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Abstract 

Background: Squatting is a fundamental movement in which ankle position is frequently 

modified with external tools such as shoes, insoles, or wedges. However, the effects of these 

modifications on shank muscle electromyographic (EMG) activity remain unclear. This systematic 

review and meta-analysis aimed to examine how changes in sagittal ankle position influence shank 

muscle EMG activity during squatting. 

Material and Methods: A systematic search of six databases was conducted from inception until 

August 2026. Included studies reported EMG activity of the tibialis anterior (TA), gastrocnemius 

(GA), or soleus (SOL) during squats performed in plantar flexion or dorsiflexion, compared with 

a neutral ankle position. 

Results: Analysis of eleven studies (141 participants) revealed that the plantar flexion position 

significantly decreased dorsiflexor (TA) activity (Hedges' g = -1.048; P < 0.001) but had no 

significant effect on plantar flexor (GA, SOL) activity (Hedges' g = 0.069; P = 0.672). High 

heterogeneity (I² > 75%) was observed for both meta-analyses. Limited evidence also suggested 

that dorsiflexed positions may reduce plantar flexor activity. 
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Conclusions: Ankle plantar flexion during squatting significantly reduces dorsiflexor activity 

without systematically altering plantar flexor activation. These findings provide preliminary 

support for the clinical use of heel lifts to offload the TA but question their efficacy for modifying 

calf muscle recruitment. Future research should prioritize standardizing EMG methodologies and 

investigating these effects in clinical populations. 

Keywords: Electromyography, Muscle, Ankle Joint, Foot, Exercise. 

 

Introduction 

The squat is a fundamental human movement that occurs frequently in daily living, the work 

environment, athletic training, and clinical rehabilitation. Epidemiological studies indicate that an 

average individual performs approximately 60 squatting movements daily during sitting-to-

standing transitions and object manipulation [1,2]. In some occupational tasks, workers may spend 

up to 42% of their time in a squatting posture [3]. In athletic settings, the squat is considered a 

fundamental exercise and is routinely incorporated into strength and conditioning programs across 

a wide range of sports because of its effectiveness in developing lower-body strength, power, and 

overall athletic performance [4–7]. In a rehabilitation context, the squat serves as a cornerstone 

exercise for the lower limb [8,9]. 

The squat is typically a closed-kinetic-chain movement, so altering the position of one joint can 

affect the mechanics of the entire system. From a neuromechanical perspective, ankle positioning 

during squatting markedly alters lower extremity [10–15] and spinal kinematics [10,14,16] and 

muscle activation patterns [17]. Alterations in ankle angle modify the lever arms and moment 

demands across the ankle joint, consequently affecting neuromuscular recruitment strategies [13]. 

Particularly, plantar flexion positions achieved through heel wedges or elevated surfaces are 

frequently employed to accommodate the limited dorsiflexion range of motion or to alter 

biomechanical stress distribution [18]. 

Despite the widespread use of ankle position modifications, electromyographic (EMG) evidence 

of their effects on shank musculature is inconsistent. While contemporary systematic reviews have 

synthesized evidence on squatting biomechanics [19,20] and thigh muscle activity [17], none have 

specifically focused on the EMG literature of shank muscles in relation to interventions that 

modify ankle position during squatting. This gap is particularly noteworthy given the critical role 

of the tibialis anterior, gastrocnemius, and soleus muscles in ankle stabilization and movement 

control. 

The existing literature demonstrates considerable methodological heterogeneity in EMG 

normalization techniques, squat variations, and experimental protocols, contributing to conflicting 

findings. However, the existing literature reports inconsistent findings for both plantar flexor 

[13,14,18,21–25] and dorsiflexor activity [13,14,21,23–27] in response to altered ankle positions. 

These inconsistencies preclude definitive conclusions and highlight the necessity for a 

comprehensive quantitative synthesis. 

The clinical significance of understanding these neuromuscular responses is substantial. 

Conditions such as anterior compartment syndrome and medial tibial stress syndrome (shin splints) 

are characterized by excessive or prolonged tibialis anterior activity, where offloading this muscle 

through heel lifts during squatting could provide therapeutic benefit [28]. Conversely, Achilles 

tendinopathy, a common overuse injury, is intimately linked to calf muscle loading patterns, and 

understanding how ankle position modulates plantar flexor recruitment could inform more 

effective rehabilitation protocols [29]. Additionally, in post-operative rehabilitation following 

ankle or foot surgery, specific muscle activation patterns may need to be either emphasized or 
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avoided to optimize recovery while protecting healing tissues [30]. Therefore, the findings of this 

meta-analysis have direct implications for clinicians designing rehabilitation programs for these 

specific patient populations. 

Therefore, the primary objective of this systematic review and meta-analysis is to quantitatively 

synthesize available EMG evidence to determine the effects of ankle plantar flexion and 

dorsiflexion positions on shank muscle activity during squatting. We hypothesized that changing 

sagittal ankle position would modulate the activity level of prime shank muscles, including plantar 

flexors and dorsiflexors. 

 

Materials and Methods 

Literature search strategy 

This systematic review was performed in accordance with established methodological standards, 

following both the Cochrane Handbook for Systematic Reviews and the Preferred Reporting Items 

for Systematic Reviews and Meta-Analyses (PRISMA) 2020 guidelines [31]. Two independent 

investigators (UMY and ME) systematically searched six electronic databases, PubMed, Web of 

Science, ScienceDirect, Scopus, and the Cochrane Library, as primary databases, with Google 

Scholar used as a supplementary source to enhance search sensitivity and identify potentially 

relevant grey literature [32] for literature published from its initiation through August 2026. The 

search strategy employed a structured approach using carefully selected keywords and Medical 

Subject Headings (MeSH) terms organized into four primary domains: squatting movements, 

ankle positioning variations, electromyographic measurement, and shank muscles. Search terms 

were strategically combined using Boolean operators, with the core search syntax being: ("squat" 

OR “lifting”) AND ("ankle position" OR "heel lift" OR "foot wedge" OR "foot placement") AND 

("electromyograph" OR "EMG" OR "muscle activity") AND (“shank” OR “dorsiflex*” OR 

“plantar flex*”). The screening process involved independent title and abstract review by two 

investigators (UMY and ME), followed by full-text assessment, with any discrepancies resolved 

through consensus with a third reviewer (MG). 

 

Study selection criteria 

Study eligibility was determined using the PICOS (population, Intervention, Comparison, 

Outcomes, and Study design) framework: 1: population: studies involving healthy human adults 

(15-60) without gender restrictions; 2: intervention: squat exercises performed under varying ankle 

positions, including plantar flexion and dorsiflexion (achieved through external tools (e.g., 

wedges, insoles, boards, shoes, etc.), dorsiflexion (using decline surfaces), and natural positioning 

as the reference condition; 3: comparator: the neutral ankle position (0° inclination, no elevation) 

served as the control comparator; 4: outcomes: primary interest was surface or fine-wire EMG 

measurements from key shank muscles (tibialis anterior, medial/lateral gastrocnemius, and 

soleus), requiring reporting amplitude-domain variables; 5: study design: consideration was given 

to randomized controlled trials, cross-sectional designs, and cohort studies published in peer-

reviewed journals. The 15-60 age range is consistent with previous definitions of adulthood 

[17,33], although most participants in this review were within the narrower 18–30-year age range. 

Cross-sectional designs with repeated measures were included as they represent the most 

appropriate methodology for examining acute neuromuscular responses to biomechanical 

interventions, where each participant serves as their own control (within-subject design), thereby 

reducing between-subject variability and increasing statistical power [34]. Furthermore, 

randomized controlled trials are not feasible for this type of research question due to practical and 
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ethical considerations [35]. The inherent limitations of cross-sectional designs, including the 

inability to establish causality and the potential for selection bias and confounding [36], are 

acknowledged and discussed in the Limitations section. Only studies published in English were 

eligible for inclusion in this review. Studies were excluded if they: (a) failed to provide quantitative 

EMG outcomes; (b) implemented combined interventions that confounded ankle position effects; 

or (c) presented insufficient statistical data for effect size computation. 

 

Data extraction 

A standardized data extraction protocol was implemented by two independent reviewers (UMY 

and ME) using a customized Microsoft Excel template. The extraction captured four primary 

domains: (1) bibliographic information (authors, publication year, origin); (2) participant 

characteristics (sample size, demographic details); (3) methodological parameters (squat type and 

depth, external loading, ankle positions tested, EMG protocols including normalization 

approaches, and analyzed movement phases); and (4) outcome metrics (mean and standard 

deviation values for EMG signals across experimental conditions). To ensure data completeness, 

we contacted corresponding authors when primary data were incomplete or only available 

graphically. When no response was received, we extracted data from graphs using WebPlot 

Digitizer (version 4.1, Texas, USA). This is a validated and reliable tool for this purpose [37] and 

has also been used for EMG data extraction in previous meta-analyses [17,38]. When a study 

reported more than one measurement (e.g., different parts of the plantar flexors or different squat 

phases), a combined average of the reported outcomes was calculated using Comprehensive Meta-

Analysis (CMA) software (Version 3.0) to obtain a single overall outcome. 

 

Quality assessment 

Methodological rigor was evaluated independently by two assessors (UMY and ME), with a third 

assessor (MG) resolving disagreements, using an adapted 14-item quality appraisal tool [39], 

which has been adopted and used in EMG studies during squatting [17] and walking [38]. This 

tool examined critical dimensions, including participant characterization, EMG instrumentation 

details, experimental protocol validity, analytical appropriateness, and clinical relevance reporting. 

Each criterion was scored on a standardized scale, with cumulative scores indicating overall study 

quality. 

 

Statistical synthesis 

Quantitative synthesis was performed using CMA software. CMA estimates effect sizes using 

descriptive statistics, including means, standard deviations, correlations, and sample sizes. In the 

absence of sufficient data, CMA estimates effect sizes by combining available data (e.g., mean 

differences). A random-effects model was applied to account for anticipated methodological 

heterogeneity. Between-study variance was quantified using I² statistics and Cochran's Q tests. 

Effect sizes (Hedges’ g) were interpreted based on established guidelines as small (g ≤ 0.20), 

medium (0.20 < g < 0.80), and large (g ≥ 0.80) [38,40]. 

To assess robustness, sensitivity analyses were conducted by excluding studies with quality scores 

below the median, with effect estimates recalculated for each outcome (e.g., muscle groups) [15]. 

Publication bias was assessed using funnel plots of effect sizes against standard errors, with 

symmetry suggesting low risk and asymmetry indicating potential bias. However, as asymmetry 

may have multiple causes, it was interpreted as suggestive rather than definitive evidence of 
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publication bias [41]. Egger’s regression tests with two-tailed p-values were also conducted 

separately for each muscle group. 

 

Results 

Participants’ characteristics 

The systematic literature search yielded 1024 potential records, and the study selection process is 

detailed in the PRISMA flow diagram (Fig 1). After eligibility screening, 11 studies with 141 

subjects were included in the systematic review and meta-analysis. The sample sizes ranged from 

8 to 26 participants, comprising 71 males, 34 females, and 36 participants of unspecified sex. All 

participants were classified as novice lifters, defined as individuals with less than one year of 

regular resistance training experience or a maximum squat capacity of less than 1.5 times their 

body weight, based on criteria used in the studies included within this review. Pooled means for 

participant characteristics were as follows: age, 25.73 ± 7.77 years (10 studies, n = 133; not 

reported in 1 study); height, 172.32 ± 8.66 cm (9 studies, n = 115; not reported in 2 studies); and 

body mass, 70.92 ± 12.27 kg (9 studies, n = 115; not reported in 2 studies). 
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Fig 1. Flowchart of the search and selection process for studies included in this review. 

 

Study characteristics 

The study characteristics of the included studies are summarized in Table 1. It documents the shank 

muscles studied, reported outcome measures, and exercise specifications (squat type, depth, 

weight, surface level, and ankle position). Knee flexion angles of 45, 60, and 90º were 

implemented for static squats in one study [24], while the knee flexion range for dynamic squats 

varied from zero to < 45° (shallow) [24,26,27,42], < 90° (medium) [13,18,21,22,24] or > 90° 

(deep) [14,23,25]. 
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Table 1. The characteristics of studies included in this review. 

 

Author 

(Year) 
n 

Male/ 

female 

Muscle 

assessed 

Outcome 

measure 
Squat type 

Squat 

depth 
Squat weight 

Squat 

surfaces 

Ankle 

positions 

Lu et al. 

(2022) [25] 
20 10/ 10 

TA, GA 

and SOL 

% MVIC 

(mean) 

Two-leg 

barbell 

back squat 

(dynamic) 

Deep 70% of 1RM 
Shoe vs. 

shoe 

Flat: 0 cm; PF: 

1.5 and 3 cm 

Ghasemi et 

al. (2018) 

[18] 

9 9/ 0 
GA and 

SOL 

% MVIC 

(mean) 

Two-leg 

squat 

(dynamic) 

Normal 1.36 Kg 

Barefoot 

vs. 

wooden 

board 

Flat: 0 cm; PF: 

1 and 3 cm, 

DF: 1 cm 

Richards et 

al. (2016) 

[13] 

18 9/ 9 
TA and 

GA 

% Peak 

activity 

Two-leg 

squat 

(dynamic) 

Normal NR 
Rehab 

device 

Flat: 0°; PF: 5, 

10, 15, 20 and 

25° 

Lee et al. 

(2015) [24] 
26 NR 

TA and 

GA 

% MVIC 

(mean) 

Two-leg 

squat 

(static) 

Normal 

and 

shallow 

NR 

NR vs. 

wooden 

board 

Flat: 0°; PF: 

25° 

Alves et al. 

(2009) [27] 
8 3/ 5 

TA and 

SOL 
Microvolt 

Two-leg 

squat 

(dynamic) 

Shallow NR 

NR vs. 

decline 

board 

Flat: 0°; PF: 

25° 

Sriwarno et 

al. (2008) 

[14] 

8 8/ 0 
TA and 

GA 

% Mean 

amplitude 

Two-leg 

squat 

(dynamic) 

Deep BW 

NR vs. 

decline 

board 

Flat: 0°; PF: 

15° 

Sriwarno et 

al. (2008) 

[23] 

8 8/ 0 
TA, GA 

and SOL 

% Peak 

activity 

Two-leg 

squat 

(static) 

Deep BW 

Barefoot 

vs. foot 

slope 

Flat: 0°; PF: 

15° 

Richards et 

al. (2008) 

[42] 

10 NR GA 

% Peak of 

activity 

and 

integrated 

One-leg 

squat 

(dynamic) 

Shallow BW 

Shoe vs. 

shoe plus 

decline 

board 

Flat: 0°; PF: 8, 

16 and 24° 

Ribeiro et 

al. (2007) 

[26] 

8 4/ 4 
TA and 

GA 
Microvolt 

One-leg 

squat 

(dynamic) 

Shallow NR 

NR vs. 

wooden 

board 

Flat: 0°; PF: 

10°; DF: 10° 

Frohm et al. 

(2007) [22] 
13 13/ 0 GA 

Mean 

activity 

Bromsman 

and free 

weight 

squat 

(dynamic) 

Normal 

320 Kg 

(Bromsman) 

and 10 Kg 

Shoe vs. 

shoe plus 

wooden 

board 

Flat: 0°; PF: 

25° 

Kongsgaard 

et al. (2006) 

[21] 

13 7/ 6 
TA, SOL 

and GA 

% Peak 

amplitude 

One-leg 

squat 

(dynamic) 

Normal NR 

Flat vs. 

decline 

board 

Flat: 0°; PF: 

25° 

Abbreviations: GA: gastrocnemius; TA: tibialis anterior; SOL: soleus; BW: body weight; MVIC: maximum voluntary 

isometric contraction; NR: not reported case. PF: plantar flexion position; DF: dorsiflexion position. 

 

 

The squat speed was not reported in five studies [13,14,25,26,42], while it was 0.11 m/s [22], 

natural speed [23], 2 or 6 seconds for the holding phase [24,27], and 4.5 or 5 seconds for the whole 

phase [18,21]. The EMG unit was a percentage of either peak activity [13,14,21,42], mean activity 
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[22,23], MVIC (maximum voluntary isometric contraction) [18,24,25] or a non-identified unit 

(microvolt) [26,27]. The muscle activity was reported in different phases of squatting, including 

ascending [18,26,27], holding [14,18,24], descending [18,21,26,27], whole phase [13,22,25,42] or 

other time points (e.g., initial time, 60º or peak of knee angle) [23,42]. The following data were 

used in CMA to compute effect sizes: means and standard deviations of non-wedge and wedge 

conditions for 10 studies [13,14,18,21,23–27,42]. For the remaining study [22], effect sizes were 

calculated from mean differences, t-statistics, and P-values. For studies reporting independent 

groups, separate effect sizes were calculated for each group [38,40]. 

 

3.3. Risk of bias assessment 

The results of the methodological quality assessment, based on the modified 14-item tool, are 

presented in Table 2. Most studies included in this review received a good score, ranging from 

8.07 to 11.1 (out of a maximum score of 14). All studies clearly stated their research aims (Q1), 

addressed their research questions in the discussion (Q11), supported their main findings with 

results (Q12), and interpreted logical conclusions supported by relevant references (Q13). Most 

studies also provided full or partial information about participants (Q2), key outcome variables 

(Q6), and the clinical or practical implications of their findings (Q14). Methodological 

characteristics (Q3–5, Q7–8) varied across studies. Except for one study, none of them reported 

data on internal validity (Q10) or reliability (Q9). 

 

Table 2. Quality appraisal of the studies included in this review. 

 
Author (Year) Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 Q11 Q12 Q13 Q14 Total 

Lu et al. (2022) [25] 1 1 1 1 0.5 0.5 0.8 0.8 0 1 1 1 1 0.5 11.1 

Ghasemi et al. (2018) [18] 1 1 0.5 0.5 0.5 1 0.8 1 0 0 1 1 1 0.5 9.8 

Richards et al. (2016) [13] 1 0.5 0.5 0 0.17 1 0.8 1 0 0 1 1 1 0.5 8.47 

Lee et al. (2015) [24] 1 0.75 0.5 0.5 0.17 1 0.6 0.6 0 0 1 1 1 0.5 8.62 

Alves et al. (2009) [27] 1 1 0 1 0.33 1 0.6 0.6 0 0 1 1 1 0.5 9.03 

Sriwarno et al. (2008) [14] 1 1 0.5 0 0.5 1 0.4 0.4 0 0 1 1 1 0.5 8.3 

Sriwarno et al. (2008) [23] 1 1 0.5 0.5 0.33 1 0.4 0.4 0 0 1 1 1 0.5 8.63 

Richards et al. (2008) [42] 1 0.5 0.5 0 0.33 1 0.8 1 0 0 1 1 1 1 9.13 

Ribeiro et al. (2007) [26] 1 1 0 0 0.17 1 0.6 0.8 0 0 1 1 1 0.5 8.07 

Frohm et al. (2007) [22] 1 1 0.5 0 0.67 0.5 0.8 1 0 0 1 1 1 0.5 8.97 

Kongsgaard et al. (2006) [21] 1 1 0.5 0.5 0.33 1 0.8 0.8 1 0 1 1 1 1 10.93 

Each item was scored as 0 (no/poor quality), 0.5 or close to it (partially fulfilled/moderate quality), or 1 (yes/high 

quality), with higher total scores indicating better methodological quality. 

 

 

Sensitivity analysis and risk of publication bias 

Sensitivity analyses were performed by excluding studies with quality scores below the median 

for each variable. The results remained consistent in direction and statistical significance, 

supporting the robustness of the primary findings (Fig 2). Qualitative assessment of the funnel 

plots showed no notable asymmetry, and Egger’s regression indicated no significant publication 

bias for plantar flexors (t = 0.554, p = 0.593) and dorsiflexors (t = 1.901, p = 0.099) (Fig 3).  
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Fig 2. Forest plots of the sensitivity analyses examining the effects of ankle plantar flexion 

(vs. flat) on plantar flexor (top) and dorsiflexor (bottom) activity during squatting, after 

excluding studies with quality scores below the median. The sign * indicates a significant p-

value. 

 

    
Fig 3. Funnel plots assessing publication bias for the effects of ankle plantar flexion (vs. flat) 

on plantar flexor (right) and dorsiflexor (left) activity during squatting. Symmetry of the 

plots indicates no apparent evidence of publication bias. 

 

Effects of ankle plantar flexion (vs. neutral) on dorsi and plantar flexor activity 

The overall random-effects meta-analysis revealed that ankle plantar flexion position does not 

significantly change plantar flexor activity compared to the neutral position during squatting 

(Hedges’ g = 0.069; 95% CI: -0.249 to 0.387; P = 0.672; 11 studies) (Fig 4). Significant 

heterogeneity was observed across studies (QT = 50.150, df = 11, p < 0.001, I2 = 78.066). In 

contrast, the overall random-effects meta-analysis revealed that ankle plantar flexion position 

significantly decreased dorsiflexor activity compared to the neutral position during squatting 

(Hedges’ g = -1.048; 95% CI: -1.616 to -0.480; P < 0.001; eight studies; high effect size) (Fig 4). 

Significant heterogeneity was observed across studies (QT = 35.842, df = 8, p < 0.001, I2 = 77.680). 
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Fig 4. Effects of ankle plantar flexion (vs. flat) on plantar (top) and dorsi (bottom) flexor 

activity. The sign * indicates a significant p-value. 

 

Effects of ankle dorsiflexion (vs. neutral) on dorsi and plantar flexor activity 

Only two studies [18,26] investigated the impact of ankle dorsiflexion position on shank muscle 

activity during squatting. Due to the limited number of available studies, conducting a meta-

analysis for this specific condition was not feasible. However, both investigations consistently 

reported reduced plantar flexor activation in the dorsiflexed position. Additionally, one study 

found decreased activity in the dorsiflexor muscles [26]. 

 

Subgroup analysis for effects of ankle plantar flexion (vs. neutral) on dorsi and plantar flexor 

activity 

To explore potential sources of heterogeneity, subgroup analyses based on EMG variables and 

squat type were considered; however, the limited number of studies and methodological 

heterogeneity precluded meaningful analyses. Therefore, subgroup analysis was restricted to heel-

lift level (low: ≤10° or ≤1.5 cm; high: >10° or >1.5 cm), with the results presented in Fig 5. Plantar 

flexor muscle activity did not significantly change in the low (Hedges’ g = -0.074; 95% CI: -0.311 

to 0.163; P = 0.541; five studies) and high (Hedges’ g = 0.119; 95% CI: -0.223 to 0.460; P = 0.495; 

10 studies) heel-lift conditions. In contrast, dorsiflexor muscle activity was significantly altered 

only under the high heel-lift condition (Hedges’ g = -1.340; 95% CI: -1.904 to -0.776; P < 0.001; 

seven studies), but not for the low (Hedges’ g = -0.565; 95% CI: -1.262 to 0.131; P = 0.112; three 

studies) heel-lift condition. 

 

 

 



11 
 

 

 
Fig 5. Subgroup analyses of the effects of heel-lift level on plantar (top) and dorsi (bottom) 

flexor activity during squatting. The sign * indicates a significant p-value. 

 

Summary of outcome measures 

A narrative summary of the direction and mean differences of shank muscle activity reported in 

the individual studies included in this review is provided in Table 3. The findings illustrate 

variability in results across studies, with some reporting increases, others reporting decreases, or 

no change in the activity levels of ankle dorsiflexors and plantar flexors. 

 

 

Table 3. Changes in muscle activity level from flat level to ankle plantar position. 

 

Author (Year) 

Plantar flexor activity Dorsiflexor activity 

Plantar flexion Dorsiflexion Plantar flexion Dorsiflexion 

Lu et al. (2022) [25] 
94.272 Not reported 49.949 Not reported 

Ghasemi et al. (2018) [18] 103.385 91.792 Not reported Not reported 

Richards et al. (2016) [13] 96.774 Not reported 72.527 Not reported 

Lee et al. (2015) [24] 81.482 Not reported 54.635 Not reported 

Alves et al. (2009) [27] 92.321 Not reported 73.509 Not reported 
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Sriwarno et al. (2008) [14] 112.016 Not reported 44.733 Not reported 

Sriwarno et al. (2008) [23] 
61.755 Not reported 20.434 Not reported 

Richards et al. (2008) [42] 111.852 Not reported Not reported Not reported 

Ribeiro et al. (2007) [26] 117.127 93.218 118.851 96.552 

Frohm et al. (2007) [22] 110 Not reported Not reported Not reported 

Kongsgaard et al. (2006) [21] 
126.214 Not reported 76.812 Not reported 

Muscle activity was expressed as a percentage of the neutral condition: (ankle-position value / neutral-

position value) × 100. 

 

Discussion 

The current meta-analysis demonstrates that ankle plantar flexion during squatting significantly 

reduces dorsiflexor activity (Hedges' g = -1.048) while not significantly altering plantar flexor 

activation (Hedges' g = 0.069). The substantial reduction in tibialis anterior activity likely reflects 

decreased demand for eccentric control against anterior tibial translation in plantar flexed 

positions. Biomechanically, anterior heel elevation shifts the center of pressure, reducing the 

dorsiflexion moment arm and, consequently, diminishing the mechanical demand on the 

dorsiflexors [13]. This finding aligns with musculoskeletal modeling studies showing reduced 

tibialis anterior force production during plantar flexion squat positions [25]. However, this 

biomechanical interpretation should be considered a hypothesis, as concurrent kinematic data were 

not available in most included studies. It is important to emphasize that this interpretation is 

speculative, as we did not directly measure joint kinematics or muscle-tendon dynamics during 

squatting. Future studies incorporating synchronized kinematic and electromyographic 

measurements are needed to confirm or refute this hypothesis. 

Beyond the biomechanical explanations, the observed alterations in muscle activity may also 

reflect underlying neuromuscular adjustments. The plantar flexion position, by altering the afferent 

sensory input from mechanoreceptors in the foot sole and the Achilles tendon, likely modulates 

the neural drive from supraspinal centers to the tibialis anterior [43]. This reduction in neural drive 

could be attributed to a decreased demand for active postural control in the new ankle 

configuration. Similarly, a shift in inter-muscular coordination strategy in response to the altered 

kinetic chain may have led to a redistribution of activity across muscle groups, explaining the lack 

of systematic change in plantar flexor activity despite the altered biomechanical demands. To fully 

elucidate these mechanisms, future studies with the following features are warranted: simultaneous 

investigation of multi-muscle EMG activity across lower-limb joints, combined with 

neurophysiological techniques such as H-reflex or transcranial magnetic stimulation. 

Furthermore, seven studies reported a reduction in tibialis anterior muscle activity with a plantar-

flexed position or heel lift. In contrast, Ribeiro et al. (2007) reported no comparable reduction [26], 

which may be related to methodological differences, including the relatively small 10° heel lift, 

small sample size (n = 8), lower mechanical demand of the body-weight single-leg squat, and 

analysis limited to the eccentric phase, when muscle activation may be relatively lower. 
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Importantly, our subgroup analysis suggests that a 10° heel lift may be insufficient to induce a 

substantial reduction in tibialis anterior muscle activity. 

Although evidence from dorsiflexed positions remains limited (only two studies available), a trend 

was observed suggesting that this ankle posture may reduce EMG activity in both plantar flexor 

and dorsiflexor muscle groups during squatting. One possible, yet preliminary, explanation for this 

trend is that the dorsiflexed posture may enhance passive stability at the ankle joint, potentially 

reducing the need for active muscular stabilization [44]. However, it is important to emphasize 

that this interpretation remains speculative, as we did not directly measure osteoarticular stability 

or joint congruence. Furthermore, alternative explanations cannot be ruled out, including changes 

in muscle length-tension relationships or altered afferent feedback in the dorsiflexed position. 

Future research integrating simultaneous biomechanical (kinematic, kinetic) and 

electromyographic measurements across a broader range of ankle positions is necessary to test 

these hypotheses. 

The present study showed high heterogeneity (I² > 75%) for both meta-analyses. Methodological 

variations appear to be primary contributors to this inconsistency. Notably, studies employing 

normalized EMG (percentage of MVIC) showed different effect magnitudes compared with those 

using absolute microvolt values or alternative normalization schemes. Furthermore, the type of 

heel elevation intervention (wedge, board, or shoe modification) introduced additional variability 

in biomechanical constraints and sensory feedback, as detailed in Table 1. 

 

Clinical Applications and Practical Recommendations 

The findings of this meta-analysis have potential clinical implications; however, they should be 

interpreted cautiously, as the current review only included healthy young adults. For patients with 

conditions characterized by excessive tibialis anterior activity, such as anterior compartment 

syndrome or shin splints, heel lifts may provide therapeutic benefit by significantly reducing 

dorsiflexor demand (Hedges' g = -1.048). Clinicians may consider heel elevations (higher than 10° 

or 1.5 cm) as a temporary modification to reduce anterior shank loading during squatting. 

Conversely, for patients with Achilles tendinopathy or post-operative conditions requiring calf 

strengthening, heel lifts do not significantly alter plantar flexor recruitment (Hedges' g = 0.069), 

so clinicians may use other strategies (e.g., modifying squat depth, speed, or load to target calf 

muscles). Heel lifts should be used cautiously in patients with patellofemoral pain (may increase 

anterior knee loading) and avoided in those with acute ankle instability, significant leg length 

discrepancies, or diabetic neuropathy, as well as during the acute inflammatory phase following 

injury or surgery. A practical approach may be to begin with neutral ankle position, gradually 

introduce heel lifts in 1 cm increments, individualize based on patient tolerance and clinical goals, 

and monitor for pain and compensatory movements. 

 

Limitations 

This review has several limitations that should be acknowledged when interpreting our findings. 

First, inherent limitations of our review include the exclusion of non-English literature, which may 

have introduced language bias, and the scarcity of studies examining dorsiflexed positions (only 

two studies available), which precluded a meta-analysis for this condition. Additionally, the small 

number of studies per outcome (≤12) and small sample sizes (8-26 participants per study) limit the 

precision of our estimates and the generalizability of our findings. Given the limited number of 

studies and participants and the substantial heterogeneity (I² = 78.1%), the precision and statistical 

power of the pooled estimate were limited. Therefore, the non-significant finding for plantar flexor 
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activity should be interpreted cautiously and cannot be taken as definitive evidence of the absence 

of an effect. 

Second, our findings are constrained by methodological shortcomings identified in the included 

literature. Notably, only 9% of studies reported reliability measures for EMG data collection, and 

none validated electrode placement procedures. The lack of blinding in most studies, while 

challenging in EMG research due to the nature of the intervention, represents a potential source of 

bias. Variations in EMG processing methodologies, normalization techniques (e.g., MVIC, peak 

activity, or microvolts), and squat protocols may have contributed to the observed heterogeneity 

and complicated cross-study comparisons, yet paired-data analysis helped minimize these effects. 

Although the random-effects model accounts for between-study variability, it cannot eliminate 

heterogeneity arising from these methodological differences. Meta-regression was also not 

performed because the limited number of studies would provide insufficient statistical power and 

unreliable moderator estimates. Furthermore, the absence of a priori power calculations in all 

included studies raises concerns about Type II errors. 

Third, the absence of synchronized kinematic data in most studies restricted comprehensive 

biomechanical interpretation. The frequent use of novice/untrained participants may limit the 

generalizability of findings to trained athletes or clinical populations, as novice lifters may exhibit 

different movement strategies compared to experienced lifters [45]. The present study was also 

unable to perform a meta-analysis across squatting phases, as the included studies varied in their 

definitions and durations of distinct phases (e.g., eccentric, isometric, concentric), and few 

reported ankle position effects on muscle activity within specific sub-phases, preventing phase-

specific subgroup analyses. 

Fourth, the lack of data on long-term effects means our conclusions are limited to acute, immediate 

responses to ankle position changes. We cannot infer whether chronic adaptation occurs with 

repeated exposure to these ankle positions. Finally, the small number of studies per outcome 

precluded a formal evaluation of publication bias, and thus, its possible effect cannot be excluded. 

Although exploratory tests using Egger's and Begg's methods did not reveal significant asymmetry, 

the low statistical power of these tests means we cannot definitively rule out publication bias. 

Future research should address these limitations by: (a) integrating biomechanical and EMG 

analyses; (b) investigating trained athletes and clinical populations; (c) examining neuromuscular 

adaptations across different squat phases; (d) standardizing EMG methodology through consensus 

guidelines; (e) including a priori power calculations; and (f) evaluating long-term effects of ankle 

position modifications. 

 

Conclusion 

This meta-analysis provides quantitative evidence that ankle plantar flexion during squatting 

significantly reduces dorsiflexor activity without consistently altering plantar flexor engagement 

under the conditions studied. These findings offer electromyographic rationale for selective use of 

heel modifications in training and rehabilitation contexts, particularly for offloading the anterior 

shank compartment. However, the high methodological heterogeneity and limited evidence 

regarding dorsiflexed positions highlight the need for more standardized research approaches. 

Future investigations should establish methodological standards through consensus guidelines and 

expand research to diverse populations, including athletes and patients with musculoskeletal 

disorders. These efforts are crucial for enhancing clinical applicability and optimizing movement 

prescription strategies. 

 



15 
 

Acknowledgements 

None. 

 

Author Contribution 

Mohammadhossein Ghasemi: Conceptualization, Methodology, Formal analysis, Supervision, 

Project administration, Writing – review & editing. Usef Mohammadi Yaghoubi: Data curation, 

Writing – original draft, Writing – review & editing. Maryam Emami: Data curation, Writing – 

review & editing. 

 

Statements and Declarations 

The authors declare no conflict of interest. 

 

Funding Statement 

This research did not receive any specific grant from funding agencies in the public, commercial, 

or not-for-profit sectors. 

 

Ethical Statement 

This study is a systematic review and meta-analysis based exclusively on previously published 

data. No new human or animal participants were involved, and therefore ethical approval was not 

required. All procedures were conducted in accordance with relevant guidelines and regulations. 

 

References 

[1] Dall PM, Kerr A. Frequency of the sit to stand task: an observational study of free-

living adults. Appl Ergon 2010;41:58–61. 

https://doi.org/10.1016/j.apergo.2009.04.005  

[2] Bohannon RW. Daily sit-to-stands performed by adults: a systematic review. J Phys 

Ther Sci 2015;27:939–42. https://doi.org/10.1589/jpts.27.939  

[3] Pal A, Dhara PC. Work related musculoskeletal disorders and postural stress of the 

women cultivators engaged in uprooting job of rice cultivation. Indian J Occup 

Environ Med 2018;22:163–9. https://doi.org/10.4103/ijoem.IJOEM_104_18  

[4] Stone MH, Hornsby WG, Mizuguchi S, Sato K, Gahreman D, Duca M, et al. The use 

of free weight squats in sports: a narrative review—terminology and biomechanics. 

Applied Sciences 2024;14:1977. https://doi.org/10.3390/app14051977  

[5] Schoenfeld BJ. Squatting kinematics and kinetics and their application to exercise 

performance. The Journal of Strength & Conditioning Research 2010;24:3497–506. 

https://doi.org/10.1519/JSC.0b013e3181bac2d7  

[6] Harikandei EM, Tajali SB, Ashnagar Z, Havigh FM. Investigating the Immediate 

Effects of Static and Dynamic Stretching Exercises of Lower Extremities Muscles on 

Core Stability in Young Healthy Females. Journal of Modern Rehabilitation 2024;18. 

https://doi.org/10.18502/jmr.v18i3.16420  

[7] Zare A, Piri H, Hajizadeh R, Saeidizadeh AR, Gharakhanloo ARG. Comparing 

Functional Movement Screen Scores and Performance between Male and Female 

Soccer Players. Journal of Modern Rehabilitation 2026;20. 

https://doi.org/10.18502/jmr.v20i1.21023  

[8] Myer GD, Sugimoto D, Thomas S, Hewett TE. The influence of age on the 

effectiveness of neuromuscular training to reduce anterior cruciate ligament injury in 

https://doi.org/https:/doi.org/10.1016/j.apergo.2009.04.005
https://doi.org/10.1589/jpts.27.939
https://doi.org/https:/doi.org/10.4103/ijoem.IJOEM_104_18
https://doi.org/10.3390/app14051977
https://doi.org/10.1519/JSC.0b013e3181bac2d7
https://doi.org/10.18502/jmr.v18i3.16420
https://doi.org/10.18502/jmr.v20i1.21023


16 
 

female athletes: a meta-analysis. Am J Sports Med 2013;41:203–15. 

https://doi.org/10.1177/0363546512460637  

[9] vanWingerden J-P. A Biomechanical Review of the Squat Exercise: Implications for 

Clinical Practice. Int J Sports Phys Ther 2024;21:456–8. 

https://doi.org/10.26603/001c.94600  

[10] Monteiro P, Marcori AJ, Nascimento V, Guimarães A, Okazaki VHA. Comparing the 

kinematics of back squats performed with different heel elevations. Human 

Movement 2022;23:97–103. https://doi.org/10.5114/hm.2021.106164  

[11] Brice SM, Doma K, Spratford W. Effect of footwear on the biomechanics of loaded 

back squats to volitional exhaustion in skilled lifters. The Journal of Strength & 

Conditioning Research 2022;36:2676–84. 

https://doi.org/10.1519/JSC.0000000000003986  

[12] Zwerver J, Bredeweg SW, Hof AL. Biomechanical analysis of the single-leg decline 

squat. Br J Sports Med 2007;41:264–8. https://doi.org/10.1136/bjsm.2006.032482  

[13] Richards J, Selfe J, Sinclair J, May K, Thomas G. The effect of different decline 

angles on the biomechanics of double limb squats and the implications to clinical and 

training practice. J Hum Kinet 2016;52:125. https://doi.org/10.1515/hukin-2015-0200  

[14] Sriwarno AB, Shimomura Y, Iwanaga K, Katsuura T. The effects of heel elevation on 

postural adjustment and activity of lower-extremity muscles during deep squatting-

to-standing movement in normal subjects. J Phys Ther Sci 2008;20:31–8. 

https://doi.org/10.1589/jpts.20.31  

[15] Ghasemi M, Emami M, Mohammadi Yaghoubi U. Heel elevation increases ankle and 

knee range of motion during squatting in healthy adults: a systematic review with 

meta-analysis. Sports Biomech 2026:1–17. 

https://doi.org/10.1080/14763141.2026.2619893  

[16] Charlton JM, Hammond CA, Cochrane CK, Hatfield GL, Hunt MA. The effects of a 

heel wedge on hip, pelvis and trunk biomechanics during squatting in resistance 

trained individuals. The Journal of Strength & Conditioning Research 2017;31:1678–

87. https://doi.org/10.1519/JSC.0000000000001655  

[17] Ghasemi M, Gholami-Borujeni B, Briem K. Effects of Various Foot Wedges on Thigh 

Muscle Activity during Squatting in Healthy Adults: A Systematic Review and Meta-

Analysis. Applied Sciences 2024;14. https://doi.org/10.3390/app14052091  

[18] Ghasemi MH, Anbarian M, Esmaeili H. Effect of various foot wedge conditions on 

the electromyographic activity of lower extremity muscles during load lifting. Hum 

Factors Ergon Man 2018;28:213–9. https://doi.org/10.1002/hfm.20736  

[19] Warner MB, Wilson DA, Herrington L, Dixon S, Power C, Jones R, et al. A 

systematic review of the discriminating biomechanical parameters during the single 

leg squat. Physical Therapy in Sport 2019;36:78–91. 

https://doi.org/10.1016/j.ptsp.2019.01.007  

[20] Straub RK, Powers CM. A biomechanical review of the squat exercise: implications 

for clinical practice. Int J Sports Phys Ther 2024;19:490. 

https://doi.org/10.26603/001c.94600  

[21] Kongsgaard M, Aagaard P, Roikjaer S, Olsen D, Jensen M, Langberg H, et al. Decline 

eccentric squats increases patellar tendon loading compared to standard eccentric 

squats. Clin Biomech 2006;21:748–54. 

https://doi.org/10.1016/j.clinbiomech.2006.03.004  

https://doi.org/https:/doi.org/10.1177/0363546512460637
https://doi.org/10.26603/001c.94600
https://doi.org/10.5114/hm.2021.106164
https://doi.org/10.1519/JSC.0000000000003986
https://doi.org/10.1136/bjsm.2006.032482
https://doi.org/10.1515/hukin-2015-0200
https://doi.org/10.1589/jpts.20.31
https://doi.org/10.1080/14763141.2026.2619893
https://doi.org/10.1519/JSC.0000000000001655
https://doi.org/10.3390/app14052091
https://doi.org/10.1002/hfm.20736
https://doi.org/https:/doi.org/10.1016/j.ptsp.2019.01.007
https://doi.org/10.26603/001c.94600
https://doi.org/10.1016/j.clinbiomech.2006.03.004


17 
 

[22] Frohm A, Halvorsen K, Thorstensson A. Patellar tendon load in different types of 

eccentric squats. Clinical Biomechanics 2007;22:704–11. 

https://doi.org/10.1016/j.clinbiomech.2006.12.006  

[23] Sriwarno AB, Shimomura Y, Iwanaga K, Katsuura T. The relation between the 

changes of postural achievement, lower limb muscle activities, and balance stability 

in three different deep-squatting postures. J Physiol Anthropol 2008;27:11–7. 

https://doi.org/10.2114/jpa2.27.11  

[24] Lee D, Lee S, Park J. Impact of decline-board squat exercises and knee joint angles 

on the muscle activity of the lower limbs. J Phys Ther Sci 2015;27:2617–9. 

https://doi.org/10.1589/jpts.27.2617  

[25] Lu Z, Li X, Xuan R, Song Y, Bíró I, Liang M, et al. Effect of heel lift insoles on lower 

extremity muscle activation and joint work during barbell squats. Bioengineering 

2022;9:301. https://doi.org/10.3390/bioengineering9070301  

[26] Ribeiro G, Dionísio VC, Almeida GL. Electromyographic activity during one-legged 

squatting under different foot positions. Revista Brasileira de Medicina Do Esporte 

2007;13:43–6. https://doi.org/10.1590/S1517-86922007000100010  

[27] Alves FSM, Oliveira FS, Junqueira C, Azevedo BMS, Dionísio VC. Analysis of 

electromyographic patterns during standard and declined squats. Braz J Phys Ther 

2009;13:164–72. https://doi.org/10.1590/S1413-35552009005000021  

[28] Federolf P, Bakker E. Muscle activation characteristics in cross-country skiers with a 

history of anterior compartment pain. Sports Biomech 2012;11:452–63. 

https://doi.org/10.1080/14763141.2012.704933  

[29] Reid D, McNair PJ, Johnson S, Potts G, Witvrouw E, Mahieu N. Electromyographic 

analysis of an eccentric calf muscle exercise in persons with and without Achilles 

tendinopathy. Physical Therapy in Sport 2012;13:150–5. 

https://doi.org/10.1016/j.ptsp.2011.08.003  

[30] Pearce CJ, Tourné Y, Zellers J, Terrier R, Toschi P, Silbernagel KG, et al. 

Rehabilitation after anatomical ankle ligament repair or reconstruction. Knee Surgery, 

Sports Traumatology, Arthroscopy 2016;24:1130–9. https://doi.org/10.1007/s00167-

016-4051-z  

[31] Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. 

The PRISMA 2020 statement: an updated guideline for reporting systematic reviews. 

Bmj 2021;372. https://doi.org/10.1136/bmj.n71  

[32] Haddaway NR, Collins AM, Coughlin D, Kirk S. The role of Google Scholar in 

evidence reviews and its applicability to grey literature searching. PLoS One 2015;10. 

https://doi.org/10.1371/journal.pone.0138237  

[33] Bize R, Johnson JA, Plotnikoff RC. Physical activity level and health-related quality 

of life in the general adult population: a systematic review. Prev Med (Baltim) 

2007;45:401–15. https://doi.org/10.1016/j.ypmed.2007.07.017  

[34] Kesmodel US. Cross‐sectional studies–what are they good for? Acta Obstet Gynecol 

Scand 2018;97:388–93. https://doi.org/10.1111/aogs.13331  

[35] Ijaz S, Verbeek JH, Mischke C, Ruotsalainen J. Inclusion of nonrandomized studies 

in Cochrane systematic reviews was found to be in need of improvement. J Clin 

Epidemiol 2014;67:645–53. https://doi.org/10.1016/j.jclinepi.2014.01.001  

https://doi.org/10.1016/j.clinbiomech.2006.12.006
https://doi.org/10.2114/jpa2.27.11
https://doi.org/10.1589/jpts.27.2617
https://doi.org/10.3390/bioengineering9070301
https://doi.org/10.1590/S1517-86922007000100010
https://doi.org/10.1590/S1413-35552009005000021
https://doi.org/10.1080/14763141.2012.704933
https://doi.org/10.1016/j.ptsp.2011.08.003
https://doi.org/10.1007/s00167-016-4051-z
https://doi.org/10.1007/s00167-016-4051-z
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1371/journal.pone.0138237
https://doi.org/10.1016/j.ypmed.2007.07.017
https://doi.org/10.1111/aogs.13331
https://doi.org/10.1016/j.jclinepi.2014.01.001


18 
 

[36] Sterne JAC, Hernán MA, McAleenan A, Reeves BC, Higgins JPT. Assessing risk of 

bias in a non‐randomized study. Cochrane Handbook for Systematic Reviews of 

Interventions 2019:621–41. https://doi.org/10.1002/9781119536604.ch25  

[37] Wojtyniak J, Britz H, Selzer D, Schwab M, Lehr T. Data digitizing: accurate and 

precise data extraction for quantitative systems pharmacology and physiologically‐

based pharmacokinetic modeling. CPT Pharmacometrics Syst Pharmacol 

2020;9:322–31. https://doi.org/10.1002/psp4.12511  

[38] Ghasemi M, Gholami-Borujeni B, Babagoltabar-Samakoush H. Heeled shoes 

increase muscle activity during gait in healthy females: a systematic review and meta-

analysis. Gait Posture 2025;117:153–63. 

https://doi.org/10.1016/j.gaitpost.2024.12.020  

[39] Galna B, Peters A, Murphy AT, Morris ME. Obstacle crossing deficits in older adults: 

a systematic review. Gait Posture 2009;30:270–5. 

https://doi.org/10.1016/j.gaitpost.2009.05.022  

[40] Ghasemi M, Mohammadi Yaghoubi U, Bakhtiarikhou S, Briem K. Leg dominance 

during various cutting movements: A systematic review and meta‐analysis of knee 

biomechanics related to anterior cruciate ligament injury. Knee Surgery, Sports 

Traumatology, Arthroscopy 2025. https://doi.org/10.1002/ksa.70181  

[41] Afonso J, Ramirez-Campillo R, Clemente FM, Büttner FC, Andrade R. The perils of 

misinterpreting and misusing “publication bias” in meta-analyses: An education 

review on funnel plot-based methods. Sports Medicine 2024;54:257–69. 

https://doi.org/10.1007/s40279-023-01927-9  

[42] Richards J, Thewlis D, Selfe J, Cunningham A, Hayes C. A biomechanical 

investigation of a single-limb squat: implications for lower extremity rehabilitation 

exercise. J Athl Train 2008;43:477–82. https://doi.org/10.4085/1062-6050-43.5.477  

[43] Taube W, Gruber M, Gollhofer A. Spinal and supraspinal adaptations associated with 

balance training and their functional relevance. Acta Physiologica 2008;193:101–16. 

https://doi.org/10.1111/j.1748-1716.2008.01850.x  

[44] Ghasemi MH, Anbarian M. Immediate effects of using insoles with various wedges 

on center of pressure indices and comfort rating during load lifting. Int J Ind Ergon 

2020;79:1–6. https://doi.org/10.1016/j.ergon.2020.102989  

[45] Miletello WM, Beam JR, Cooper ZC. A biomechanical analysis of the squat between 

competitive collegiate, competitive high school, and novice powerlifters. The Journal 

of Strength & Conditioning Research 2009;23:1611–7. 

https://doi.org/10.1519/JSC.0b013e3181a3c6ef  

  

https://doi.org/10.1002/9781119536604.ch25
https://doi.org/10.1002/psp4.12511
https://doi.org/10.1016/j.gaitpost.2024.12.020
https://doi.org/10.1016/j.gaitpost.2009.05.022
https://doi.org/10.1002/ksa.70181
https://doi.org/10.1007/s40279-023-01927-9
https://doi.org/10.4085/1062-6050-43.5.477
https://doi.org/10.1111/j.1748-1716.2008.01850.x
https://doi.org/10.1016/j.ergon.2020.102989
https://doi.org/10.1519/JSC.0b013e3181a3c6ef

