations above, the primary aim of this 

study was to examine the associations between trunk muscle morphology (size), 

strength, and functional ability in healthy older adults. We first hypothesized that there 

will be a positive relationship between trunk muscle morphology and functional ability, 

and trunk muscle strength and functional ability in older adults. The secondary aim of 

this study was to investigate the association between trunk muscle morphology and 

strength in healthy older adults. We thus hypothesized that there will be a positive 

relationship between trunk muscle morphology and strength in healthy older adults. 

 

Methods 

 

We conducted a cross-sectional study to examine the associations between trunk 

muscle morphology, strength, and functional ability (functional outcome measures 

categorised into either functional mobility or balance outcome measures) in healthy 

older adults. The Murdoch University Human Research Ethics Committee approved the 

study protocol (No. 2013/140), and all participants provided written informed consent 

prior to enrolment.  
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Participants 

We recruited males and females aged 60 years and older, from the local community 

and from aged care facilities. Participants were excluded from study participation if they 

i) had undergone lumbar spine surgery, ii) had any medical condition or were taking 

prescribed medication, which may have precluded safe participation in an exercise 

program according to a standardized adult pre-exercise screening tool (30) and, iii) were 

unable to communicate and respond to the questionnaires in English. In some cases, the 

study’s supervisory panel (TJF, MH, JJH) requested participants to provide an 

additional medical clearance to participate in the study.  

 

Testing materials  

Anthropometric and demographic characteristics 

Participants provided self-reported physical activity levels via filling in a 

demographic questionnaire. We measured body weight using a digital scale (Scales 

Plus, Perth, WA, Australia) and height (standing and seated) using a wall-mounted 

stadiometer (Surgical Medical Supplies Pvt Ltd, Adelaide, SA, Australia). Seated height 

(the length of the trunk) refers to the distance from the highest point on the head to the 

base sitting surface, and was measured using a wall-mounted stadiometer. The body 

mass index (BMI) was calculated as the body mass divided by the square of the body 

height. 

 Functional mobility  

Functional mobility was assessed using the Six Minute Walk Test (6MWT) [13], 

the 30-second Chair Stand Test (CST) [14], and the Sitting and Rising Test (SRT) [15]. 
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The Six Minute Walk Test (6MWT) [13] is one of the most widely-used 

cardiopulmonary functional tests. The 6MWT assesses distance walked over 6 minutes, 

as a submaximal test of aerobic capacity (endurance). Walking is an indicator of overall 

physical wellbeing, due to its strong influences on independent living, which in turn 

contributes to accomplishment in many activities of daily living [16]. A lower score 

(reflecting less distance covered in 6 minutes) indicates worse functioning (poorer 

aerobic capacity). The six minute walk distance in healthy older adults with good 

aerobic capacities has been reported to range from 400m to 700m [17].  

The 30-Second Chair Stand Test (CST) [14] is an important functional test because 

it measures lower body strength. Age-related decline in lower body strength is 

associated with balance problems and risk of falls in older adults [14]. Performance in 

the CST also decreases with aging and low levels of activity [14]. Older individuals 

who completed the CST scores (mean (SD) repetitions) are classified into two 

categories. The first category involves age, and is divided into three subcategories: 60-

69 y.o. (14.0 (2.4) repetitions), 70-79 y.o. (12.9 (3.0) repetitions), and 80-89 y.o. (11.9 

(3.6) repetitions). The second category is based on physical activity levels, and is 

divided into two subcategories: high active older individuals (13.3 (2.8) repetitions) and 

low active older individuals (10.8 (3.6) repetitions) [14]. 

 The ability to sit and rise from the floor unassisted (represented in the Sitting and 

Rising Test; SRT) has been identified as being predictive of all-cause mortality and is 

an important functional measure in older adults [15]. The SRT measures the 

individual’s ability to sit and rise unassisted from the floor. Partial scores are assigned 

for each of the two required actions of sitting (5 points) and rising (5 points) from the 

floor (sit to rise). The final composite SRT point/s, varying from 0 to 10, is obtained by 
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adding sitting and rising points. Each point increase in the SRT is associated with a 21% 

reduction in all-cause mortality [15]. 

Balance 

Balance was assessed using the Berg Balance Scale (BBS) [18] , the Multi-

Directional Reach Test (MDRT) [19], the Timed Up and Go Test (TUG) [20], and the 

Four Square Step Test (FSST) [21]. The results from the Multi-Directional Reach Test 

are presented as Forward Reach Test (FRT); Backward Reach Test (BRT); Right Reach 

Test (RRT); and Left Reach Test (LRT). The Berg Balance Scale (BBS) [18] is a 

widely used clinical test of static and dynamic balance abilities, both of which are good 

predictors of risk of falls in older adults. The BBS comprises 14 items of static and 

dynamic balance tasks, with a maximum score of 56, and a cut-off score of 45 is an 

established criterion to identify older adults with high risk of falls [18]. A change of 4 

points is needed, to be 95% confident that  “genuine” change has occurred if a patient 

scores within 45-56 initially [22].  

The Multi-Directional Reach Test (MDRT) [19] was used to measure the limits of 

postural stability in four directions: forward, backward, leftward and rightward. 

Performance on the MDRT can be predictive of recurrent falls (individuals at high risk 

of falls with two or more eligible falls in the past 6-months) [23]. Newton [19] reported 

that the mean distances on the MDRT achieved by healthy older adults with good 

(normal) postural stability (FRT = 22.58 (8.63) cm, BRT = 11.78 (7.79) cm, RRT = 

15.62 (7.59) cm, and LRT = 16.78 (7.31) cm) can be applied as norms for clinical 

populations with limited postural stability.   

The Timed Up and Go Test (TUG) [20] is highly correlated with functional 

mobility, gait speed, and risk of  falls in older adults. Longer TUG times are associated 
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with decreased mobility and may accurately predict risk of falls [20]. Older individuals 

who completed the TUG in < 10 seconds are regarded as independent with good 

physical mobility; older individuals who completed TUG in < 20 seconds are described 

as having good mobility and can walk and go out alone without a gait aid. However, 

older individuals who completed the TUG in ≥30 seconds are described as being unable 

to go outside alone, may require a gait aid and have high risk of falls [20].  

The Four Step Square Test (FSST) [21] is a reliable, easy to score, and quick to 

administer clinical test, to predict risk of falls in older adults [21]. The FSST is a timed 

agility test used to measure dynamic standing balance, quick stepping, and coordination 

in four different directions [21]. A cut-off score of 15 serves as the criterion to predict 

risk of falls in older adults. Participants with scores >15 seconds are considered as 

multiple fallers with greater risk of falls, and those with scores ≤ 15 seconds regarded as 

non-multiple fallers with less risk of falls [21].  

Trunk muscle morphology  

A SonoSite M-Turbo (SonoSite™, Bothell, WA, USA) ultrasound unit with a 60 

mm broadband curved array (5-2 MHz) was used to measure the size of the rectus 

abdominis (RA), internal oblique (IO), external oblique (EO), transversus abdominis 

(TrA) and lumbar multifidus (LM) muscles. Previous studies using ultrasound imaging 

to measure trunk muscle size in older adults have demonstrated high inter-rater and 

intra-rater reliability (ICC ≥0.86) [24, 25]. 

Images of the lumbar multifidus (LM) were obtained at the L4-5 level (L4/L5) with 

the participant in the prone position using methods described in previous studies [26]. 

The transducer was positioned lateral to the L4 and L5 spinous process and angled 

slightly medial until the L4-5 facet joint could be identified. Lumbar multifidus 
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thickness measurements were made between the posterior most portion of the L4-5 facet 

joint and the plane between the superficial muscle and subcutaneous tissue. 

Rectus abdominis (RA) thickness and cross-sectional area (CSA), as well as 

transversus abdominis (TrA), internal oblique (IO) and external oblique (EO) thickness 

was measured with participants in the supine, hook-lying position. For acquisition of the 

TrA, IO and EO muscles, the transducer was positioned transversely over the 

anterolateral aspect of the abdominal wall, superior to the iliac crest and perpendicular 

to the mid-axillary line. The images were captured with the middle of the muscle belly 

centered in the field of view and at the end of a normal exhalation to control for the 

influence of respiration [26]. For acquisition of the RA, the inferior border of the 

transducer was placed immediately above the umbilicus and moved laterally from the 

midline until the muscle cross-section was centered in the image [27]. A single assessor 

performed image acquisition three times bilaterally and exported the images for offline 

analysis using Image J (National Institutes of Health, version 1.41). The same assessor 

averaged all measures across the three repetitions to reduce measurement error [26].  

We created a composite trunk muscle size variable by summing the thickness of 

TrA, IO, and EO (total lateral abdominal muscles; TLAM), as well as other trunk 

muscles (rectus abdominis and lumbar multifidus muscles sizes). Composite trunk 

muscle size comprised the thickness of bilateral lateral abdominal muscles, rectus 

abdominis, lumbar multifidus at lumbar spinal level L4/L5 (L4/L5) (the average of of 

right/left) and lumbar multifidus at lumbar spinal level L5/S1 (L5/S1) (the average of 

right and left). The formula of composite trunk muscle size is as follows; [Composite 

trunk muscle size = TLAM + RA + LM (L4/L5) + LM (L5/S1)]. 

Trunk muscle strength  
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We measured maximal isometric strength in trunk flexion, extension, and lateral 

flexion using the Humac NORM Isokinetic dynamometer (Humac NORM, Computer 

Sports Medicine, Stoughton, MA, USA) with the trunk extension–flexion (TEF) 

modular component Isokinetic dynamometry, which has been reported  to be a reliable 

and valid method for measuring trunk muscle strength [28, 29]. The footplate height 

was adjusted to align the participant’s vertical anatomical axis (L5/S1 level) with the 

machine axis. Horizontal alignment was approximately 3.5 cm below the top of iliac 

crest at L5/S1 and vertical alignment was at the approximate intersection of the mid-

axillary line and L5/S1 [30]. The lumbar pad was positioned to obtain a slightly flexed 

knee position (15º) and all other pads and belts secured in accordance with 

manufacturer instructions. The strength testing was performed in the same order each 

time: trunk flexion, extension and then lateral flexion (right, left).  

Prior to testing, participants performed a standardised warm-up consisting of one set (10 

repetitions) of range of motion exercises and up to five practice trials. For maximal 

efforts, contractions were held for 3 seconds and the peak torque from two attempts 

recorded.  A familiarisation trial preceded each measure and the participant rested for 45 

seconds between each repetition [31].  Verbal encouragement was provided during each 

effort. Maximum isometric trunk torque (Nm) data was normalised by adjusting for 

trunk height (cm) and converting the peak torque to maximum force (N) [Maximum 

force= Peak torque/ Moment arm (trunk height)]. Therefore, all data on trunk muscle 

strength are presented as maximum force. Similar to the muscle size measures, we 

calculated a composite trunk strength score by summing the maximum force outcomes 

from flexion, extension, lateral flexion right and lateral flexion left. The formula of 

composite trunk strength is as follows; [Composite trunk strength = Maximum force 

flexion+ Maximum force extension+ Maximum force lateral flexion]. 
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Data Analysis 

 

All data management and statistical analyses were performed using IBM SPSS 

version 21.0 software (IBM Corp, Armonk, NY).  Descriptive statistics were computed 

as means and standard deviation for continuous variables, or as number and percentages 

for categorical variables.   

The relationships between trunk muscle morphology, trunk muscle strength and 

functional outcome measures; and trunk muscle morphology and strength were 

examined with univariate and multivariate analyses. We first explored these relations 

with Pearson’s correlation coefficients (r) for continuous independent variables or 

point-biserial coefficients for dichotomous independent variables. Independent variables 

demonstrating significant correlations (p0.05) with the outcome measures (dependant 

variables) were then included in separate multivariate linear regression models for each 

corresponding outcome measure. When only one muscle predictor was identified at the 

univariate step, it was force entered into the model along with any significant 

demographic covariates. When more than one muscle predictor was identified by the 

univariate analysis, they were entered into step one of a hierarchical model. The muscle 

predictor explaining the greatest variance in the outcome measures was then included in 

step two with the significant demographic covariates. If more than three variables 

qualified for entry into the model (e.g., a combination of two demographic variables and 

two potential predictors), then we selected the strongest demographic variable only, to 

ensure appropriate power in each model.  
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Standardized beta coefficients (β) were generated for each of the variables retained 

in the final model and adjusted R
2
 values were calculated at each step.  The level of 

significance was set at p0.05.  

 

Results 

 

Sixty-four participants (38 female) with a mean (SD) age of 69.8 (7.5) years and 

BMI of 27.3 (4.7) kg/m
2
, participated in this study. Additional descriptive data are 

presented in Table 1. Univariate and multivariate outcomes are presented in Tables 2-4, 

and Tables 5-7, respectively. 

 

Univariate associations between trunk muscle morphology and functional outcome 

measures 

Table 2 includes the results of the univariate analysis. TLAM was positively 

correlated with BRT (r=0.43, p<0.001) outcome. Larger RA CSA was associated with 

improved 6MWT (r=0.27, p=0.029), CST (r=0.33, p=0.007), SRT (r=0.29, p=0.018), 

FRT (r=0.30, p=0.014) and BRT (r=0.45, p<0.001) outcomes. LM-L5/S1 thickness was 

positively correlated with TUG (r=0.26, p=0.037) and FSST (r=0.24, p=0.048) 

outcomes. Similarly, LM-L4/L5 thickness was positively correlated with FSST (r=0.25, 

p=0.043) outcome. Composite trunk muscle size was positively correlated with BRT 

(r=0.33, p=0.007) outcome. 
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Univariate associations between trunk muscle strength and functional outcome 

measures 

Table 3 includes the results of the univariate analysis. Increased trunk flexion 

strength was associated with improved FRT (r=0.36, p=0.003) and BRT (r=0.31, 

p=0.013) outcomes. Increased trunk extension strength was correlated with better 

6MWT (r=0.35, p=0.004), SRT (r=0.38, p=0.002) and BBS (r=0.25, p=0.042) 

outcomes. Similarly, lateral flexion strength was associated with improved 6MWT 

(r=0.33, p=0.007), CST (r=0.32, p=0.010), SRT (r=0.40, p=0.001), BBS (r=0.32, 

p=0.007), FRT (r=0.32, p=0.008), BRT (r=0.25, p=0.025) and, LRT (r=0.28, p=0.020) 

outcomes. Composite trunk strength was associated with improved 6MWT (r=0.35, 

p=0.004), CST (r=0.30, p=0.016), SRT (r=0.40, p=0.001), BBS (r=0.29, p=0.017), FRT 

(r=0.36, p=0.003), and BRT (r=0.28, p=0.021) outcomes. 

 

Univariate associations between trunk muscle morphology and strength 

Table 4 includes the results of the univariate analysis. Larger TLAM thickness was 

associated with increased trunk flexion (r=0.70, p<0.001), extension (r=0.38, p=0.002), 

lateral flexion (r=0.42, p=0.001), and composite trunk strength (r=0.60, p<0.001). 

Larger RA CSA was associated with increased trunk flexion strength (r=0.80, p<0.001), 

extension strength (r=0.51, p<0.001), lateral flexion strength (r=0.46, p<0.001), as well 

as the composite trunk strength measure (r=071, p<0.001). LM-L4/L5 thickness was 

positively correlated with trunk flexion strength (r=0.27, p=0.026). Composite trunk 

muscles size was positively correlated with trunk flexion (r=0.54, p<0.001), extension 

(r=0.33, p=0.006), and composite trunk strength (r=0.42, p<0.001).  
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Univariate associations between descriptive characteristics (age, sex and BMI), 

trunk muscle morphology, trunk muscle strength, and functional outcome measures 

Table 2 includes the results of the univariate analysis. Older age was negatively 

associated with 6MWT (r=-0.67, p<0.001), CST (r=-0.48, p<0.001, SRT (r=-0.59, 

p<0.001, BBS (r=-0.71, p<0.001), FRT (r=-0.43, p<0.001), RRT (r=-0.44, p<0.001) 

and LRT (r=-0.43, p<0.001) outcomes. Older age was associated with slower speed in 

TUG (r=0.75, p<0.001) and FSST (r=0.52, p<0.001). Sex was positively associated 

with 6MWT (r=0.33, p=0.006), SRT (r=0.32, p=0.010) and BRT (r=0.34, p=0.005) 

outcomes. A higher BMI was associated with reduced performance in the SRT (r=-0.33, 

p=0.009). 

Table 2 includes the results of the univariate analysis. Older age was negatively 

associated with right TLAM thickness (r=-0.25, p=0.042) and RA CSA (r=-0.28, 

p=0.023). Males had larger TLAM (mean right and left) (r=0.48, p<0.001), LM-L4/L5 

(r=0.29, p=0.020), composite trunk muscle size (r=0.46, p<0.001) and RA CSA 

(r=0.73, p<0.001), than females. A higher BMI was positively associated with TLAM 

(mean right and left) (r=0.49, p<0.001), LM-L4/L5 (r=0.41, p=0.001), LM-L5/S1 

(r=0.40, p=0.001), composite trunk muscle thickness (r=0.52, p<0.001) and RA CSA 

(r=0.37, p=0.002). 

Table 3 includes the results of the univariate analysis. Older age was negatively 

associated with lateral flexion strength (r=-0.27, p=0.019) and composite trunk strength 

(r=-0.28, p=0.022). Males had greater trunk flexion (r=0.67, p<0.001), extension 

(r=0.64, p<0.001), lateral flexion strength (r=0.48, p<0.001) and composite trunk 
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strength (r=0.71, p<0.001), than females. A higher BMI was positively associated with 

trunk flexion strength (r=0.47, p<0.001). 

 

Multivariate associations between trunk muscle morphology and functional 

outcome measures 

Table 5 includes the results of the multivariate analysis. After controlling for age 

and sex, RA CSA was associated with 6MWT (β=-0.27; p=0.050) outcome, while RA 

CSA was associated with SRT (β=0.33; p<0.001) outcome, after controlling for age and 

BMI. RA CSA was also associated with with BRT (β=0.43; p=0.013) outcome,  after 

controlling for sex. LM-L4/L5 thickness, after controlling for age, was associated with 

FSST (β=0.21; p=0.048) outcome. 

RA CSA was associated with BRT (β=0.45; p<0.001) outcome, while LM-L5/S1 

thickness was associated with TUG (β=0.26, p=0.037) outcome and LM-L4/L5 

thickness was associated with FSST (β=0.25, p=0.043) outcome. 

 

Multivariate associations between trunk muscle strength and functional outcome 

measures 

Table 6 includes the results of the multivariate analysis. After controlling for age, 

trunk flexion strength was associated with with FRT (β= 0.27; p=0.01) outcome, while 

composite trunk strength was associated with SRT (β=0.34; p<0.001) outcome, after 

controlling for age and BMI.  
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 Trunk flexion strength was associated with FRT (β=0.36; p=0.003) and BRT 

(β=0.31; p= p=0.013) outcomes, while trunk extension strength was associated with 

6MWT (β=0.35; p=0.004) outcome. Trunk right lateral flexion strength was associated 

with BBS (β=0.33; p=0.007) outcome, trunk left lateral flexion strength was associated 

with LRT (β=0.30; p=0.016) outcome and trunk lateral flexion strength (mean right/left) 

was associated with CST (β=0.32; p=0.008) outcome. Composite trunk strength was 

associated with SRT (β=0.40; p=0.001) outcome. 

 

Multivariate associations between trunk muscle morphology and strength    

Table 7 includes the results of the multivariate analysis. After controlling for sex, 

RA CSA was associated with trunk flexion strength (β=0.45; p=0.001), while RA CSA 

was associated with composite trunk strength (β=0.34; p=0.007) after controlling for 

age and sex. TLAM (mean right and left) thickness, after controlling for sex, was 

associated with trunk flexion strength (β=0.29; p=0.003).   

RA CSA was associated with trunk flexion (β=0.60; p<0.001), extension (β=0.52; 

p<0.001), lateral flexion (mean right/left) (β=0.46; p<0.001) and composite trunk 

strength (β=0.56; p<0.001). TLAM thickness was associated with trunk flexion strength 

(β=0.28; p=0.005). 

 

Discussion 

This study aimed to identify the associations between trunk muscle morphology, 

strength, and functional ability in healthy older adults. The most important outcomes of 



   

90 

 

 

this study were that: i) univariate analyses revealed small-moderate positive correlations 

between trunk muscle morphology, strength, and various functional outcome measures. 

More specifically, larger RA CSA was most consistently associated with better 6MWT, 

FRT, BRT, CST, and SRT outcomes. LM thickness was associated with better TUG and 

FSST outcomes, while TLAM thickness and composite trunk muscle size were 

associated with better BRT outcome. Increased composite trunk strength was 

consistently associated with better 6MWT, CST, SRT, BBS, FRT, and BRT outcomes. 

TLAM thickness and RA CSA were consistently and positively associated with all 

trunk muscle strength measures (flexion, extension, lateral flexion, and composite trunk 

strength).  LM thickness was positively associated with trunk flexion strength, while 

composite trunk muscle size was positively associated with flexion, extension, and 

composite trunk strength. ii) After controlling for covariates (age, sex, and /or BMI), 

multivariate analyses revealed larger RA CSA was associated with lower 6MWT 

outcome, while larger RA CSA was associated with better SRT, and BRT outcomes. 

LM thickness was associated with better FSST outcome. Trunk flexion strength was 

associated with better FRT outcome, while composite trunk strength was associated 

with better SRT outcome. RA CSA was positively associated with trunk flexion and 

composite trunk strength, while TLAM thickness was positively associated with trunk 

flexion strength. iii) In addition to the above main findings, age, sex, and /or BMI had 

strong influences on performance in various functional tasks. 

 In the present study, we found that RA CSA (β = 0.33; Table 5) was retained in the 

model (R
2
 = 0.60) for SRT outcome, along with age and BMI. At present, only one 

previous cross-sectional study conducted by Hicks et al [11] has explored the 

relationship between trunk muscle morphology (lumbar paraspinal, lateral abdominal, 

and rectus abdominis muscles) and performance on functional tasks. Similar to the 
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findings of the present study, Hicks et al [11] found that after controlling for covariates 

(age, sex, race, height, total body fat and thigh muscle composition), the average trunk 

muscle area was not associated (All p>0.10) with performance in the Health ABC 

Physical Performance Battery (usual and narrow walk, chair stands, and standing 

balance) in healthy older adults (70-79 y.o.). However, Hicks et al [11] also revealed 

that higher fat infiltration, measured by reduced muscle attenuation in Computed 

Tomography (CT) images, was significantly and negatively associated with 

performance in the Health ABC Physical Performance Battery (p<0.05), explaining 

about 13% of the variance in performance, while thigh muscle attenuation explained 

only 5.5% of the variance. In other words, Hicks et al [11] indicated that fat infiltration 

in trunk muscles (a measure of muscle quality) was predictive of functional 

performance in older adults, while trunk muscle morphology explained little of the 

observed variance in performance in these functional tasks. 

Second, composite trunk strength (β = 0.34; Table 6) was retained in the model (R
2
 

= 0.60) for the SRT, along with age and BMI. The associations between trunk muscle 

strength and functional tasks (BBS and TUG) have previously been explored in two 

studies [7, 10]. First, Suri et al [10] investigated associations between trunk muscle 

strength/endurance and mobility/balance in healthy older adults with mobility 

limitations. The authors [10] identified that isometric trunk extension strength was 

moderately correlated with the BBS (r = 0.41, p<0.05), and this is consistent with our 

findings (r=0.25, p<0.05). Additionally, Granacher et al [7] reported no significant 

correlations between measures of trunk muscle strength (i.e., flexion, extension, lateral 

flexion, rotation) and performance on the TUG. Similarly, the findings in the current 

study indicated that there were no correlations between all trunk muscle strength 
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measures (flexion, extension, lateral flexion, and composite trunk strength) and TUG 

(All p>0.1).   

In addition to the findings above, this study demonstrated strong positive 

correlations between trunk muscle morphology (size) and trunk muscle strength (Table 

4). Specifically, RA CSA (β = 0.45; Table 7) was retained in the model (R
2
 = 0.70) for 

trunk flexion strength, along with sex. TLAM thickness (β = 0.29; Table 7) was retained 

in the model (R
2
 = 0.70) for trunk flexion strength, along with sex. RA CSA (β = 0.34; 

Table 7) was retained in the model (R
2 

= 0.58) for composite trunk strength, along with 

age and sex. The results of the current study are in line with the findings of Andersen et 

al. [32], who examined the association between CT (trunk muscle cross-sectional area; 

attenuation) and trunk strength in older adults (≥65 y.o.). Andersen et al. [32] 

demonstrated that trunk muscle attenuation was associated with absolute strength, 

however, the association between trunk muscle cross-sectional area and absolute 

strength was stronger across all studied muscles (anterior abdominal muscles; posterior 

abdominal muscles; paraspinal muscles; combined). Generally, these are consistent with 

the role abdominal muscles play in providing stability in the trunk region [33] and not 

specifically as a prime mover.  

The finding that age and sex strongly correlate with trunk muscle morphology and 

strength (Tables 2 and 3) is also consistent with previous studies [32, 34, 35]. It has 

been previously established that age-related declines in muscle morphology and 

strength indicate impaired physical function and increased risk of disability and injury 

in older adults [1, 6, 36], however, these findings were based on measures of peripheral 

musculature. Subsequently, additional studies have identified the importance of trunk 

muscle morphology and strength with function in cohorts with similar age ranges [7, 10, 

11, 32]. In summary, these studies suggested that there are low but significant 
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associations between trunk muscle morphology and strength with balance and 

functional performance among older adults. The findings of these cross-sectional 

studies may be important for the identification of trunk muscle exercise-components, 

which can be included into an exercise program aiming to improve balance and 

functional performance in older adults. 

The study presented herein had several strengths, including i) this was the first 

study that comprehensively examined the associations of trunk muscle morphology, 

strength, and functional ability in healthy older adults; ii) the maximum isometric trunk 

torque (Nm) data was normalised by adjusting for trunk height (cm) which served as the 

surrogate measures for the moment arm, therefore providing greater confidence when 

comparing across study participants in this cohort [37, 38]. 

This study was limited by several factors. While the number of participants (n=64) 

was sufficient to conduct the specific analyses, the number of predictor variables we 

were able to enter in the models (i.e., multivariate linear regression) was limited. 

Secondly, the participants in this study were healthy and moderately active older adults. 

Therefore, the results may not generalize to other populations (e.g., sedentary, 

overweight/obese, frail/at high risk of falls older individuals, frail older individuals at 

high risk of falls, neuromuscular, mobility/balance limited patients). Additionally, the 

results are specific to the testing methodology used to assess trunk muscle morphology, 

strength and functional ability in the current study.  Furthermore, the outcome measures 

may not represent all components of trunk muscle morphology, strength, mobility, and 

balance. Likewise, although ultrasound imaging is a reliable and valid technique to 

assess trunk muscle morphology, it may not accurately capture important intrinsic 

changes in muscle quality (e.g. intermuscular fat infiltration) and muscle volume that 

accompany aging. Finally, this study utilized a cross-sectional study design, and thus 
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the findings of this study do not reflect longitudinal changes in trunk muscle 

morphology, strength muscle and functional ability in older adults as a result of 

potential factors such as aging, lack of physical activity, special exercise training and 

detraining.  

In summary, this study provides valuable insight into the relationships between 

trunk muscle morphology (size), strength, and functional ability. Specifically our 

findings demonstrated that trunk muscle morphology and strength appeared to play 

important roles in functional performance, albeit that strength demonstrates more robust 

associations with functional ability. The findings of the current study demonstrate a 

potentially important role for training the trunk musculature in older adults. 
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Table 1. Descriptive characteristics (n=64) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Characteristics Measure  

Age (years) 69.8 (7.5) 

Sex n (%)  female 38 (59.4) 

Body mass index (kg/m
2
) 27.3 (4.7) 

History of falls over past 12 months   

No falls  82% 

Falls  18% 

Self-reported physical activity 

 

 

Moderately active (exercise training one or twice per week) 53.1% 

Very active (exercise training 3x times per week) 43.8% 

Not very active (rarely leaves house) 3.1% 

Right total lateral abdominal muscles, cm 1.6 (0.45) 

Left total lateral abdominal muscles, cm 1.6 (0.39) 

Total lateral abdominal muscles (mean right/left), cm 1.6 (0.41) 

Rectus abdominis, cm
2
 4.1 (1.41) 

Lumbar multifidus L4/L5, cm 3.1 (0.45) 

Lumbar multifidus L5/S1, cm 3.0 (0.49) 

Composite trunk muscle size, cm 8.5 (1.16) 

Trunk flexion strength, N 125.0 

(50.9)  Trunk extension strength, N 89.4 (44.9) 

Trunk right lateral flexion strength, N 65.7 (29.6) 

Trunk left lateral flexion strength, N 57.3 (26.0) 

Trunk lateral flexion strength (mean right/left), N 61.5 (26.5) 

Composite trunk strength  337.5 

(124.5) Six Minute Walk Test, m 559.8 

(87.9) 30-Second Chair Stand Test, reps 16.2 (4.4) 

Sitting and Rising Test, points 5.7 (2.1) 

Berg Balance Scale 52.0 (4.5) 

Forward Reach Test, cm 28.2 (4.8) 

Backward Reach Test, cm 16.0 (3.6) 

Right Reach Test, cm 19.5 (4.9) 

Left Reach Test, cm 19.0 (4.6) 

Timed Up and Go Test, s 7.4 (1.9) 

Four Step Square Test, s 8.3 (1.6) 

Values are presented as mean (standard deviation; SD) or as number and percentages 

L4/L5 lumbar spinal level L4/L5, L5/S1 lumbar spinal level L5/S1, reps repetitions  



   

97 

 

 

 Table 2. Univariate analysis of associations between functional measures, descriptive characteristics (age, sex and BMI) and trunk muscle morphology  

 Age, y Sex 
BMI 

(kg/m
2
) 

Rectus 

abdominis , cm
2
  

Lumbar multifidus, 

cm  

Total lateral abdominal 

muscles, cm  
Composite trunk 

muscle size, cm 
CSA L4/L5 L5/S1 Right Left Mean 

Six Minute Walk Test, m 
-0.67 

(<0.001) 

0.33 

(0.006) 

-0.20 

(0.101) 
0.27 

(0.029) 

 -0.05 

(0.682) 

-0.10 

(0.431) 

 0.23
 

(0.057) 

0.16 

(0.195) 

0.21 

(0.093) 

 0.06 

(0.616) 

30-Second Chair Stand Test, reps 
-0.48 

(<0.001) 

0.20 

(0.107) 

-0.12 

(0.321) 
0.33 

(0.007) 

 -0.22 

(0.076) 

-0.22 

(0.071) 

 0.23 

(0.062) 

0.15 

(0.227) 

0.20 

(0.106) 

 -0.07 

(0.558) 

Sitting and Rising Test, points 
-0.59 

(<0.001) 

0.32 

(0.010) 

-0.33 

(0.009) 

0.29 

(0.018) 

 -0.14 

(0.266) 

-0.20 

(0.104) 

 0.20 

(0.109) 

0.15 

(0.229) 

0.18 

(0.143) 

 -0.02 

(0.848) 

Berg Balance Scale 
-0.71 

(<0.001) 

0.12 

(0.341) 

-0.13 

(0.272) 

0.20 

(0.105) 

 -0.19 

(0.118) 

-0.21 

(0.091) 

 0.23 

(0.067) 

0.18 

(0.141) 

0.21 

(0.085) 

 -0.04 

(0.699) 

Forward Reach Test, cm 
-0.43 

(<0.001) 

0.14 

(0.265) 

0.10 

(0.403) 
0.30 

(0.014) 

 -0.03 

(0.797) 

-0.00 

(0.989) 

 0.24
 

(0.051) 

0.14 

(0.240) 

0.20 

(0.100) 

 0.09 

(0.455) 

Backward Reach Test, cm 
-0.16 

(0.188) 
0.34 

(0.005) 

0.13 

(0.292) 
0.45 

(<0.001) 

 0.15 

(0.216) 

0.15 

(0.221) 

 0.42 

(<0.001) 

0.41 

(0.001) 

0.43 

(<0.001) 

 0.33 

(0.007) 

Right Reach Test, cm 
-0.44 

(<0.001) 

0.17 

(0.357) 

-0.008 

(0.947) 

0.14 

(0.250) 

 0.01 

(0.921) 

0.03 

(0.782) 

 0.22 

(0.080) 

0.14 

0.250 

0.19 

(0.128) 

 (0.09) 

(0.468) 

Left Reach Test, cm  
-0.43 

(<0.001) 

0.10 

(0.424) 

0.01 

(0.903) 

0.13 

(0.285) 

 0.05 

(0.683) 

0.03 

(0.780) 

 0.165 

(0.194) 

0.12 

(0.325) 

0.15 

(0.233) 

 0.09 

(0.478) 

Timed Up and Go Test, s 
0.75 

(<0.001) 

-0.08 

(0.512) 

0.10 

(0.431) 

-0.14 

(0.248) 

 0.24 

(0.055) 
0.26 

(0.037) 

 -0.17 

(0.169) 

-0.16 

(0.184) 

-0.17 

(0.162) 

 0.12 

(0.342) 

Four Step Square Test, s 
0.52 

(<0.001) 

0.03 

(0.805) 

0.11 

(0.355) 

-0.05 

(0.694) 

 0.25 

(0.043) 

0.24 

(0.048) 

 -0.10 

(0.411) 

-0.06 

(0.595) 

-0.09 

(0.478) 

 0.14 

(0.247) 

Age, y - - - 
-0.28 

(0.023) 

 0.08 

(0.527) 

0.14 

(0.244) 

 -0.25 

(0.042) 

-0.21 

(0.087) 

-0.24 

(0.051) 

 -0.02 

(0.819) 

Sex - - - 
0.73 

(<0.001) 

 0.29 

(0.020) 

0.20 

(0.101) 

 0.46 

(<0.001) 

0.47 

(<0.001) 

0.48 

(<0.001) 

  0.46 

(<0.001) 

BMI (kg/m
2
) - - - 

0.37 

(0.002) 

 0.41 

(0.001) 

0.40 

(0.001) 

 0.44 

(<0.001) 

0.51 

(<0.001) 

0.49 

(<0.001) 

 0.52 

(<0.001) 

Values are presented are Pearson correlation coefficients, except sex was presented by point biserial correlation (exact p values) 

Bolded estimates are statistically significant at p ≤ 0.05 and p ≤ 0.01 

BMI body mass index, CSA cross sectional area,  L4/L5 lumbar spinal level L4/L5, L5/S1 lumbar spinal level L5/S1, Composite trunk muscle size comprised the 

thickness of bilateral lateral abdominal muscles, rectus abdominis, lumbar multifidus L4/L5, lumbar multifidus L4/L5, n number of participants, reps repetitions, s 

seconds 
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 Table 3. Univariate analysis of associations between functional measures, descriptive characteristics (age, sex and BMI) and trunk muscle strength  

 

Trunk strength, N 
 

Trunk Lateral Flexion strength, N 
 

Composite trunk 

strength, N 

 
Flexion Extension Right Left Mean 

Six Minute Walk Test, m 
0.23 

 (0.059) 
0.35

 

 (0.004) 

 0.29
 

 (0.018) 

0.28
 

 (0.025) 

0.33 

(0.007) 

 0.35 

(0.004) 

30-Second Chair Stand Test, reps 
0.19 

(0.128) 

0.22 

(0.072) 
 0.30 

(0.016) 

0.32 

(0.009) 

0.32 

(0.010) 

 0.30 

(0.016) 

Sitting and Rising Test, points 
0.22 

(0.076) 
0.38 

(0.002) 

 0.40 

(0.001) 

0.33 

(0.007) 

0.40 

(0.001) 

 0.40 

(0.001) 

Berg Balance Scale 
0.17  

(0.175) 
0.25

 

(0.042) 

 0.33 

(0.007) 

0.27 

(0.030) 

0.32 

(0.007) 

 0.29  

(0.017) 

Forward Reach Test, cm 
0.36 

(0.003) 

0.24 

(0.056) 

 0.28 

(0.022) 

0.31 

(0.013) 

0.32 

(0.008) 

 0.36 

(0.003) 

Backward Reach Test, cm 
0.31 

(0.013) 

0.14 

(0.268) 

 0.26 

(0.038) 

0.23 

(0.068) 
0.25 

(0.025) 

 0.28 

(0.021) 

Right Reach Test, cm  
0.167 

(0.187) 

0.14 

(0.261) 

 0.145 

(0.251) 

0.191 

(0.130) 

0.192 

(0.129) 

 0.194 

(0.124) 

Left Reach Test, cm 
0.18 

(0.147) 

0.10 

(0.398) 

 0.25 

(0.045) 

0.30 

(0.016) 

0.28 

(0.020) 

 0.23 

(0.060) 

Timed Up and Go Test, s 
-0.14 

(0.248) 

-0.14 

(0.268) 

 -0.17 

(0.169) 

-0.18 

(0.148) 

-0.19 

(0.127) 

 -0.19 

 (0.132) 

Four Step Square Test, s 
-0.06 

(0.621) 

0.004  

(0.973) 

 -0.22 

(0.070) 

-0.13 

(0.290) 

-0.19 

(0.133) 

 -0.10 

(0.402) 

Age, y 
-0.24 

(0.056) 

-0.20 

(0.111) 
 

-0.27 

(0.027) 

-0.24 

(0.057) 
-0.27 

(0.019) 
 

-0.28 

(0.022) 

Sex 
0.67 

(<0.001) 

0.64 

(<0.001) 
 

0.44 

(<0.001) 

0.48 

(<0.001) 

0.48 

(<0.001) 
 

0.71 

(<0.001) 

BMI (kg/m
2
) 

0.47 

(<0.001) 

0.004 

(0.974) 
 0.06 

(0.622) 

0.08 

(0.499) 

0.07 

(0.509) 
 

0.22 

(0.070) 

Values are presented are Pearson correlation coefficients, except sex was presented by point biserial correlation (exact p values) 

Bolded estimates are statistically significant at p ≤ 0.05 and p ≤ 0.01 

BMI body mass index, Composite trunk strength comprised trunk strength flexion, extension and lateral flexion (the average of  right and left) 
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Table 4. Univariate analysis of associations between trunk muscle morphology and strength  

 Rectus 

abdominis, cm2  

Lumbar multifidus, 

cm  

Total lateral abdominal muscles, 

cm  
Composite trunk 

muscle size, cm 
CSA L4/L5 L5/S1 Right Left Mean 

Trunk flexion strength, N 0.80 

(<0.001) 

 0.27 

(0.026) 

0.21 

(0.086) 

 0.68 

(<0.001) 

0.68 

(<0.001) 

0.70 

(<0.001) 

 0.54 

(<0.001) 

Trunk extension strength, N 0.51 

(<0.001) 

 0.20 

(0.106) 

0.13 

(0.284) 

 0.40 

(0.001) 

0.33 

(0.007) 

0.38 

(0.002) 

 0.33 

(0.006) 

Trunk right lateral flexion strength, N 0.44 

(<0.001) 

 -0.01 

(0.884) 

-.060 

(0.637) 

 0.38 

(0.002) 

0.41 

(0.001) 

0.41 

(0.001) 

 0.17 

(0.164) 

Trunk left lateral flexion strength, N 0.44 

(<0.001) 

 -0.00 

(0.988) 

-0.04 

(0.700) 

 0.37 

(0.002) 

0.38 

(0.002) 

0.39 

(0.001) 

 0.18 

(0.152) 

Trunk lateral flexion strength (mean right/left), N 0.46 

(<0.001) 

 
-0.01 

(0.929) 

-0.05 

(0.651) 

 
0.40 

(0.001) 

0.41 

(0.001) 

0.42 

(0.001) 

 
0.18 

(0.138) 

Composite trunk strength, N 0.71 

(<0.001) 

 0.18 

(0.148) 

0.11 

(0.374) 

 0.59 

(<0.001) 

0.58 

(<0.001) 

0.60 

(<0.001) 

 0.42 

(<0.001) 

Values are presented are Pearson correlation coefficients (exact p values) 

Bolded estimates are statistically significant at p ≤ 0.05 and  p ≤ 0.01 

BMI body mass index, CSA cross sectional area, Composite trunk muscle size comprised the thickness of bilateral lateral abdominal muscles, rectus abdominis, 

lumbar multifidus L4/L5, lumbar multifidus L5/S1, Composite trunk strength comprised trunk strength flexion, extension and lateral flexion (the average of right 

and left), n number of participants,  N newton 
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Table 5. Multiple linear regression analysis of the relationship between trunk muscle morphology and functional measures 

Variable Adjusted R
2
 

R
2
 change 

significance 

Standardised β 

coefficient 

β coefficient 

significance  

Six Minute Walk Test, m 

Model  

Age 

Sex 

Rectus abdominis  CSA, cm
2
 

0.53 <0.001 

-0.70 

0.46 

-0.27 

<0.001 

<0.001 

0.050 

30-Second Chair Stand Test, sec 

Model  
Age  

Rectus abdominis  CSA, cm
2
 

0.25 <0.001 
-0.42 

0.21 

<0.001 

0.064 

Sitting and Rising Test, points 

Model  

Age 

BMI 

Rectus abdominis  CSA, cm
2
 

0.60 <0.001 

-0.57 

-0.52 

0.33 

<0.001 

<0.001 

<0.001 

 Forward Reach Test, cm     

Model  
Age 

Rectus abdominis  CSA, cm
2
 

0.20 <0.001 
-0.38 

0.20 

0.002 

0.099 

Backward Reach Test, cm 

Model 1 Rectus abdominis  CSA, cm
2
 0.19 <0.001 0.45 <0.001 

Model 2 
Sex 

Rectus abdominis  CSA, cm
2
 

0.18 0.001 
0.03 

0.43 

0.857 

0.013 

Timed Up and Go Test, cm 

Model 1 Lumbar multifidus L5/S1, cm 0.05 0.037 0.26 0.037 

Model 2 
Age 

Lumbar multifidus L5/S1, cm 
0.58 <0.001 0.58 

<0.001 

0.068 

Four Step Square Test, cm 

Model 1 Lumbar multifidus L4/L5, cm 0.04 0.043 0.25 0.043 

Model 2 
Age 

Lumbar multifidus L4/L5, cm 
0.30 <0.001 

0.50 

0.21 

<0.001 

0.048 

Levels of significance are at  p ≤ 0.05 and p ≤ 0.01 

BMI body mass index, CSA cross sectional area,  L4/L5 lumbar spinal level L4/L5, L5/S1 lumbar spinal level L5/S1, n number of participants, 

reps repetitions, s seconds 
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Table 6. Multiple linear regression analysis of the relationship between trunk muscle strength and functional measures 

Variable Adjusted R
2
 

R
2
 change 

significance 

Standardised β 

coefficient 

β coefficient 

significance  

Six Minute Walk Test, m 

Model 1 Trunk extension strength, N 0.113  0.004 0.35 0.004 

Model 2 

Age 

Sex 

Trunk extension strength, N 

 

0.508  <0.001 

-0.63 

0.21 

0.08 

<0.001 

0.063 

0.449 

30-Second Chair Stand Test, reps 

Model 1 Trunk lateral flexion strength (mean right/left), N 0.09 0.008 0.32 0.008 

Model 2 
Age 

Trunk lateral flexion strength (mean right/left), N 

 

0.25 <0.001 
-0.42 

0.21 

 

<0.001 

0.066 

Sitting and Rising Test, points 

Model 1 Composite trunk strength, N 0.14 0.001 0.40 0.001 

Model 2 

Age 

BMI 

Composite trunk strength, N 

0.60 <0.001 

-0.56 

-0.47 

0.34 

<0.001 

<0.001 

<0.001 

Berg Balance Scale, cm 

Model 1 Trunk right lateral flexion strength, N 0.09 0.007 0.33 0.007 

Model 2 
Age 

Trunk right lateral flexion strength, N 
0.52 <0.001 

-0.67 

0.14 

 

<0.001 

0.112 

Forward Reach Test, cm     

Model 1 Trunk flexion strength, N 0.11 0.003 0.36 0.003 

Model 2  

 

Age 

Trunk flexion strength, N 

 

 

0.23 <0.001 
-0.37 

0.27 

0.002 

0.01 

Backward Reach Test, cm 

Model 1 Trunk flexion strength, N  0.08 0.013 0.31 0.013 

Model 2 
Sex 

Trunk flexion strength, N 

 

 

 

0.10 0.014 
0.25 

0.13 

 

0.121 

0.396 
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Table 6 continued 

Variable Adjusted R
2
 

R
2
 change 

significance 

Standardised β 

coefficient 

β coefficient 

significance  

Left Reach Test, cm 

Model 1 Trunk left lateral flexion strength, N 0.07 0.016 0.30 0.016 

Model 2 
Age 

Trunk left lateral flexion strength, N 
0.20 <0.001 

-0.38 

0.20 

0.002 

0.077 

The levels of significance are set at p ≤ 0.05 and  p ≤ 0.01 

BMI body mass index, Composite trunk strength comprised trunk strength flexion, extension and lateral flexion (the average of right and left), n number of 

participants, N newton, reps repetitions 
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Table 7. Multiple linear regression analysis of the relationship between trunk muscle morphology and strength 

Variable  Adjusted R
2
 

R
2
 change 

significance 

Standardised β 

coefficient 

β coefficient 

significance  

Trunk flexion strength, N 

Model 1 
Rectus abdominis  CSA, cm

2
 

Total lateral abdominal muscles (mean right/left), cm 
0.68 <0.001 

0.60 

0.28 

<0.001 

0.005 

Model 2 

Sex 

Rectus abdominis  CSA, cm
2
 

Total lateral abdominal muscles (mean right/left), cm 

 

 

 

 

0.70 <0.001 

0.19 

0.45 

0.29 

0.060 

0.001 

0.003 

Trunk extension strength, N 

Model 1 Rectus abdominis  CSA, cm
2
 0.25 <0.001 0.52 <0.001 

Model 2 
Sex 

Rectus abdominis  CSA, cm
2
 

0.40 <0.001 
0.56 

0.10 

<0.001 

0.469 

Trunk right lateral flexion strength, N 

Model 1 Rectus abdominis  CSA, cm
2
 0.18 <0.001 0.44 <0.001 

Model 2 

Age 

Sex 

Rectus abdominis  CSA, cm
2
 

0.18 <0.001 

-0.19 

0.29 

0.17 

0.096 

0.082 

0.326 

Trunk left lateral flexion strength, N 

Model 1 Rectus abdominis  CSA, cm
2
 0.18 <0.001 0.44 <0.001 

Model 2 
Sex 

Rectus abdominis  CSA, cm
2 0.22 <0.001 

0.35 

0.18 

0.035 

0.264 

Trunk lateral flexion strength (mean right/left), N 

Model 1 Rectus abdominis  CSA, cm
2
 0.20 <0.001 0.46 <0.001 

Model 2 

Sex 

Age 

Rectus abdominis  CSA, cm
2
 

0.25 <0.001 

0.35 

-0.19 

0.14 

0.032 

0.096 

0.383 
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Table 7 continued 

Variable  Adjusted R
2
 

R
2
 change 

significance 

Standardised β 

coefficient 

β coefficient 

significance  

Composite trunk strength, N 

Model 1 
Rectus abdominis  CSA, cm

2
 

Total  lateral abdominal muscles (mean right/left), cm 
0.52 <0.001 

0.56 

0.21 

<0.001 

0.079 

Model 2 

Age 

Sex 

Rectus abdominis  CSA, cm
2
 

 

0.58 <0.001 

-0.14 

0.44 

0.34 

0.100 

0.001 

0.007 

The levels of significance are set at p ≤ 0.05 and  p ≤ 0.01 

BMI body mass index, CSA cross sectional area, Composite trunk strength comprised trunk strength flexion, extension and lateral flexion (the average of right and 

left), n number  of participants, N newton 
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ABSTRACT 

Background: Age-related decrements in trunk muscle morphology and strength are 

associated with decreased balance and increased falls risk. Previously, balance and/or 

resistance training of the peripheral musculature have demonstrated good efficacy for 

falls prevention in older adults. However, little is known about the effect of exercise 

programs on trunk musculature, strength, and functional ability in older adults. 

Therefore, we aimed to explore the effectiveness of an exercise program on trunk 

muscles morphology (size), strength, and functional ability in healthy older adults. 

Methods: We conducted a single-blinded parallel group randomized clinical trial to 

investigate the effectiveness of a 12-week exercise program on trunk muscle 

morphology, strength and functional ability in healthy older adults. Sixty-four individuals 

(mean(SD) age: 69.8 (7.5) years; 59.4% female) were randomized to receive a 

multimodal exercise program comprising walking and balance exercises with or without 

trunk strengthening/motor control exercises. Trunk muscle morphology and strength 

were assessed using ultrasound imaging and HUMAC NORM isokinetic dynamometer, 

respectively. Functional and balance outcomes were assessed using Six-Minute Walk 

Test, 30 seconds Chair Stand Test, Sitting and Rising Test, Berg Balance Scale, Multi-

Directional Reach Test, Timed Up and Go Test, and Four Square Step Test. Results: 

Participants in the trunk strengthening exercise group experienced larger increases (mean 

difference [95%CI]) in trunk muscle hypertrophy (1.6[1.0,2.2]cm) and composite trunk 

strength (172.6[100.8,244.5]N), as well as 30-Second Chair Stand 

Test(5.9[3.3,8.4]repetitions), Sitting and Rising Test (1.2[0.22,2.2]points), Forward 

Reach Test (4.2[1.8,6.6]cm), Backward Reach Test (2.4[0.22,4.5]cm), and Timed Up and 

Go Test (-0.74[-1.4,-0.03]seconds) outcomes, compared to the walking-balance exercise 

group. Conclusion: These findings support the inclusion of trunk strengthening/motor 
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control exercises as part of a multimodal exercise program in older adults. Key words: 

FALLS, EXERCISE, WALKING, BALANCE, CORE, TRAINING  

The age-associated degenerative loss in skeletal muscle size is typically accompanied 

by a decrease in muscle strength and function (12). Consequently, these degenerative 

changes are associated with an increased risk of falls (18), which are a leading cause of 

injury and permanent disability (21), as well as being associated with high rates of 

mortality (38) in older adults. Improved falls prevention strategies are thus a primary 

health care target for older adults (35).  

Multimodal exercise programs incorporating balance and resistance-based training 

have been well established to reduce both the rate and risk of falls in older adults (16, 

46). While earlier studies in resistance training have focused on exercises for peripheral 

musculature (11), more recent studies on older adults suggest an important role for 

strengthening the trunk musculature (13), due to the importance of these muscles in 

performing activities of daily living, balance and mobility (15, 44). More specifically, a 

systematic review (13) reported that including trunk strengthening exercises into 

exercise programs improved trunk muscle strength, balance and functional ability in 

older adults; however, the benefits of incorporating trunk strengthening exercises on 

function and balance in older adults require further investigation (13). A recently 

completed systematic review (39) identified that the largest changes in trunk muscle 

morphology resulted from exercise programs combining motor control exercises with 

non-machine-based resistance exercises.  

Therefore, we aimed to explore the effectiveness of a 12-week supervised 

multimodal exercise program comprising of walking and balance exercises, with or 

without trunk strengthening/motor control exercises on trunk muscle morphology (size), 

strength, and functional ability in healthy older adults. 
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METHODS 

Participants. This study sought to recruit individuals aged 60 years and older, who 

were able to participate in a 12-week exercise program, and who met the eligibility 

requirements of the study. More specifically, participants were excluded from study 

participation if they i) had undergone lumbar surgery, ii) had any medical condition or 

were taking prescribed medication, which may have precluded safe participation in an 

exercise program according to a standardized adult pre-exercise screening tool (30) and, 

iii) were unable to communicate and respond to the questionnaires in English. In some 

cases, the study’s supervisory panel (TJF, MH, JJH) requested participants to provide an 

additional medical clearance to participate in the study. The recruitment process first 

involved posting flyers in public areas (e.g., shopping malls, library) and institutions 

(e.g. aged care facilities, universities), making announcements through electronic news 

outlets, as well as attendance at a seminar hosted at a local retirement village. 

Participants who responded to the advertisements then provided written informed 

consent, to be involved in the study. This study has been approved by the Murdoch 

University Research Ethics Committee (No. 2013/140).  

Study design. This study adopted a single-blinded parallel group randomized clinical 

trial design [ACTRN12613001176752] with a 12-week multimodal exercise program. 

Participant randomization occurred from a block randomisation list 

(https://www.randomizer.org/) with variable block sizes of 6-2-4. Sequentially 

numbered, opaque envelopes containing the participant’s group assignment were 

prepared by research staff not affiliated with delivery of the exercise program. Each 

envelope was opened, and participants were randomly allocated to one of two 

independent exercise groups after completion of baseline assessments by the exercise 

trainer. Sixty-four individuals (mean (SD) age: 69.8 (7.5) years; 59.4% female) were 

https://www.randomizer.org/
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randomized into two exercise groups. The first group received a multimodal exercise 

program comprising of walking and balance exercises with trunk strengthening/motor 

control exercises (trunk strengthening exercise group). The second group received only 

walking and balance exercises (walking-balance exercise group). The outcomes of 

allocation for each group were not disclosed to participants until study completion. 

Anthropometric, demographic characteristics and all outcome measures were assessed 

at baseline. The outcome measures were reassessed at week 6 and immediately (within 

2 weeks) following completion of the 12-week exercise program. 

Exercise programs. All exercise training sessions were conducted and supervised 

at Murdoch University. Each training session lasted approximately 60 minutes, and 

there were three training sessions per week, with exercises being gradually progressed 

over 12 weeks (total of 36 sessions) (see details of the protocols below). Participants 

were considered compliant if they attended at least 80% of the exercise sessions over 

the 12-week training period. 

Trunk strengthening exercise program. This study made use of a multimodal 

exercise program comprising of 30 minutes of trunk strengthening/motor control 

exercises (28) (e.g., abdominal bracing, front bridge pose), 15 minutes of Otago balance 

exercises (10) (e.g., toe raises, figure 8 walking), and 15 minutes of continuous walking 

at approximately 60% of maximum heart rate using the age-based prediction formula 

(220-age). Resting, maximum, and post heart rates of each individual were checked 

before, halfway through, and at the end of the walking session, respectively. The 

participant-to-instructor ratio was kept small (14) (1 main instructor (B.S) with 2 

additional assistants for 8 participants) throughout the program. All trunk 

strengthening/motor control exercises were conducted on gym mats using unstable 

training equipment (e.g., Airex mats, Bosu ball), but without the use of resistance 
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machines. Throughout the trunk strengthening/motor control exercises, participants 

were always in supine, prone, quadruped and side-lying positions on the gym mats to 

avoid continuous position changes (from standing to lying/sitting and vice versa), which 

are often uncomfortable for older adults (14). Training intensity was progressively and 

individually increased over the 12-week exercise program by changing the lever 

lengths, range of motion, movement velocity (isometric, dynamic) and the level of 

stability/instability.  

Walking-balance exercise program. Participants in this group performed the 

same Otago balance exercises (10) for 15 minutes as above  and 45 minutes of 

continuous walking at approximately 60% of their maximum heart rate using the age-

based prediction formula (220-age). Resting, maximum, and post heart rates of each 

individual were checked before, halfway through, and at the end of the walking 

session, respectively. 

Measurements  

Anthropometric and demographic characteristics. Self-reported physical activity 

was collected through a demographic questionnaire. We measured body weight using a 

digital scale (Scales Plus, Perth, WA, Australia) and height (standing and seated) using 

a wall-mounted stadiometer (Surgical Medical Supplies Pvt Ltd, Adelaide, SA, 

Australia).    

Functional mobility. Functional mobility was assessed using the Six Minute Walk 

Test (27), the 30-second Chair Stand Test (19), and the Sitting and Rising Test (3).   

Balance. Balance was assessed using the Berg Balance Scale (2) , the Multi-

Directional Reach Test (29), the Timed Up and Go Test (34), and the Four Square Step 
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Test (6). The results from the Multi-Directional Reach Test are presented as Forward 

Reach Test; Backward Reach Test; Right Reach Test; and Left Reach Test. 

Trunk muscle morphology. A high resolution and portable ultrasound unit with a 

60 mm broadband curved array ultrasound transducer probe (5-2 MHz) (SonoSite M-

Turbo, SonoSite™, Bothell, WA, USA) was used to measure the size of the rectus 

abdominis (RA), internal oblique (IO), external oblique (EO), transversus abdominis 

(TrA), and lumbar multifidus (LM). Previous studies using ultrasound imaging to 

measure trunk muscle size in older adults have demonstrated high inter-rater and intra-

rater reliability (ICC ≥0.86) (42, 43). 

Images of the lumbar multifidus (LM) were obtained at the L4-5 level with the 

participant in the prone position using methods described in a previous study (25). The 

transducer was positioned lateral to the L4 and L5 spinous process and angled slightly 

medial until the L4-5 facet joint could be identified. Lumbar multifidus thickness 

measurements were made between the posterior most portion of the L4-5 facet joint and 

the plane between the superficial muscle and subcutaneous tissue. 

Rectus abdominis (RA) thickness and cross-sectional area (CSA), as well as 

transversus abdominis (TrA), internal oblique (IO) and external oblique (EO) thickness 

was measured with participants in the supine, hook-lying position. For acquisition of the 

TrA, IO and EO muscles, the transducer was positioned transversely over the 

anterolateral aspect of the abdominal wall, superior to the iliac crest and perpendicular 

to the mid-axillary line. The images were captured with the middle of the muscle belly 

centered in the field of view, and at the end of a normal exhalation to control for the 

influence of respiration (25). For acquisition of the rectus abdominis CSA, the inferior 

border of the transducer was placed immediately above the umbilicus and moved 

laterally from the midline until the muscle cross-section was centered in the image (45).  
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A single assessor performed image acquisition three times bilaterally and exported 

the images for offline analysis using Image J (National Institutes of Health, version 

1.41). The same assessor averaged all measures across the three repetitions to reduce 

measurement error (25).  

We created a composite trunk muscle size variable by summing the thickness of 

TrA, IO, and EO (total lateral abdominal muscles), as well as other trunk muscles 

(rectus abdominis and lumbar multifidus muscles). Composite trunk muscle size 

comprised the thickness of bilateral lateral abdominal muscles, rectus abdominis, 

lumbar multifidus at lumbar spinal level L4/L5 (the average of of right/left) and lumbar 

multifidus at lumbar spinal level L5/S1 (the average of right and left). The formula of 

composite trunk muscle size is as follows; [Composite trunk muscle size = TLAM + RA 

+ LM (L4/L5) + LM (L5/S1)]. 

Trunk muscle strength. We measured maximal isometric strength in trunk flexion, 

extension, and lateral flexion using the Humac NORM Isokinetic dynamometer (Humac 

NORM, Computer Sports Medicine, Stoughton, MA, USA) with the trunk extension–

flexion (TEF) modular component. Isokinetic dynamometry has previously been 

reported to be a reliable and valid method for measuring trunk muscle strength (17, 23). 

Horizontal alignment was approximately 3.5 cm below the top of iliac crest at L5/S1 

and vertical alignment was the approximate intersection of the mid-axillary line and 

L5/S1 (22). The lumbar pad was positioned to obtain a slightly flexed knee position 

(15º) and all other pads and belts secured in accordance with manufacturer instructions. 

The strength testing was performed in the same order each time: trunk flexion, 

extension and then lateral flexion (right, left).  

Prior to testing, participants performed a standardised warm-up consisting of one set 

(10 repetitions) of range of motion exercises and up to five practice trials. For maximal 

efforts, contractions were held for 3 seconds and the peak torque from two attempts 
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recorded.  A familiarisation trial preceded each measure and the participant rested for 45 

seconds between each repetitions (47). 

Verbal encouragement was provided during each effort. Maximum isometric trunk 

torque (Nm) data was normalised by adjusting for trunk height (cm) and converting the 

peak torque to maximum force (N) [Maximum force= Peak torque/ Moment arm (trunk 

height)]. Therefore, all data on trunk muscle strength are presented as maximum force. 

A composite trunk strength score was calculated by summing the maximum force 

outcomes from flexion, extension, lateral flexion right and lateral flexion left. The 

formula of composite trunk strength is as follows; [Composite trunk strength = 

Maximum force flexion+ Maximum force extension+ Maximum force lateral flexion 

Power and sample size. An a priori power analysis using G*Power revealed 64 

participants (i.e., 32 participants per group) would be required to detect an effect of 0.16 

(with type I error:  0.05; type II error: 0.80) between 2 groups with 3 repeated 

measurements and an anticipated 20% dropout rate. The small-moderate effect size 

(f=0.16) was computed from changes in trunk muscle morphology following a 

randomized controlled exercise training intervention  conducted by Critchley et al. (5) 

and which was identified as high-quality in a recent systematic review (39).  

Statistical analyses. Data management and statistical analyses were performed 

using IBM SPSS version 22.0 software (IBM Corp, Armonk, NY). Treatment effects 

were estimated using separate, random-intercept linear mixed models for each outcome 

variable. Time (baseline, 6 weeks, 12 weeks) and exercise group (trunk strengthening, 

walking-balance) were modeled as fixed effects. The hypothesis of interest was the time 

by group interaction, which we examined with pairwise comparisons of the estimated 

marginal means. Consistent with the intention-to-treat principle, the linear mixed 

models estimated values for missing data based on the available scores; therefore, all 
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participants were included in the analyses. The level of significance was set at p ≤ 0.05. 

Data are presented as the mean and standard deviation.  

RESULTS 

Participant characteristics and retention. Between February 2014 and November 

2015, 105 participants were screened for study inclusion. Sixty-four participants met the 

inclusion criteria and 32 participants were randomised to the trunk strengthening 

exercise group, and 32 to the walking-balance exercise group. The participant flow, 

reasons for exclusion and loss to follow-up are presented in Figure 1. Exercise 

compliance was high (trunk strengthening: 90% and walking-balance: 91.5%) with low 

rates of dropout (trunk strengthening: 12.5% and walking-balance: 3.1%). None of the 

participants reported any training or test-related injuries. Baseline characteristics of 

participants and baseline outcome measures are presented in Table 1. There were no 

significant between-group differences at baseline for any outcome measures (all p > 

0.05) (Table 1). 

Trunk muscle morphology. There were significant time by group interactions for 

trunk muscle size at week 6 and 12 (Table 2). Specifically, participants in the trunk 

strengthening exercise group demonstrated greater hypertrophy (mean difference [95% 

CI]) in the total lateral abdominal muscles (mean of right and left; 0.63 [0.40 to 0.85] 

cm), the CSA of rectus abdominis muscle (2.08 [1.28 to 2.89] cm
2
), lumbar multifidus 

muscles at L4/L5 (0.38 [0.16 to 0.61] cm) and L5/S1 (0.31 [0.07 to 0.55] cm), and 

composite trunk muscles (1.6 [1.0 to 2.2] cm) at week 12 compared with participants in 

the walking-balance exercise group (Table 2). Additionally, significant within-group 

muscle hypertrophy in all trunk muscles except composite trunk muscles at week 12 

were found in the trunk strengthening exercise group while participants in the walking-
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balance exercise group showed no muscle hypertrophy in all trunk muscles size (Table 

2). 

Trunk muscle strength. A significant time by group interaction was identified for all 

trunk strength outcomes at week 6 and 12, except trunk flexion and extension strength 

which showed changes only by week 12 (Table 3). Specifically, participants in the trunk 

strengthening exercise group experienced larger increases (mean difference [95% CI]) 

in trunk flexion (30.0 [4.1 to 55.9] N), trunk extension (38.4 [15.0 to 61.7] N), trunk 

lateral flexion (52.8 [36.7 to 69.0] N), and composite trunk strength (172.6 [100.8 to 

244.5] N) at week 12 compared with participants in the walking-balance exercise group 

(Table 3). Additionally, significant within-group increases in trunk flexion, extension, 

lateral flexion and composite strength measures were found in the trunk strengthening 

exercise group while participants in the walking-balance exercise group showed no 

increases in trunk strength (Table 3).  

Functional mobility and balance. At six weeks, only the performance in the 30-

Second Chair Stand Test (3.1 [0.68 to 5.5] repetitions) was significantly different 

between groups (Table 4). After 12 weeks of the exercise program, participants in the 

trunk strengthening exercise group showed significant improvements (mean difference 

[95% CI]) in the 30-Second Chair Stand Test (5.9 [3.3 to 8.4] repetitions), Sitting and 

Rising Test (1.2 [0.22 to 2.2] points), Forward Reach Test (4.2 [1.8 to 6.6] cm), 

Backward Reach Test (2.4 [0.22 to 4.5] cm) and Timed Up and Go Test (-0.74 [-1.4 to -

0.03] seconds) outcomes, when compared to the walking-balance exercise group (Table 

4). Additionally, significant within-group improvements in all balance and functional 

tasks were found following both trunk strengthening and walking-balance exercise 

programs (Table 4). 
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DISCUSSION 

This study investigated the effect of supplementing a 12-week walking and balance 

exercise program with trunk strengthening/motor control exercises on trunk muscle size, 

trunk muscle strength, and functional ability in healthy older adults. The primary 

outcomes of this study were that: i) inclusion of trunk strengthening/motor control 

exercises into the exercise program was associated with significant increases in trunk 

muscle morphology and strength; and ii) inclusion of trunk strengthening/motor control 

exercises was associated with significant improvements in functional outcome 

measures, including the 30-Second Chair Stand Test, Sitting and Rising Test, Forward 

Reach Test, Backward Reach Test, and Timed Up and Go Test. Overall, the inclusion of 

trunk strengthening/motor control exercises into the exercise program was efficacious 

across a number of outcome measures, when compared to a time-matched walking and 

balance exercise program, and was not associated with any deleterious outcomes.   

Our findings of increased trunk muscle size (CSA and thickness) following the 

trunk strengthening exercise program are consistent with the findings of a recent 

systematic review (39). It is noteworthy that almost all trunk muscles (excluding lumbar 

multifidus L5/S1; Table 2) demonstrated significant hypertrophy by week 6 of the trunk 

strengthening exercise program, which is consistent with findings in studies focusing on 

peripheral musculature (quadriceps muscle groups) of older men (9) and women (33). 

Indeed, the extent of trunk muscle hypertrophy (as measured by CSA or thickness; 

18.5% using composite muscle scores) by week 6 is comparable or greater than that 

typically observed in the peripheral musculature (9, 33), which may be indicative of 

some level of atrophy in these muscles at baseline despite the relatively high physical 

activity levels and capacities of our cohort (1, 20). In comparison to another study (24) 

investigating the trunk musculature (24), the extent of hypertrophy (thickness) of 

lumbar multifidus muscle (10.93% and 17.04% by week 6 and 12, respectively) as a 
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consequence of the trunk strengthening exercise program was comparable (25.78% and 

68.35% by week 16 and 32, respectively), albeit a little lower, even when considering 

the time periods. In the current study, lumbar multifidus muscle thickness increased by 

1.82% and 1.42% per week when considering the total percentage increase over 6 

weeks and 12 weeks respectively; while Kliziene et al (24) reported 1.61%  and 2.14%  

increases in the CSA of the lumbar multifidus muscle, over 16 weeks and 32 weeks 

respectively. As expected, there were no increases in trunk muscle size following the 

walking-balance exercise program, which is in accordance with findings of Ryan et al. 

(36).  

The current study demonstrated a significant increase in all measures of trunk 

strength by week 12 of the trunk strengthening exercise program (Table 3). These 

results are in agreement with the outcomes of a recent systematic review (13). Although 

large within-group increases in trunk flexion (13.87%) and extension strength (24.15%) 

were observed by week 6 of the trunk strengthening exercise program, between-group 

differences were not apparent. The absence of significant between-group differences is 

likely due to the large variances observed within the individual groups (Table 3). The 

increases in trunk flexion and extension strength with the trunk strengthening exercise 

program are consistent with two previous studies (32, 41). In the first study, Petrofsky et 

al (32) reported significant increases in trunk flexion (36%) and extension strength 

(33%) following a 4-week single-arm exercise program. The use of an exercise program 

and machine designed to specifically target the abdominal and lower back muscles (6 

Second Abs machine) in the study of Petrofsky et al (32) potentially contributed to this 

large increase in trunk muscle strength (32). In the second study, Sinaki et al (41) 

demonstrated a significant increase in trunk extension (37.5%) following a 4-week 

single-arm Spinal Proprioceptive Extension Exercise Dynamic (SPEED) program in 

osteoporotic-kyphotic older adults. The large increase in trunk muscle strength in the 
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study of Sinaki et al (41) over a 4-week exercise program is likely attributed to the use 

of an exercise program designed to specifically target the trunk extensor muscles of 

osteoporotic-kyphotic older adults. 

The trunk strengthening exercise program resulted in significant improvements in 

functional tests of strength, including the 30-Second Chair Stand Test and the Sitting 

and Rising Test (Table 4). The significant improvement in the 30-Second Chair Stand 

Test following the trunk strengthening exercise program in our study is consistent with 

findings from previous studies (13, 26, 33). The 30-Second Chair Stand Test (19) is an 

important functional test because it measures lower body strength, which is associated 

with balance problems and falls in older adults (19). Performance in the 30-Second 

Chair Stand Test also decreases with aging and low levels of activity (19). In the current 

study, participants in the trunk strengthening exercise group and participants in the 

walking-balance exercise group performed 16.2 (4.2) repetitions and 16.3 (4.9) 

repetitions respectively, and the number of repetitions are higher than those previously 

(19) reported for a similar aged-cohort (i.e. 60-69 y.o.: 14.0 (2.4) repetitions; 70-79 y.o.: 

12.9 (3.0)). Despite the high baseline scores in the 30-Second Chair Stand Test, 

participants in the trunk strengthening exercise group significantly improved (36.4%), 

completing 25.1 (5.5) repetitions after the 12-week exercise program. 

The ability to sit and rise from the floor unassisted (represented in the Sitting and 

Rising Test) has been identified as being predictive of all-cause mortality (3). The 

Sitting and Rising Test measures the individual’s ability to sit and rise unassisted from 

the floor. Partial scores are assigned for each of the two required actions of sitting (5 

points) and rising (5 points) from the floor (sit to rise). The final composite Sitting (0-5) 

and Rising (0-5) Test results ranges from 0 to 10 points and is obtained by adding the 

sitting and rising points. Each point increase in the Sitting and Rising Test is associated 
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with a 21% reduction in all-cause mortality (3). Notably, our study showed that the 

trunk strengthening exercise group led to significant improvements in the Sitting and 

Rising Test performance, and this had not been previously examined in the extant 

literature. Specifically, the trunk strengthening exercise group showed significant 

improvements (46.98%) in Sitting and Rising Test outcome (mean (SD)) from 5.3 (1.8) 

to 7.8 (1.1) points), and the walking-balance exercise group showed smaller 

improvements (10%) in Sitting and Rising Test outcomes (mean (SD)) from 6.1 (2.2) to 

6.6 (2.5) points). Thus, although participants in this study were mostly healthy and 

active older individuals (classified into the second and third Sitting and Rising Test 

points category) (3), the trunk strengthening/motor control exercises still resulted in a 

significant improvement in Sitting and Rising Test results. 

The trunk strengthening exercise program also resulted in significant improvements 

in functional tests of balance, including the Multi-Directional Reach Test (forward and 

backward). This increase in Multi-Directional Reach Test performance following the 

trunk strengthening exercise program was in agreement with previous studies (13, 14, 

26). Significant within and between-group  changes were observed for the forward and 

backward reach tests, while only within-group changes were identified for the 

Functional Reach Test sideways (right/left) tests, following 6 and 12 weeks of both 

exercise programs (Table 4). Individuals unable to reach 6 or more inches (≤15.24 cm) 

forward have previously been identified as being at high risk of falls (8). The distance 

achieved in the Multi-Directional Reach Test by this study cohort is comparable to 

those previously published in a similarly aged healthy cohort (Mean scores of Forward 

Reach Test = 22.58 (8.63) cm, Backward Reach Test = 11.78 (7.79) cm, Right Reach 

Test = 15.62 (7.59) cm, and Left Reach Test = 16.78 (7.31) cm (29)). Although all 

participants in this study cohort achieved scores above clinical cut-off points at baseline 

(Table 4) the participants in the trunk strengthening exercise group still demonstrated 
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significant improvements in Forward and Backward Reach Test (both ~15%) after 12 

weeks of the exercise program.  

The significant improvements in participants’ performance in the Timed Up and Go 

Test following the trunk strengthening exercise program was also in agreement with 

previous studies (14, 26). Longer Timed Up and Go test times are associated with 

decreased mobility and may predict falls in older adults (34). Older individuals who 

completed the Timed Up and Go test in less than 10 seconds (independent individuals in 

physical mobility) are classified into the first category of Timed Up and Go Test scores 

(34). All the participants in the current study were classified into the first category with 

good functional performance at baseline (mean (SD)) (trunk strengthening 7.5 (1.2) 

seconds, walking-balance exercise 7.3 (2.1) seconds). However, participants in the trunk 

strengthening exercise group demonstrated significant improvements in Timed Up and 

Go Test performance, whereas the walking-balance exercise group’s performance in 

this test did not significantly improve. 

Although there were no significant between-group differences in Berg Balance 

Scale performance, there were significant (3-6.7%) within group changes observed 

following both exercise programs. Previous findings have identified that the Berg 

Balance Scale is a good predictor of falls in a cohort of older adults (40). A cut-off score 

of 45 is an established criterion to identify older adults with high risk of falls. However, 

the Berg Balance Scale might not be sensitive enough for identifying risk of falls among 

healthy and physically active older individuals with higher scores (48 to 56 points), 

such as the participants in the present study, due to presence of ceiling effect (37). A 

change of 4 points is needed to be 95% confident that “genuine” change has occurred if 

an older adult scores within 45-56 initially (7). In this current study, although no 

significant differences were found between exercise groups, both groups demonstrated 

within-group differences after 12 weeks of training, and achieved the genuine change of 
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4 points (mean (SD)) [trunk strengthening exercise group; at baseline 51.7 (4.1), at 

week 12; 55.2 (0.87)] and [walking-balance exercise group at baseline; 52.3 (4.0), at 

week 12; 54.3 (2.6)]. 

The Four Step Square Test is a reliable, easy to score, and quick to administer 

clinical test, used to predict risk of falls in older adults (6). A cut-off score of 15 

seconds is the criterion used to distinguish older adults with a history of multiple falls 

(>15 seconds) from individuals with no history of falls (15 seconds) (6). Participants 

in the trunk strengthening exercise group scored (mean (SD) seconds) (8.5 (1.6) 

seconds) and participants in the walking-balance exercise group scored (8.0 (1.4) 

seconds). There were statistically significant (7-25.4%) within-group changes following 

12 weeks of both exercise programs, but no significant between-group differences.  

With respect to Six Minute Walk Test performance, although there were no 

significant between-group differences, there were large (11.2-16.4%) within-group 

changes following both exercise programs (table 4). This is not surprising that the two 

groups were not significantly different in Six Minute Walk Test performance, since this 

study recruited an active control group which walked. The distance achieved in the six 

minutes by this study cohort is comparable to those previously published in a similarly 

aged healthy cohort (4). An increase of 20 m and 50 m in older adults has previously 

been identified as being a small and substantial meaningful change in six minute walk 

distance, respectively (31). 

The study presented herein had multiple strengths, including i) adoption of a 

randomized controlled design that comprehensively examined the efficacy of a 12-week 

multimodal exercise program using an intention-to-treat analysis; ii) the current exercise 

design contributed to high exercise compliance and low dropout rates, as seen from 

participants’ feedback. More specifically, participants indicated that the current exercise 

program was easy to access, exercises were easy to learn (data not shown; Rating of 
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Perceived Exertion), required no specific equipment, and was completely free of charge 

over 12 weeks. In other words, participants’ feedback lent support to the vicinity and 

proximity of the current exercise program. Most importantly, participants reported that 

the professional, friendly and encouraging exercise training atmosphere motivated them 

to be personally committed to accomplish this exercise training; iii) the current exercise 

program incorporated unstable elements (i.e., balance pads, Swiss balls) as part of trunk 

strengthening and improving balance; v) adoption of well validated and reliable 

outcome measures. 

 Despite these strengths, the findings of the current study should be considered in 

light of several limitations. The participants included in this study were healthy and 

moderately active older adults. Therefore, the results of our study may not generalize to 

other populations (e.g., sedentary, overweight/obese, frail/at high risk of falls older 

individuals, frail older individuals at high risk of falls, neuromuscular, mobility/balance 

limited patients). In addition, the results of this study are specific to the testing 

methodology used to assess trunk muscle morphology, strength, balance, and functional 

performance. Our outcome measures may not represent all the components of trunk 

muscle morphology, strength, mobility, and balance; therefore, the findings of our study 

should be generalised with caution to other experimental assessment techniques (i.e., 

MRI imaging, isokinetic trunk strength, force-plate for balance and postural sway 

measurements).  

The results of this study indicate that inclusion of trunk strengthening/motor control 

exercises into a 12-week supervised multimodal exercise program confers additional 

benefits to balance and walking training in healthy older adults. Future research should 

focus on longitudinal changes in falls risk and subsequent rate of falls following specific 

multimodal exercise programs. In addition, the benefits of this type of exercise program 



   

127 

 

 

in clinical populations (i.e., sedentary, frail older adults, obese/overweight, 

musculoskeletal disorders) require further investigation.  

CONCLUSION 

Age-related decrements in trunk muscle morphology, strength and function are 

associated with decreased balance and increased risk of falls. The findings of this 

randomised controlled trial demonstrated that 12 weeks of trunk strengthening exercise 

program may significantly increase both muscle size and strength of trunk musculature, 

with many of these benefits evident within 6 weeks of training. Whilst translation of 

these benefits to functional tasks was limited by week 6, there were significant within-

group changes associated with the trunk strengthening exercise program. The week 12 

results revealed important between-group differences in some clinically important 

functional tasks, specifically the 30-Second Chair Stand Test; Sitting and Rising Test; 

Multidirectional Reach tests; and Timed Up and Go Test. Within-group differences 

were additionally observed in all functional tasks by week 12. Overall, the inclusion of 

trunk strengthening/motor control exercises into a walking-balance exercise program 

was shown to be safe (no training-related injuries), feasible (high attendance rates of 

>90%) and inexpensive (minimal equipment), and was associated with improvements in 

trunk size, strength, and multiple components of functional ability in healthy older 

adults. 
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Figure 1. Study flow diagram 
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Table 1. Baseline characteristics of study’s participants stratified by exercise group 

Characteristics 

All 

(n=64) 

Trunk 

strengthening  

(n=32)  

Walking-

balance 

(n=32) 

Age, years 69.8 ±7.5 70.1 (7.7) 69.4 (7.3) 

Sex n (%) female  38 (59.4) 18 (56.3) 20 (62.5) 

BMI, kg/m
2
 27.3 ± 4.7 26.6 (3.2) 28.1 (5.8) 

Sitting height, cm 80.5 ± 5.0 81.5 (4.9) 79.5 (4.9) 

Living status 

Lived with one or more than one persons (%) 28.1 28.1 28.1 

Lived alone (%) 71.9 71.9 71.9 

History of falls  over past one month   

 Falls (%) 9.4 6.3 12.5 

History of falls over past 12 months  

Falls (%) 18.8 18.8 18.8 

Medications   

1-2 medications (%) 42.2 43.7 40.6 

3 medications or more (%)   12.5 31.3 37.6 

No medications (%) 23.4 25.0 21.8 

Self-reported physical activity 

Moderately active (×1 or 2 wkly) (%) 53.1 43.7 62.5 

Very active (×3 wkly) (%) 43.8 50.0 37.5 

Not very active (rarely leaves house) (%) 3.1 6.3 0 

Values are presented as mean (SD) or as number and percentage. 

No group baseline differences were detected (all p ≥ 0.05). 

×1 wkly once weekly,  ×2 wkly twice weekly, ×3 wkly three times weekly 
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Table 2. Changes
a 
in trunk muscle morphology in response to exercise program 

Outcome measures  
Trunk strengthening 

exercise group (n=32)  

Walking-balance 

exercise group (n=32) 

Mean between-group 

difference (95% CI) 
P-values  

Right total lateral abdominal muscles, cm 

Baseline 1.61 (0.38) 1.72 (0.51) -0.10 (-0.36 to 0.14) 0.40 

   6 weeks  2.19 (0.47) 1.75 (0.52) 0.44 (0.19 to 0.68) 

 

<0.001 

  12 weeks  2.42 (0.46) 1.78 (0.52) 0.63 (0.39 to 0.88) <0.001 

Mean  difference (95% CI): Baseline vs. week 6   0.58 (0.50 to 0.66) 0.03 (-0.04 to 0.10) - - 

Mean difference (95% CI): Baseline vs. week 12  0.81 (0.73 to 0.88) 0.06 (-0.00 to 0.13) - - 

Left total lateral abdominal muscles, cm 

Baseline 1.59 (0.34) 1.66 (0.43) -0.06 (-0.28 to 0.15) 0.55 

   6 weeks  2.12 (0.39) 1.68 (0.42) 0.43 (0.23 to 0.64) 

 

<0.001 

  12 weeks  2.34 (0.46) 1.72 (0.42) 0.62 (0.40 to 0.83) <0.001 

Mean  difference (95% CI): Baseline vs. week 6   0.53 (0.46 to 0.59) 0.02 (-0.03 to 0.08) - - 

Mean difference (95% CI): Baseline vs. week 12  0.75 (0.67 to 0.83) 0.06 (-0.01 to 0.13) - - 

Total lateral abdominal muscles (mean right/left), cm 

Baseline 1.60 (0.33) 1.69 (0.47) -0.08 (-0.32 to 0.14) 0.46 

   6 weeks  2.16 (0.42) 1.72 (0.46) 0.43 (0.21 to 0.65) <0.001 

  12 weeks  2.38 (0.45) 1.75 (0.46) 0.63 (0.40 to 0.85) <0.001 

Mean  difference (95% CI): Baseline vs. week 6   0.55 (0.49 to 0.62) 0.03 (-0.03 to 0.09) - - 

Mean difference (95% CI): Baseline vs. week 12  0.78 (0.71 to 0.85) 0.06 (-0.00 to 0.13) - - 

Rectus abdominis CSA, cm
2
  

 

 

 

  

Baseline  4.04 (1.3) 4.22 (1.5) -0.17 (-1.0 to 0.65) 0.67 

   6 weeks  6.06 (1.7) 4.32 (1.5) 1.73 (0.94 to 2.53) 

 

<0.001 

  12 weeks  6.50 (1.7) 4.41 (1.5) 2.08 (1.28 to 2.89) 

 

 

<0.001 

Mean  difference (95% CI): Baseline vs. week 6   2.02 (1.80 to 2.23) 0.10 (-0.09 to 0.31) - - 

Mean difference (95% CI): Baseline vs. week 12  2.46 (2.23 to 2.68) 0.19 (-0.02 to 0.41) - - 
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Table 2 continued     

Outcome measures  
Trunk strengthening  

exercise group (n=32)  

Walking-balance 

exercise group (n=32) 

Mean between-group 

difference (95% CI) 
P-values  

Lumbar multifidus L4/L5, cm  

 

 

 

  

Baseline 3.11 (0.45) 3.23 (0.42) -0.12 (-0.35 to 0.10) 0.29 

   6 weeks  3.46 (0.50) 3.23 (0.40) 0.23 (0.00 to 0.46) 

 

0.04 

  12 weeks  3.65 (0.45) 3.26 (0.41) 0.38 (0.16 to 0.61) <0.001 

Mean  difference (95% CI): Baseline vs. week 6   0.34 (0.30 to 0.39) -0.00 (-0.04 to 0.03) - - 

Mean difference (95% CI): Baseline vs. week 12  0.53 (0.49 to 0.57) 0.02 (-0.01 to 0.06) - - 

Lumbar multifidus L5/S1, cm     

Baseline 2.98 (0.49) 3.17 (0.44) -0.18 (-0.43 to 0.05) 0.13 

   6 weeks  3.33 (0.52) 3.15 (0.42) 0.17 (-0.07 to 0.42) 0.16 

  12 weeks  3.52 (0.48) 3.20 (0.43) 0.31 (0.07 to 0.55) 

 

 

0.01 

Mean  difference (95% CI): Baseline vs. week 6   0.342 (0.29 to 0.39) -0.021 (-0.06 to 0.02) - - 

Mean difference (95% CI): Baseline vs. week 12  0.53 (0.49 to 0.57) 0.03 (-0.00 to 0.06) - - 

Composite trunk muscle size, cm     

Baseline 8.36 (1.1) 8.77 (1.2) -0.40 (-1.0 to 0.20) 0.18 

   6 weeks  9.91 (1.2) 8.79 (1.1) 1.11 (0.51 to 1.70) <0.001 

  12 weeks  10.62 (1.2) 8.93 (1.1) 1.68 (1.09 to 2.27) 

 

 

<0.001 

Mean  difference (95% CI): Baseline vs. week 6   1.54 (1.41 to 1.67) 0.02 (-0.09 to 0.15) - - 

Mean difference (95% CI): Baseline vs. week 12  2.25 (2.13 to 2.38) 0.16 (0.05 to 0.28) - - 

a
All differences are adjusted for the baseline value of the outcome variables. 

CSA cross sectional area, L4/L5 lumbar spinal level L4/L5, L5/S1 lumbar spinal level L5/S1  
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Table 3. Changes
a
 in trunk muscle strength in response to exercise program 

Outcome measures  
Trunk strengthening  

exercise group (n=32)  

Walking-balance exercise 

group (n=32) 

Mean between-group 

difference (95% CI) 
P-values  

Trunk flexion strength, N 

Baseline 120.38 (48.6) 129.72 (53.4) -9.3 (-34.4 to 15.7) 0.46 

6 weeks   137.09 (52.0) 128.09 (51.14) 8.9 (-16.1 to 34.1) 0.47 

12 weeks  157.20 (54.5) 127.14 (45.3) 30.0 (4.1 to 55.9) 0.02 

Mean  difference (95% CI): Baseline vs. week 6   16.70 (10.38 to 23.03) -1.62 (-7.64 to 4.39) - - 

Mean difference (95% CI): Baseline vs. week 12  36.81 (29.15 to 44.48) -2.57 (-9.96 to 4.82) - - 

Trunk extension strength, N 

Baseline 91.5 (48.4) 87.2 (41.8) 4.2 (-20.2 to 28.8) 0.73  

6 weeks  113.9 (47.0) 93.8 (42.1) 18.4 (-3.7 to 40.6) 0.10 

12 weeks  130.8 (52.4) 90.6 (39.9) 38.4 (15.0 to 61.7) <0.001 

Mean  difference (95% CI): Baseline vs. week 6   22.10 (12.40 to 31.80) 7.91 (-1.40 to 17.23 - - 

Mean difference (95% CI): Baseline vs. week 12  38.98 (27.91 to 50.06) 4.84 (-5.83 to 15.51) - - 

Trunk right lateral flexion strength, N 

Baseline 65.65 (28.5) 65.75 (31.2) -0.09 (-18.8 to 18.6) 0.99 

6 weeks  96.36 (42.6) 64.43 (17.6) 31.9 (16.1  to 47.7) <0.001 

12 weeks  116.64 (46.5) 63.38 (19.9) 53.2 (36.4  to 70.1) <0.001 

Mean  difference (95% CI): Baseline vs. week 6   30.702 (21.34 to 40.06) -1.31 (-10.35 to 7.73) - - 

Mean difference (95% CI): Baseline vs. week 12  50.98 (40.72 to 61.24) -2.370 (-12.31 to 7.57) - - 

Trunk left lateral flexion strength, N 

Baseline 57.7 (25.9) 57.0 (26.4) 0.70 (-14.4 to 15.8) 0.92 

6 weeks  85.8 (36.07) 58.9 (23.6) 24.8 (10.5 to 39.1) <0.001 

12 weeks  114.4 (44.8) 61.7 (20.2) 52.6 (36.1 to 69.0) <0.001 

Mean  difference (95% CI): Baseline vs. week 6   26.15 (18.25 to 34.06) 1.97 (-5.61 to 9.56) - - 

Mean difference (95% CI): Baseline vs. week 12  56.73 (46.89 to 66.58) 4.83 (-4.70 to 14.36) - - 
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Table 3 continued 

Outcome measures  
Trunk strengthening  

exercise group (n=32)  

Walking-balance 

exercise group (n=32) 

Mean between-group 

difference (95% CI) 
P-values  

Trunk lateral flexion strength (mean right/left), N 

Baseline 61.6 (26.4) 61.3 (27.1) 0.30 (-16.5 to 17.1) 0.97 

 6 weeks  90.0 (38.2) 61.6 (19.5) 28.3 (13.7 to 42.9) <0.001 

12 weeks  115.4 (45.1) 62.5 (18.4) 52.8 (36.7 to 69.0) <0.001 

Mean  difference (95% CI): Baseline vs. week 6   28.367 (20.47 to 36.25) 0.344 (-7.26  to 7.95) - - 

Mean difference (95% CI): Baseline vs. week 12  53.79 (44.45 to 63.14) 1.21 (-7.82 to 10.26) - - 

Composite trunk strength  

Baseline 339.3 (130.0) 339.7 (120.7) -4.4 (-76.0 to 67.1) 0.90 

 6 weeks  429.8 (160.3) 347.1 (116.8) 82.6 (14.9 to 150.3) 0.01 

12 weeks  517.7 (184.2) 345.0 (97.6) 172.6 (100.8 to 244.5) <0.001 

Mean  difference (95% CI): Baseline vs. week 6   94.52 (71.90 to 117.15) 7.41 (-14.23 to 29.05) - - 

Mean difference (95% CI): Baseline vs. week 12  182.38 (153.78 to 210.99) 5.26 (-22.26 to 32.79) - - 

a
 All differences are adjusted for the baseline value of the outcome variables. 
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Table 4. Changes
a
 in functional mobility and balance in response to exercise program 

Outcome measures  
Trunk strengthening  

exercise group (n=32)  

Walking-balance 

exercise group (n=32) 

Mean between-group 

difference (95% CI) 
P-values  

Six Minute Walk Test, m     

Baseline 567.5  (93.0) 552.1 (79.9) 15.3 (-46.1 to 76.9) 0.62 

   6 weeks  612.1 (98.2) 591.4 (103.9) 20.7 (-31.6 to 73.1) 

 

0.43 

  12 weeks  660.9 (107.6) 613.6 (108.7) 47.2 (-5.8 to 100.3) 

 

0.08 

Mean  difference (95% CI): Baseline vs. week 6   44.56 (17.19 to 71.94) 39.24 (12.82 to 65.66) - - 

Mean difference (95% CI): Baseline vs. week 12  93.351 (65.29 to 121.41) 61.48 (34.34 to 88.62) - - 

30-Second Chair Stand Test, reps 

 

 

    

   Baseline 16.2 (4.2) 16.3 (4.9) -0.09 (-2.5 to 2.3) 0.93 

   6 weeks  21.0 (5.1) 17.9 (5.1) 3.1 (0.68 to 5.5) 

 

 

 

0.01 

  12 weeks  25.1 (5.5) 19.2 (5.4) 5.9 (3.3 to 8.4) <0.001 

Mean  difference (95% CI): Baseline vs. week 6   4.78 (3.70 to 5.85) 1.56 (0.51 to 2.60) - - 

Mean difference (95% CI): Baseline vs. week 12  8.93 (7.73 to 10.14) 2.91 (1.76 to 4.06) - - 

Sitting and Rising Test, points     

   Baseline 5.3 (1.8) 6.1 (2.2) -0.62 (-1.6 to 0.44) 0.24 

   6 weeks  7.2 (1.2) 6.3 (2.2) 0.89 (-0.09 to 1.8) 0.07 

  12 weeks 7.8 (1.1) 6.6 (2.5) 1.2 (0.22 to 2.2) 0.01 

Mean  difference (95% CI): Baseline vs. week 6   1.81 (1.30 to 2.33) 0.29 (-0.21 to 0.79) - - 

Mean difference (95% CI): Baseline vs. week 12  2.49 (1.93 to 3.05) 0.61 (0.07 to 1.15) - - 

Berg Balance Scale     

Baseline 51.7 (4.1) 52.3 (4.0) -0.59 (-2.5 to 1.3) 0.54 

   6 weeks  54.8 (1.4) 53.9 (3.0) 0.84 (-0.40 to 2.1) 0.18 

  12 weeks  55.2 (0.87) 54.3 (2.6) 0.91 (-0.31 to 2.1) 

 

 

0.13 

Mean  difference (95% CI): Baseline vs. week 6   3.02  (1.79 to 4.26) 1.58 (0.36 to 2.80) - - 

Mean difference (95% CI): Baseline vs. week 12  3.48 (2.28 to 4.68) 1.97 (0.79 to 3.15) - - 
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Table 4 continued 

Outcome measures  
Trunk strengthening  

exercise group (n=32)  

Walking-balance exercise 

group (n=32) 

Mean between-group 

difference (95% CI) 
P-values  

Forward Reach Test, cm     

  Baseline 27.5 (4.5) 28.9 (4.9) -1.3 (-3.8 to 1.1) 0.28 

   6 weeks  31.9 (3.7) 29.8 (4.4) 2.0 (-0.02 to 4.0) 

 

0.06 

  12 weeks  34.9 (4.7) 30.7 (4.8) 4.2 (1.8 to 6.6) <0.001 

. Mean  difference (95% CI): Baseline vs. week 6   4.37 (2.97 to 5.77) 0.98 (-0.38 to 2.35) - - 

Mean difference (95% CI): Baseline vs. week 12  7.44 (5.77 to 9.11) 1.83 (0.22 to 3.45) - - 

Backward Reach Test, cm     

  Baseline 15.2 (2.5) 16.9 (4.0) -0.17 (-3.8 to 0.37) 0.10 

   6 weeks  18.8 (2.7) 17.4 (4.2) 1.3 (-0.49 to 3.2) 

 

0.14 

  12 weeks  21.0 (3.7) 18.6 (5.0) 2.4 (0.22 to 4.5) 

 

 

0.03 

Mean  difference (95% CI): Baseline vs. week 6   3.61 (2.49 to 4.74) 0.52 (-0.57 to 1.62) - - 

Mean difference (95% CI): Baseline vs. week 12  5.85 (4.45 to 7.25) 1.73 (0.38 to 3.07) - - 

Right Reach Test, cm     

  Baseline 19.4 (4.8) 19.5 (4.7) -0.15 (-2.7 to 2.4) 0.90 

   6 weeks  23.5 (3.7) 21.7 (4.2) 1.8 (-0.22 to 3.8) 0.08 

  12 weeks  25.2 (3.7) 23.9 (4.3) 1.3 (-0.876 to 3.5) 0.23 

Mean  difference (95% CI): Baseline vs. week 6   4.10 (2.63 to 5.57) 2.12 (0.68 to 3.57) - - 

Mean difference (95% CI): Baseline vs. week 12  5.84 (4.26 to 7.43) 4.37 (2.83 to 5.91) - - 

Left Reach Test, cm     

  Baseline 18.5 (4.8) 19.6 (4.5) -1.0 (-3.4 to 1.3) 0.37 
  6 weeks  22.7 (4.5) 21..9 (4.2) 0.80 (-1.3 to 2.9) 

 

0.45 

  12 weeks  25.6 (3.7) 23.0 (4.0) 1.6 (-0.45 to 3.7) 0.12 

Mean  difference (95% CI): Baseline vs. week 6   4.27 (2.82 to 5.72) 2.39 (.97 to 3.81) - - 

Mean difference (95% CI): Baseline vs. week 12  7.07 (5.64 to 8.50) 4.35 (2.96 to 5.74) - - 

Timed Up and Go Test, sec     

  Baseline 7.5 (1.2) 7.3 (2.1)  0.11 (-0.75 to 0.97) 0.79 

  6 weeks  6.1 (1.0) 6.4 (1.1) -0.30 (-0.95 to 0.34) 

  

0.34 

  12 weeks  5.6 (0.98) 6.3 (1.3) -0.74 (-1.4 to -0.03) 0.04 

Mean  difference (95% CI): Baseline vs. week 6   -1.36 (-1.84 to -0.88) -0.94 (-1.41 to -0.47) - - 

Mean difference (95% CI): Baseline vs. week 12  -1.88 (-2.40 to -1.35) -1.02 (-1.53 to -0.51) - - 
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Table 4 continued 

Outcome measures  
Trunk strengthening  

exercise group (n=32)  

Walking-balance 

exercise group (n=32) 

Mean between-group 

difference (95% CI) 
P-values  

Four Step Square Test, sec     

  Baseline 8.5 (1.6) 8.0 (1.4) 0.50 (-0.29 to 1.31) 0.21 

  6 weeks  6.8 (1.1) 7.4 (1.3) -0.59 (-1.2 to 0.08) 0.08 

  12 weeks  6.4 (1.1) 6.8 (1.1) -0.47 (-1.1 to 0.18) 0.15 

Mean  difference (95% CI): Baseline vs. week 6   -1.70 (-2.15 to -1.25) -0.60 (-1.03 to -0.16) - - 

Mean difference (95% CI): Baseline vs. week 12  -2.16 (-2.59 to -1.73) -1.18 (-1.60 to -0.76) - - 
a
All differences are adjusted for the baseline value of the outcome variables. 
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General Discussion 
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Overview  

Age-related declines in skeletal muscle size are accompanied by diminished muscle 

strength and function [1, 2], which are in turn associated with reduced quality of life [3] and 

increased risk of falls [4]. Falls are a major health concern in older adults worldwide. One-

third of older adults experience one or more falls per year [5]. Falls can result in serious 

injuries (e.g., hip fractures and head trauma), which greatly amplify risk of permanent 

disability, socioeconomic burden and risk of early mortality in older adults [6]. Improved 

falls prevention strategies are thus a primary health care target for older adults [7]. 

Earlier studies investigating the associations between age-related decrements in muscle 

strength and functional outcomes in older adults have focused mainly on peripheral 

musculature, through examining handgrip strength and knee extensor strength [8, 9]. These 

studies have provided empirical support to the benefits of multimodal exercise programs 

incorporating balance and resistance-based training to target peripheral musculature, and in 

reducing both the rate and risk of falls in older adults [10, 11]. More recent research has 

now also focused on age-related changes in the trunk musculature [4, 12-14] due to the 

important role of these muscles in performing activities of daily living, balance, mobility, 

and falls prevention in older adults [15-17]. A systematic review by Granacher et al [17] 

identified low, but significant associations between trunk muscle composition, strength, 

functional ability and risk of falls in older adults; however, the studies they reported had 

high levels of heterogeneity in subject cohorts and testing methodology.  The authors [17] 

thus called on additional research to investigate these associations in in older adults. 

Additionally, the authors [17] reported that including trunk strengthening exercises into 

exercise programs improved trunk muscle strength, balance and functional ability in older 
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adults; however, they also acknowledged that the benefits of incorporating trunk 

strengthening exercises on function and balance in older adults require further 

investigation.  

Therefore, the overarching aims of this dissertation were to explore the relationships 

between trunk muscle morphology (size), strength, and functional ability, and to then 

empirically determine the effects of an exercise program on these outcomes in healthy older 

adults. Specifically, we sought to i) systematically review the extant literature assessing the 

effectiveness of different types of exercise programs on trunk muscle morphology; ii) 

explore the associations between trunk muscle morphology, strength and functional ability 

in healthy older adults; iii) determine the effectiveness of a 12-week supervised multimodal 

exercise program comprising of walking and balance exercises, with or without trunk 

strengthening /motor control exercise on trunk muscle morphology, strength, and functional 

ability in healthy older adults. This dissertation comprises a systematic review, a cross 

sectional study, and a single-blinded parallel group randomized clinical trial. 

Systematic Review (Chapter 2) 

This study involved systematically reviewing the extant literature, to determine the 

effectiveness of different exercise programs on trunk muscle morphology [18]. We 

conducted a systematic search strategy in the following databases: Pub-Med, SportDiscus, 

CINAHL, the Cochrane Library and PEDro. We included full, peer-reviewed, prospective 

longitudinal studies, including randomized controlled trials and single-group designs, such 

as pre- to post-intervention and crossover studies, reporting on the effect of exercise 

training on trunk muscle morphology. Study quality was assessed with the Cochrane risk of 
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bias tool. We classified each exercise program into four categories based on the primary 

exercise approach: motor control, machine-based resistance, non-machine-based resistance, 

or cardiovascular. Treatment effects were estimated using within-group standardized mean 

differences (SMDs). 

 Our systematic search identified 1,910 citations: 597 from SportDiscus, 595 from 

PubMed, 495 from CINAHL, 143 from CENTRAL and 80 from PEDro. Of these citations, 

382 were duplicates, thus yielding 1,529 unique studies. The title and abstract screen 

resulted in 122 potentially relevant studies being identified and retained for full-text review. 

Ultimately, 29 studies met our selection criteria and were analysed. The main findings of 

this review were: i) Of the 29 included studies, 14 (48 %) reported positive changes in 

trunk muscle morphology following participation in an exercise training program; ii) 

Exercise programs comprising motor control exercises combined with non-machine-based 

resistance exercises, as well as machine-based resistance exercise programs, demonstrated 

the largest effects (medium to large) on trunk muscle morphology while cardiovascular 

exercise programs had no effect on trunk muscle morphology; iii) there was substantial risk 

of bias and suboptimal reporting of exercise details in the included studies.  As a result of 

the clinical heterogeneity related to differences in the sample populations, exercise 

modes, exercise prescriptions, outcome muscles, and methods of muscle measurement 

amongst the included studies, it was not possible to complete a meta-analysis.  

To summarize, this systematic review identified that exercise programs comprising 

motor control exercises combined with non-machine-based resistance exercises, as well 

as machine-based resistance exercise programs, demonstrated positive effects on trunk 

muscle morphology. However, the systematic review has also revealed that many of the 
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included studies suffered from numerous methodological limitations. In light of this, there 

was a clear need for high-quality randomized controlled trials to identify the response in 

trunk muscle morphology to an exercise program (s) targeting this region. 

Cross-Sectional Study (Chapter 4) 

The relationships between trunk muscle morphology, strength, and functional ability in 

healthy older adults were not clear. Therefore, this study first involved exploring the 

associations between trunk muscle morphology (size), strength, and functional ability in 

healthy older adults.  

This analysis was completed on the baseline data of our Randomized Controlled Trial 

(Chapter 5). Briefly, we recruited healthy older adults, aged 60 years or older, with no 

history of lumbar surgery and no medical conditions precluding safe participation in an 

exercise program. Trunk muscle morphology and strength (flexion, extension, and lateral 

flexion) were assessed using ultrasound imaging and the HUMAC NORM isokinetic 

dynamometer, respectively. Functional and balance outcomes were assessed using Six-

Minute Walk Test (6MWT), 30-second Chair Stand Test (CST), Sitting and Rising Test 

(SRT), Berg Balance Scale (BBS), Forward, Backward, Right and Left Reach Tests (FRT, 

BRT, RRT, and LRT respectively), Timed Up and Go Test (TUG), and Four Square Step 

Test (FSST). Univariate and multivariate analyses were performed with correlation and 

linear regression, and reported with correlation coefficients (r) and standardized beta 

coefficients (β) respectively. Age, sex, and BMI were considered as potential covariates in 

each multivariate model.   
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Sixty-four healthy older adults (mean (SD) age 69.8 (7.5) years; 59.4% female) 

participated in our cross-sectional study.The most important outcomes of this study were 

that: i) univariate analyses revealed small-moderate positive correlations between trunk 

muscle morphology, strength, and various functional outcome measures. More specifically, 

larger RA CSA was most consistently associated with better 6MWT, FRT, BRT, CST, and 

SRT outcomes. LM thickness was associated with better TUG and FSST outcomes, while 

TLAM thickness and composite trunk muscle size were associated with better BRT 

outcome. Increased composite trunk strength was consistently associated with better 

6MWT, CST, SRT, BBS, FRT, and BRT outcomes. TLAM thickness and RA CSA were 

consistently and positively associated with all trunk muscle strength measures (flexion, 

extension, lateral flexion, and composite trunk strength).  LM thickness was positively 

associated with trunk flexion strength, while composite trunk muscle size was positively 

associated with flexion, extension, and composite trunk strength. ii) After controlling for 

covariates (age, sex, and /or BMI), multivariate analyses revealed larger RA CSA was 

associated with lower 6MWT outcome, while larger RA CSA was associated with better 

SRT, and BRT outcomes. LM thickness was associated with better FSST outcome. Trunk 

flexion strength was associated with better FRT outcome, while composite trunk strength 

was associated with better SRT outcome. RA CSA was positively associated with trunk 

flexion and composite trunk strength, while TLAM thickness was positively associated 

with trunk flexion strength. iii) In addition to the above main findings, age, sex, and /or 

BMI had strong influences on performance in various functional tasks. 
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The findings of important relationships between trunk muscle morphology and strength 

with functional ability in older adults corroborated the need to assess whether balance and 

functional performance could be improved by training the trunk musculature.  

Randomized Controlled Trial (Chapter 5) 

 The third and most significant study of this dissertation involved a single-blinded 

parallel group randomized controlled trial investigating the effectiveness of a 12-week 

supervised multimodal exercise program on trunk muscle morphology (size), strength, and 

functional ability in healthy older adults. Specifically, this study investigated the effect of 

supplementing a 12-week walking and balance exercise program with trunk muscle 

strengthening /motor control exercises on trunk muscle morphology, strength, and 

functional ability in healthy older adults; to address the short-comings previously outlined 

by Granacher et al [17]. Sixty four individuals (mean (SD) age 69.8 (7.5) years; 59.4% 

female) underwent a series of baseline assessments (see above cross-sectional study), and 

were eventually randomised to receive a multimodal exercise program comprising various 

walking and balance exercises with or without trunk muscle strengthening/motor control 

exercises. Trunk muscle morphology and strength (flexion, extension, and lateral flexion) 

were assessed in this study at week 6 and 12, using the same equipment outlined in the 

cross-sectional study. The same functional outcome measures from the cross-sectional 

study were also utilized in this study, and were administered at week 6 and 12. Consistent 

with the intention-to-treat principle, all data was analyzed using a linear mixed model, and 

the main effects of exercise group and the exercise group by time interactions explored.  
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The most important outcomes of this study were that: i) inclusion of trunk 

strengthening/motor control exercises was associated with significant increases in trunk 

muscle morphology and strength; ii) inclusion of trunk strengthening/motor control 

exercises was associated with significant improvements in functional outcome measures, 

including the 30-Second Chair Stand Test, Sitting and Rising Test, Forward Reach Test, 

Backward Reach Test, and Timed Up and Go Test. Overall, the inclusion of trunk 

strengthening/motor control exercises into the exercise program was efficacious across a 

number of outcome measures when compared to a time-matched walking and balance 

exercise program, and was not associated with any deleterious outcomes.  

Apart from utilizing a randomized controlled design to comprehensively examine the 

efficacy of a 12-week multimodal exercise program via intention-to-treat analyses; this 

study had other notable strengths. First, the current exercise program’s design contributed 

to high exercise compliance with low rates of dropout. Specifically, participants perceived 

the exercise program as easy to access, wherein exercises were simple to learn and required 

no specific equipment. Despite these strengths, the findings of the current study should be 

considered in light of several limitations. The participants included in this study were 

healthy and moderately active older adults. Therefore, the results of our study should be 

generalized only with caution to other populations (e.g., sedentary, overweight/obese, 

frail/at high risk of falls older adults, frail older adults at high risk of falls, neuromuscular, 

mobility/balance limited patients). In addition, the results of this study are specific to the 

testing methodology used to assess trunk muscle morphology, strength and functional 

performance balance performance. Our outcome measures may not represent all the 

components of trunk muscle morphology, strength, mobility, and balance; therefore, the 
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findings of our study should be generalised with caution to other experimental assessment 

techniques (i.e., MRI imaging, isokinetic trunk strength, force-plate for balance and 

postural sway measurements).  

Clinical Implications 

These findings have important clinical implications for practitioners and clinicians. First, 

these findings emphasize the importance in evaluating age-related changes in trunk muscle 

morphology, strength, and functional ability and implement appropriate exercise programs 

to enhance these clinical outcomes. Second, based on the findings of this study, it is 

recommended that multimodal trunk strengthening exercise programs should be 

implemented as an alternate form of rehabilitation, to improve trunk muscle morphology, 

strength, functional ability among older adults. Targeting these aspects may consequently 

combat age-related decrements in trunk muscle morphology, strength, and functional 

ability.  

Future Directions 

Future research should focus on the strengthening of the anterior, lateral abdominal and 

posterior trunk muscles which are positively associated with functional ability in older 

adults. Future research also should investigate the longitudinal changes in falls risk and 

subsequent rate of falls following trunk strengthening exercise program among healthy and 

clinical populations (i.e., sedentary, frail older adults, obese/overweight, musculoskeletal 

disorders, neuromuscular, mobility/balance limited patients). Additionally, high quality 

randomised control trials could be designed to examine the effectiveness of trunk 

strengthening exercise program on trunk muscle size, strength and functional ability in 
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clinical populations (i.e., sedentary, frail older adults, obese/overweight, musculoskeletal 

disorders, neuromuscular, mobility/balance limited patients), athletic population /injury 

prevention, longer training length (i.e., 6 or 12 months), and following a detraining phase. 

Furthermore, future studies should examine functional and physical effects of the current 

study’s trunk strengthening exercise program in comparison with different types of gentle 

and free weights exercise programs (i.e., yoga, Pilates, Tai chi, BodyBalance). 
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Appendix A  

(Recruitment materials; Ethics, Study Flyer, Information Letter, 

Consent Form, Demographic Questionnaire, Medical 

Clearance Form, and Adult Pre-Exercise Screening Tool) 
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Appendix B 

 (Materials for the Measurement Procedures) 
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The Sitting and Rising Test (SRT) 

This YouTube link “https://www.youtube.com/watch?v=MCQ2WA2T2oA” was adapted 

from “Brito, L.B.B.d., et al., Ability to sit and rise from the floor as a predictor of all-cause 

mortality. Eur J Prev Cardiol, 2014. 21(7): p. 892-8”. 

 

 

 
 

 

https://www.youtube.com/watch?v=MCQ2WA2T2oA
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Appendix C 

(Components of Both Exercise Programs) 
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Week Trunk Strengthening/Motor Control Exercises 
1 Supine 

abdominal 

bracing* 

(Redondo ball  

between thighs) 

Quadruped with  

Redondo ball  

between thighs  

(Four-point 

kneeling) 

Modified 

beginner curl-up 

on the wedge  
(Redondo ball  

between thighs) 

Supine supported  

bridge (Redondo 

ball  between 

thighs) 

Bent knees side 

bridge  
(Redondo ball  

between 

thighs) 

Rep/Sec 6Rx3” 6Rx3” 6Rx3” 6Rx3” 6Rx3” 

2 Supine 

abdominal 

bracing 

(Redondo ball  

between thighs) 

Quadruped with  

Redondo ball  

between thighs  

(Four-point 

kneeling) 

Modified 

beginner curl-up 

on the wedge  
(Redondo ball  

between thighs) 

Supine supported  

bridge (Redondo 

ball  between 

thighs) 

Bent knees side 

bridge  
(Redondo ball  

between 

thighs) 

Rep/Sec 6Rx6” 6Rx6” 6Rx6” 6Rx6” 6Rx6” 

3 Supine 

abdominal 

bracing 

(Redondo ball  

between thighs) 

Quadruped with  

Redondo ball  

between thighs 

with 

arm lifts 

Modified 

beginner curl-up 

on the wedge  
(Redondo ball  

between thighs) 

Supine supported  

bridge (Redondo 

ball  between 

thighs) 

Bent knees side 

bridge  
(Redondo ball  

between 

thighs) 

Rep/Sec 8Rx6” 8Rx6” 8Rx6” 8Rx6” 8Rx6” 

4 Supine 

abdominal 

bracing 

Quadruped 

(Four-point 

kneeling with 

arm lifts) 

Modified 

beginner curl-up 

Supine supported  

bridge 

Bent knees side 

bridge   

Rep/Sec 8Rx8 8Rx8 8Rx8 8Rx8 8Rx8 

5 Supine 

abdominal 

bracing with 

knee lift. alt 

Quadruped 

(Four-point 

kneeling with 

arm lifts, leg or 

knee lifts 

Modified 

beginner curl-up 

Supine supported  

bridge on heels, 

toes up 

Side bridge 

with one leg 

straight 

Rep/Sec 8Rx6” 8Rx6” 8Rx6” 8Rx6” 8Rx6” 

6 Supine 

abdominal 

bracing with 

knee lift. alt 

Quadruped 

(Four-point 

kneeling with 

arm lifts, leg 

lifts 

Modified 

beginner curl-up 

with elbows lift 

Supine supported  

bridge on heels, 

toes up 

Side bridge 

with one leg 

straight 

Rep/Sec 8Rx8 8Rx8 8Rx8 8Rx8 8Rx8 

7 Abdominal 

bracing with 

single straight 

leg raise 

  

 

Quadruped 

opposite 

arm/leg lifts 

(Bride-Dog 

pose) 

 

Modified 

intermediate  

curl-up with 

Airex Balance 

Pad under lower 

back 

 

Supine bridging 

+ with feet on 

Airex Balance 

Pad 

Side bridge 

with one leg 

extended and 

forearm on 

Airex Balance 

Pad 

 See below for 

explanation 

See below for 

explanation 

See below for 

explanation 

See below for 

explanation 

See below for 

explanation 

Rep/Sec 8Rx6 8Rx6 8Rx6 8Rx6 8Rx6 

8 Abdominal 

bracing with 

single straight 

leg raise 

Quadruped 

opposite 

arm/leg lifts 

(Bride-Dog 

pose) 

Modified 

intermediate  

curl-up with 

Airex Balance 

Pad  under lower 

Supine bridging 

+ with feet on 

Airex Balance 

Pad 

Side bridge 

with one leg 

extended and 

forearm on 

Airex Balance 
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back Pad 

Rep/Sec 8Rx8 8Rx8 8Rx8 8Rx8 8Rx8 

9 Abdominal 

bracing with 

single straight 

leg raise 

“on a deflated 

ball” 

Quadruped 

opposite 

arm/leg lifts 

(Bride-Dog 

pose)  

“hands and 

knees on the 

Airex Balance 

Pads” 

Curl-up with 

Airex Balance 

Pad  under lower 

back  

“by placing 

hands behind 

ears” if they 

could otherwise 

“hands 

underneath their 

back” 

Supine bridging 

+ with feet on 

Airex Balance 

Pad  

“by placing heels 

on the blue”  

Side bridge 

with one leg 

extended and 

forearm on 

Airex Balance 

Pad  

“both legs fully 

extended”  

Rep/Sec 8Rx6 8Rx6 8Rx6 8Rx6 8Rx6 

10 Abdominal 

bracing with 

single straight 

leg raise  

“on a deflated 

ball” 

Quadruped 

opposite 

arm/leg lifts 

(Bride-Dog 

pose)  

“hands and 

knees on the 

Airex Balance 

Pads” 

Curl-up with 

Airex Balance 

Pad  under lower 

back  

“by placing 

hands behind 

ears”  if they 

could otherwise 

hands underneath 

their back” 

Supine bridging 

+ with feet on 

Airex Balance 

Pad   

“by placing heels 

on the blue” 

Side bridge 

with one leg 

extended and 

forearm on 

Airex Balance 

Pad  

“both legs fully 

extended” 

Rep/Sec 8Rx8 8Rx8 8Rx8 8Rx8 8Rx8 

11 Abdominal 

bracing with 

both legs raise  

“knees bent” 

“on a deflated 

ball” 

Quadruped 

opposite 

arm/leg lifts 

(Bride-Dog 

pose)  

“on Swiss ball” 

Curl-up with 

Airex Balance 

Pad  under lower 

back  

“on Semi ball or 

Bosu ball” 

 

Supine bridging  

“on Bosu ball or 

Swiss ball” 

Side bridge 

with one leg 

extended and 

forearm 

“on Bosu ball 

or Swiss ball” 

 See below for 

explanation 

See below for 

explanation 

See below for 

explanation 

  

Rep/Sec 8Rx6 8Rx6 8Rx6 8Rx6 8Rx6 

12 Abdominal 

bracing with 

both legs raise  

(knees bent” 

“on a deflated 

ball” 

Quadruped 

opposite 

arm/leg lifts 

(Bride-Dog 

pose)  

“on Swiss ball” 

 

Curl-up with 

Airex Balance 

Pad  under lower 

back 

“on Semi ball or 

Bosu ball” 

Supine bridging 

with feet  

“on Bosu ball or 

Swiss ball” 

Side bridge 

with one leg 

extended and 

forearm 

“on Buso ball 

or Swiss ball” 

     Rep/Sec 8Rx8 8Rx8 8Rx8 8Rx8 8Rx8 
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Week 7 

Abdominal bracing with single straight leg raise:  

Instruct participants to brace and lift one leg towards them (bending from the hip and knee) 

extend out for 3 seconds and bring back in for 3 seconds. Do this with the participant for a 

total of four times, and instruct them to do it four more times independently.  

 Quadruped opposite hand to knee (Bird-Dog pose):  

Participants get into the position for table pose (on hands and knees). For the warm up, ask 

participant to brace and lift each limb separately (arm, arm, leg, leg) before moving onto to 

bird dog (arm and opposite leg raise). Instruct participants to brace, lift, extend opposite 

arm/leg and hold for 6 seconds. Do this with the participant four times and instruct them to 

do four more independently. 

Modified intermediate curl-up with Airex Balance Pad under lower back: 

Participants lay flat on their back with a mat under their lower back, with their hands 

underneath their lower back for support and one knee up and the other extended 

(alternating). You must ensure participants are not curling up with their neck, and keeping 

their spine neutral. Instruct participants to brace and then curl up. Hold for 6 seconds.  

Supine Bridging + with feet on Airex Balance Pad: 

Participants are lying flat on their back with feet on Airex Balance Pad underneath their feet 

(uneven surface). Instruct participants to brace, lift their pelvis up. Hold for 6 seconds.  

Side Bridge with one leg extended and forearm on Airex Balance Pad:  

Participants lay on their side with the mat under their forearm, their top leg straight and the 

lower bent. Instruct participants to brace, and lift themselves up whilst saying that they have 

to keep their chest opened, back parallel to you (stand behind the participant) and elbow 

must be directly under their shoulder. Hold for 6 seconds.  
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Week 11 

Abdominal bracing with both legs raise  (knees bent): 

Participants lay flat on a deflated ball. Instruct participants to brace and lift both legs 

towards them (bending from the knees and hips), hold for 6 seconds. Do this with the 

participant for a total of four times, and instruct them to do it a further four times 

independently. 

Quadruped opposite arm/leg lifts (Bride-Dog pose) “ on Swiss ball” : 

Participants get into the position for table pose, which involves placing their chest or belly 

on the ball, and place hands and knees on the floor for support on top of a Swiss ball (Note: 

place two Airex Balance Pads in front and back of the ball, if the participants are unable to 

reach the floor by hands and knees). Warm up participants by getting them to brace for each 

limb separately before moving onto to bird dog (arm and opposite leg raise).  

Curl-up with Airex Balance Pad  under lower back “ on Semi ball or Bosu ball (semi 

ball)”: 

Participants lay flat on their back on a semi ball and a mat under their head, with their hands 

underneath their lower back for support and one knee up and the other extended 

(alternating). Participants will be doing a curl up or sit up. You must ensure participants are 

not curling up with their neck, and keeping their spine neutral. 

Supine bridging “ on Bosu Ball or Swiss ball”: 

Participants are laying flat on their back with their feet placed on a Swiss ball. Instruct 

participants to brace and lift their pelvis up. 

Side bridge with one leg extended and forearm “on Bosu Ball or Swiss ball”: 

Participants lay on their side with a semi ball under their forearm, with their legs straight 

out or one leg extended. They lean on their elbow, which must be directly under their 

shoulder. Instruct participants to brace, and lift themselves up whilst staying parallel.  
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Week 
Balance exercises 

 

1 

Seated-Chair:   

- Seated Heel lift and Toe lift  (4x) 3 sec hold 

 Sitting upright on the edge of the chair with hands on thighs – alt. between raising heels hold 3sec – 

raising toes hold 3sec (2×)  

The participant is seated on the edge of their chair with their back straight, lift their heels off the 

ground and point their toes, and this is then held for 5 seconds. They then lower their feet, and lift 

their toes, hold for another 5 seconds, this is then repeated. The focus is on maintaining a straight 

back and posture. 

- Seated Hip March (4x) 3 sec hold  alt. single leg lifts (2per leg) 

Sitting upright on the edge of the chair with hands on thighs. Ask participant to lift the leg with knee 

bent as far as is comfortable and hold it in the air 5 second. Then foot down with control. Repeat 

with the opposite leg. 

Standing-Chair 

- Standing Heel lift and Toe lift (4x) alt. 3 sec hold 

The participant stands behind a chair and places hands on the back of the chair (Remind participant 

not to lean on the chair because the chair is not a stable support, the chair is used only for 

maintaining their balance). They then lift their heels off the ground and maintain their balance on 

their toes, holding for 5 seconds, complete twice. Repeat with raising toes and standing on heels. 

- Supported Heel/Toe lift Steps (2x) 

Toes: The participant stands behind a chair and places hands on the back of the chair. They then lift 

their heels off the ground and take three steps to the side of the chair, maintain their balance on their 

toes, holding for around 5 seconds, and back to the centre and repeat on the other side of the chair, 5 

second hold and back to the centre.  

Heels: Same as previous exercise but on heels. 

- Leg lift (4x) (2 per leg): standing either side of chair 4x (alt. single leg lifts supported – holding for 

3sec) 

- Squats (4x): feet shoulder width apart (behind the chair and hand on the top of the chair) 

Sit to Stand (4X) 

Sitting upright on the edge of the chair with hands on thighs. Ask participant to lean forward from their hips as 

much as they can and when ready, stand up. Once straight, they close their eyes for a 3-5 seconds, open their 

eyes to check for the chair behind (safety) and  hands on thighs, slowly lowering through a squat onto the chair 

(tilt pelvis, bend through the knees) hold the squat for 5 seconds and control movement downwards to sit the 

chair. 
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2 

Seated-Chair:   

- Seated Heel lift and Toe lift  (4x) 6 sec hold 

 Sitting upright on the edge of the chair with hands on thighs – alt. between raising heels hold 6 sec – 

raising toes hold 6sec (2×)  

Participant is seated on the edge of their chair with their back straight, lift their heels off the ground 

and point their toes, and this is then held for 5 seconds. They then lower their feet, and lift their toes, 

hold for another 5 seconds, this is then repeated. The focus is on maintaining a straight back and 

posture. 

- Seated Hip March (4x) 6 sec hold  alt. single leg lifts (2per leg) 

Sitting upright on the edge of the chair with hands on thighs. Ask participant to lift the leg with knee 

bent as far as is comfortable and hold it in the air 6 second. Then foot down with control. Repeat 

with the opposite leg. 

Standing-Chair 

- Standing Heel lift and Toe lift (4x) alt. 6 sec hold 

The participant stands behind a chair and places hands on the back of the chair (Remind participant 

not to lean on the chair because the chair is not a stable support, the chair is used only for 

maintaining their balance). They then lift their heels off the ground and maintain their balance on 

their toes, holding for 6 seconds, complete twice. Repeat with raising toes and standing on heels. 

- Supported Heel/Toe lift Steps (2x) 

Toes: The participant stands behind a chair and places hands on the back of the chair. They then lift 

their heels off the ground and take three steps to the side of the chair, maintain their balance on their 

toes, holding for around 6 seconds, and back to the centre, closing eyes  for a 6 seconds. They repeat 

on the other side of the chair, 6 seconds hold and back to the centre.  

Heels: Same as previous exercise but on heels. 

- Leg lift (4x) (2 per leg): Standing either side of chair 4x (alt. single leg lifts supported – holding for 

6sec) 

- Squats (4x)  with feet shoulder width apart (behind the chair and hand on the top of the chair)-

holding for 6 second  

 

Sit to Stand (4X) 

Sitting upright on the edge of the chair with hands on thighs. Ask participant to lean forward from their hips as 

much as they can and when ready stand up. Once straight they close their eyes for a 6 seconds, open their eyes 

to check for the chair behind (safety) and  hands on thighs, slowly lowering through a squat onto the chair (tilt 

pelvis, bend through the knees) hold the squat for 6 seconds and control movement downwards to sit on the 

chair. 

 

3 

Seated-Chair (With holding a ball front of the body at shoulder level): 

- Seated Heel lift  (2x) and Toe lift  (2x) 6 sec hold  

- Seated Hip March (4x) 6 sec hold 

  Table-Standing/Walking  

- Standing-walking Heel lift (2x) 6 sec hold 
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- Participant stands next to a table and places one hand on it – for support but not leaning on the table! 

They then lift their heels off the ground and walk around the table (6 steps). Now instruct participant 

“to stop, maintaining their balance on their toes for 6 seconds, then feet flat on the floor, eyes closed 

and stay for 6 seconds”. Then ask them to open their eyes, and turn around and repeat this exercise 

again. 

- Standing-walking Toe lift (2x) 6 sec hold: same as  previous exercise but on heels  

- Standing-walking Heel to Toe (2x) 6 sec hold: same as previous exercise but one foot in front of 

the other 

 

 

Table- Leg lift 

- Table-Leg lift (4x) (2 per leg) 6 second hold  

- Participants stand next to the table, hand placed on it for stability and lift each leg once.  

 

Table- Leg squats 

- Squats (2x) : Using the table for support 2× 6sec hold (with holding ball out in front on the table )  

- Cross-legged squat (2x): Squat with crossed legs using the table for support 2× 6secs hold (with 

holding ball out in front on the table)  

 

Sit to Stand (4X) 

Sitting upright on the edge of the chair with holding ball out in front. Ask participant to lean forward from 

their hips as much as they can and when ready, stand up. Once straight they close their eyes for a 6 seconds 

while holding ball out in front, open their eyes to check for the chair behind (safety), slowly lowering into a 

squat onto the chair (tilt pelvis, bend through the knees), hold the squat for 6 seconds and  control movement 

downwards to sit on the chair. 

 

4 

Seated-Chair (With holding a ball front of the body at shoulder level): 

- Seated Heel lift  (2x) and Toe lift  (2x) 8 sec hold  

- Seated Hip March (4x) 8 sec hold   

 

Table-Standing/Walking  

- Standing-walking Heel lift (2x) 8 sec hold 

- The participant stands next to a table and places one hand on it and uses it to support not leaning on 

the table! They then lift their heels off the ground and walk around the table (6 steps). Now instruct 

them, “to stop, maintaining their balance on their toes for 8 seconds, then feet flat on the floor, eyes 

closed” and stay for 8 seconds. Then ask them to open their eyes, and turn around and repeat this 

exercise again. 

- Standing-walking Toe lift (2x) 8 sec hold: same as  previous exercise but on heels  

- Standing-walking Heel to Toe (2x) 8 sec hold: same as previous exercise but one foot in front of 
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the other 

 

Table- Leg lift 

- Table-Leg lift (4x) (2 per leg) 8 second hold  

- Participants stand next to the table, hand placed on it for stability and lift each leg once.  

- Squats (2x) : Using the table for support 2× 8sec hold (with holding ball out in front)  

- Cross-legged squat (2x): Squat with crossed legs using the table for support 2× 8secs hold (with 

holding ball out in front)  

 

Sit to Stand (4X) 

Sitting upright on the edge of the chair with holding ball out in front. Ask participant to lean forward from 

their hips as much as they can and when ready stand up. Once straight they close their eyes for a 8 seconds 

with holding ball out in front , open their eyes to check for the chair behind (safety), slowly lowering through a 

squat onto the chair (tilt pelvis, bend through the knees) hold the squat for 8 seconds and control movement 

downwards to sit on the chair. 

 

5 

Seated-Chair (With holding a ball front of the body at shoulder level): 

- Seated Heel lift  (2x) and Toe lift  (2x) 8 sec hold  

- Seated Hip March (4x) 8 sec hold   

 

Figure 8-Double Chair 

Two chairs are placed on in front of the other, to allow participants to walk in a figure eight. Placing hands on 

the chair to allow for stability. Then ask participants do the following (slow and controlled) 

- 2x regular walking 

- 2x on toes walking 

- 2x on heels walking 

- 2x heel to toe walking 

Note: Please note that participants must keep their backs straight, shoulders relaxed, chin parallel to 

the floor and pelvis tucked in during this exercise. 

Chair- Leg lift 

- Chair-Leg lift (4x) (2 per leg) 8 second hold  

Participants stand next to their chair, hand placed on it for stability and lift each leg once (if they feel 

they are stable, they can take the hand off the chair). Repeat on the other side.  

- Squats (2x) : Using the table for support 2× 8sec hold (with holding ball out in front)  

- Cross-legged squat (2x): Squat with crossed legs using the table for support 2× 8secs hold (with 

holding ball out in front)  
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Sit to Stand (4X) 

Sitting upright on the edge of the chair with holding ball out in front. Ask participant to lean forward from 

their hips as much as they can and when ready stand up. Once straight they close their eyes for a 8 seconds 

with holding ball out in front , open their eyes check for the chair behind (safety), slowly lowering through a 

squat onto the chair (tilt pelvis, bend through the knees) hold the squat for 8 seconds and control movement 

downwards to sit on the chair.  

 

6 

Seated-Chair (with holding arms in front of chest at shoulder level): 

- Seated Heel lift  (2x) and Toe lift  (2x) 10 sec hold  

- Seated Hip March (4x) 10 sec hold   

 

Figure 8-Double Chairs 

Two chairs are placed on in front of the other, to allow participants to walk in 

a figure 8. Placing hands on tthe chair to allow for stability. Then ask 

participants do the following (slow and controlled). 

- 2x regular walking 

- 2x on toes walking 

- 2x on heels walking 

- 2x heel to toe walking  

Note: Please note that participants must keep their backs straight, shoulders relaxed, chin parallel to 

the floor and pelvis tucked in during this exercise. 

Chair- Leg lift 

- Chair-Leg lift (4x) (2 per leg) 10 second hold   

Participants stand next to their chair, hand placed on it for stability and lift each leg once (if they feel 

they are stable, they can take the hand off the chair). Repeat on the other side.  

- Squats (2x) : Using the table for support 2× 10 sec hold (with holding arms in front of chest) 

- Cross-legged squat (2x): Squat with crossed legs using the table for support 2× 10 secs hold (with 

holding arms in front of chest) 

 

Sit to Stand (4X) with holding arms in front of chest at shoulder level 

 

Sitting upright on the edge of the chair with arms in front. Ask participant to lean forward from their hips as 

much as they can and when ready stand up. Once straight they close their eyes for a couple of seconds with 

holding ball out in front , open their eyes to check for the chair behind (safety), slowly lowering through a 

squat onto the chair (tilt pelvis, bend through the knees) hold the squat for 10 seconds and control movement 

downwards to sit on the chair. 

 

7 
Seated-Chair (With blue mat underneath feet and arms crossed over chest) 
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- Seated Heel lift  (2x) and Toe lift  (2x) 6-7 sec hold  

- Seated Hip March (4x) 6-7 sec hold   

Standing Heel lift and Toe lift (4x) alt. 6 sec hold 

- The participant stands on the “blue mat” behind a chair and places hands on the back of the chair 

(Remind participant not to lean on the chair because the chair is not a stable support, the chair is 

used only for maintaining their balance). They then lift their heels off the ground and maintain their 

balance on their toes, holding for 6-7 seconds, complete twice. Repeat with raising toes and standing 

on heels. Please note that if you think the participant needs” doubled chairs” during this 

exercise to maintain the balance, apply two chairs. 

 

Chair- Leg lift with Blue Mat 

- Chair-Leg lift (4x) (2 per leg) 6-7 second hold   

Participant stands on the blue mat next to their chair; hands placed on top of the chair for stability 

and lift each leg once. Repeat on the other side.  

Figure 8-Double Chairs (Place two chair closer, to make the exercise challenging) 

- 2x on toes walking (R/L) 

- 2x on heels walking (R/L) 

- 2x heel to toe walking (R/L) 

 

Chair-Squats with Blue Mat underneath feet 

- Squats (2x): Blue mat placed underneath feet, squats with holding arms in front of chest or on the 

top of the chair (2× 6-7 sec hold) 

- Cross-legged squat (2x): Blue mat placed underneath feet, squat with crossed legs with holding 

arms in front of chest or on the top of the chair (2× 6-7 sec hold)  

 

Sit to Stand (4X) with Blue Mat underneath feet   

Sitting upright on the edge of the chair with blue mat underneath feet and arms in front or on thighs. Ask 

participant to lean forward from their hips as much as they can and when ready stand up. Once straight they 

close their eyes for a couple of seconds with holding ball out in front , open their eyes to check for the chair 

behind (safety), slowly lowering through a squat onto the chair (tilt pelvis, bend through the knees) hold the 

squat for 6-7 seconds and control movement downwards to sit on the chair. 

 

8 

Swiss ball: Toes, Heels and extended leg 

- Sitting on Swiss ball on toes/heels with holding hands on thighs 6  sec, 2x  

- Sitting on Swiss ball and leg lifts with hands on thighs 6 sec, 2x each side 

- Sitting on Swiss ball and arm raises 6 sec, 2x each side 

- Sitting on Swiss ball and opposite arm and leg raises-Static (8x, 2rep) 

- On Swiss ball bouncing up and down (6x, 2rep).  

- On Swiss ball, Pelvic tilting slowly side to side 6x, 2rep 
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- On Swiss ball, Pelvic tilting slowly forward and backward 6x, 2rep 

 

Figure 8-Cones (2): 

Please note that to determine the distance between two cones, place the first cone on the floor and then ask 

your participant to take a big step forward and place the second cone in front of her/his front foot. 

- Normal walk forward and back along the cones (straight line) 

- Normal walking in figure 8 pattern around two cones (R/L) 

- Walking in figure 8 on toes around two cones (R/L) 

- Walking in figure 8 on heels around two cones (R/L) 

- Walking in figure 8 heel to toe pattern around two cones (R/L) 

 

Unstable Airex Mat: 

Preferably using the corridor edges, outside the lab. 

- Standing on the unstable mat, next to the wall and normal squats 6 sec 2x,  

- Standing on the unstable mat, next to the wall and cross legged squats 6 sec 2x 

 

9 

Swiss ball: Toes, Heels and extended leg 

- Sitting on Swiss ball on toes/heels with holding hands on thighs 8 sec, 2x  

- Sitting on Swiss ball and leg lifts with hands on thighs 8 sec, 2x each side 

- Sitting on Swiss ball and arm raises (punch) 8 sec, 2x each side 

- Sitting on Swiss ball and opposite arm and leg raises-Static (8x, 2rep) 

- On Swiss ball bouncing up and down (8x, 2rep ) 

- Sitting on Swiss ball and opposite arm and leg raises-Dynamic (combined with bouncing on the 

ball) (8x, 2rep) 

- On Swiss ball, Pelvic tilting slowly side to side 8x, 2rep 

- On Swiss ball, Pelvic tilting slowly forward and backward 8x, 2rep 

 

Figure 8-Cones (2): 

 To make the exercise more challenging, make the distance between the 2 cones shorter. 

- Walking in figure 8 on toes around two cones (R/L) 

- Walking in figure 8 on heels around two cones (R/L) 

- Walking in figure 8 heel to toe pattern around two cones (R/L) 

 

Airex Balance Pad  : 

Preferably using the corridor edges, outside the lab. 
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- Standing on the unstable mat, next to the wall using hand for support and normal squats 8 sec 2x,  

- Standing on the unstable mat, next to the wall using hand for support and cross legged squats 8 sec 

2x 

- Standing on the unstable mat, next to the wall using hand for support on the edge and lifting opposite 

leg up x2 each leg (8 seconds).  

 

10 

Swiss ball: Toes, Heels and extended leg 

- Sitting on Swiss ball on toes/heels with arms bent by sides 10 sec, 2x  

- Sitting on Swiss ball and leg lifts with arms bent by sides 10 sec, 2x each side 

- Sitting on Swiss ball and arm raises 10 sec, 2x each side 

- Sitting on Swiss ball and opposite arm and leg raises-Static (10x, 2rep) 

- On Swiss ball bouncing up and down with arms bent to the sides (10x, 2rep ) 

- Sitting on Swiss ball and opposite arm and leg raises-Dynamic (combined with bouncing on the 

ball) (10x, 2rep) 

- On Swiss ball, Pelvic tilting slowly side to side (with arms bent to the sides ) (10x, 2rep) 

-  On Swiss ball, Pelvic tilting slowly forward and backward 10x, 2rep 

- Sitting on Swiss ball and take three steps forward and backward, 2 rep 

Double -Figure 8-Cones (4): 

- Normal walk forward and back along the cones (straight line) 

- Walking in double figure 8 on toes around 4 cones (R/L) 

- Walking in double figure 8  on heels around 4 cones (R/L) 

- Walking in double figure 8  heel to toe pattern around 4 cones (R/L) 

 

Airex Balance Pad: 

- Standing on the unstable mat, far from the wall raising arms in front and normal squats 10 sec 2x,  

- Standing on the unstable mat,  far from the wall raising arms in front and cross legged squats  10 sec 

2x 

- Standing on the unstable mat, far from wall with raising arms in front and lifting opposite leg up x2 

each leg (10 seconds).  

 

11 

Swiss ball: Toes, Heels and extended leg 

- Sitting on Swiss ball on toes/heels with arms straight out to sides at shoulder level, turn head to one 

side, then the other 

  (look over right shoulder, then left) 10 sec, 2x  
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- Sitting on Swiss ball and opposite arm and leg raises-Static (10x, 2rep) 

- On Swiss ball bouncing up and down (10x, 2rep ) 

- Sitting on Swiss ball and opposite arm and leg raises-Dynamic (combined with bouncing on the 

ball) (10x, 2rep) 

- On Swiss ball, Pelvic tilting slowly side to side 10x, 2rep 

- On Swiss ball, Pelvic tilting slowly forward and backward 10x, 2rep 

- Sitting on Swiss ball and take three steps forward and backward (one toes, then heels), 2 rep 

Double -Figure 8-Cones (4): 

To make the exercise more challenging, make the distance between the 4 cones shorter. 

- Normal walk forward and back along the cones (straight line) 

- Normal walking in figure 8 pattern around 4 cones (R/L) 

- Walking in double figure 8  on toes around 4 cones (R/L) 

- Walking in double figure 8 on heels around 4 cones (R/L) 

- Walking in double figure 8 heel to toe pattern around 4 cones (R/L) 

 

Airex Balance Pad: 

- Standing on the unstable mat, far from the wall with arms crossed over chest and normal squats 8 sec 

2x,  

- Standing on the unstable mat, far from the wall with arms crossed over chest and cross legged squats  

8 sec 2x 

- Standing on the unstable mat, far from the wall with arms crossed over chest and lifting opposite leg 

up x2 each leg (8 seconds). 

 

 

12 

Swiss ball: Toes, Heels and extended leg 

- Sitting on Swiss ball on toes/heels with arms straight out to sides at shoulder level, turn head to one 

side, then the other 

  (look over right shoulder, then left) 10 sec, 2x  

- Sitting on Swiss ball and opposite arm and leg raises-Static (10x, 2rep) 

- On Swiss ball bouncing up and down (10x, 2rep ) 

- Sitting on Swiss ball and opposite arm and leg raises-Dynamic (combined with bouncing on the 

ball) (8x, 2rep) 

- On Swiss ball, Pelvic tilting slowly side to side 10x, 2rep 

- On Swiss ball, Pelvic tilting slowly forward and backward 10x, 2rep 
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- Sitting on Swiss ball and take three steps forward and backward (one toes, then heels), 2 rep  

Double -Figure 8-Cones (4): 

To make the exercise more challenging, make the distance between the 4 cones shorter.  

- Normal walk forward and back along the cones (straight line) 

- Normal walking in double figure 8 pattern around 4 cones (R/L) 

- Walking in double figure 8 on toes around 4 cones (R/L) 

- Walking in double figure 8 on heels around 4 cones (R/L) 

- Walking in double figure 8  heel to toe pattern around 4 cones (R/L) 

Airex Balance Pad: 

- Standing on the unstable mat, far from the wall with arms crossed over chest and normal squats 10 

sec 2x,  

- Standing on the unstable mat, far from the wall with arms crossed over chest and cross legged squats  

10 sec 2x 

- Standing on the unstable mat, far from the wall with arms crossed over chest and lifting opposite leg 

up x2 each leg (10 seconds). 
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Appendix E 

(CONSORT 2010 checklist of information to include when 

reporting a randomised trial)
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CONSORT 2010 checklist of information to include when reporting a randomised trial* 
 

Section/Topic Item No Checklist item 
Reported on 

page No 

Title and abstract 

 1a Identification as a randomised trial in the title 106 

1b Structured summary of trial design, methods, results, and conclusions (for specific 

guidance see CONSORT for abstracts) 

107 

Introduction 

Background and 

objectives 

2a Scientific background and explanation of rationale 108 

2b Specific objectives or hypotheses 108 

Methods 

Trial design 3a Description of trial design (such as parallel, factorial) including allocation ratio 109 

3b Important changes to methods after trial commencement (such as eligibility criteria), 

with reasons 

NA 

Participants 4a Eligibility criteria for participants 109 

4b Settings and locations where the data were collected 109 

Interventions 5 The interventions for each group with sufficient details to allow replication, 

including how and when they were actually administered 

110-111 

Outcomes 6a Completely defined pre-specified primary and secondary outcome measures, 

including how and when they were assessed 

110 

111-113 

6b Any changes to trial outcomes after the trial commenced, with reasons NA 

Sample size 7a How sample size was determined 114 

7b When applicable, explanation of any interim analyses and stopping guidelines NA 

Randomisation:    

Sequence generation 8a Method used to generate the random allocation sequence 109 

8b Type of randomisation; details of any restriction (such as blocking and block size) 109 

Allocation concealment 

mechanism 

9 Mechanism used to implement the random allocation sequence (such as sequentially 

numbered containers), describing any steps taken to conceal the sequence until 

109 
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interventions were assigned 

Implementation 10 Who generated the random allocation sequence, who enrolled participants, and who 

assigned participants to interventions 

109 

Blinding 11a If done, who was blinded after assignment to interventions (for example, participants, 

care providers, those assessing outcomes) and how 

110 

11b If relevant, description of the similarity of interventions NA 

Statistical methods 12a Statistical methods used to compare groups for primary and secondary outcomes 114 

12b Methods for additional analyses, such as subgroup analyses and adjusted analyses NA 

Results 

Participant flow (a 

diagram is strongly 

recommended) 

13a For each group, the numbers of participants who were randomly assigned, received 

intended treatment, and were analysed for the primary outcome 

130 

13b For each group, losses and exclusions after randomisation, together with reasons 130 

Recruitment 14a Dates defining the periods of recruitment and follow-up 114 

14b Why the trial ended or was stopped NA 

Baseline data 15 A table showing baseline demographic and clinical characteristics for each group 131 

Numbers analysed 16 For each group, number of participants (denominator) included in each analysis and 

whether the analysis was by original assigned groups 

132-138 

Outcomes and estimation 17a For each primary and secondary outcome, results for each group, and the estimated 

effect size and its precision (such as 95% confidence interval) 

132-138 

17b For binary outcomes, presentation of both absolute and relative effect sizes is 

recommended 

NA 

Ancillary analyses 18 Results of any other analyses performed, including subgroup analyses and adjusted 

analyses, distinguishing pre-specified from exploratory 

NA 

Harms 19 All important harms or unintended effects in each group (for specific guidance see 

CONSORT for harms) 

123 

Discussion 

Limitations 20 Trial limitations, addressing sources of potential bias, imprecision, and, if relevant, 

multiplicity of analyses 

123 

Generalisability 21 Generalisability (external validity, applicability) of the trial findings 123 
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Interpretation 22 Interpretation consistent with results, balancing benefits and harms, and considering 

other relevant evidence 

116-124 

Other information  

Registration 23 Registration number and name of trial registry 109 

Protocol 24 Where the full trial protocol can be accessed, if available NA 

Funding 25 Sources of funding and other support (such as supply of drugs), role of funders NA 

 

*We strongly recommend reading this statement in conjunction with the CONSORT 2010 Explanation and Elaboration for important 

clarifications on all the items. If relevant, we also recommend reading CONSORT extensions for cluster randomised trials, non-inferiority 

and equivalence trials, non-pharmacological treatments, herbal interventions, and pragmatic trials. Additional extensions are forthcoming: 

for those and for up to date references relevant to this checklist, see www.consort-statement.org. 
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