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Background: The squat exercise has been shown to improve athletic
performance. However, the use of the deep squat has been questioned due to
claims that it may cause knee joint injuries. Therefore, the purpose of this
scoping review was to synthesize existing literature concerning the impact of
deep squats on knee osteoarticular health in resistance-trained individuals.
Methods: This study adhered to the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses for Scoping Reviews (PRISMA-ScR) guidelines. The
original protocol was prospectively registered in Figshare (https://doi.org/10Q.
6084/m9.figshare.24945033.v1). A systematic and exhaustive search was
conducted in different databases: PubMed, Scopus, Web of Science, and
SPORTDiscus. Additional searches were performed in Google Scholar and
PEDro. The main inclusion criteria were the following: (1) Articles of
experimental, observational, or theoretical nature, including randomized
controlled trials, longitudinal studies, case reports, integrative reviews,
systematic reviews, and meta-analyses{Primary studies were required to have a
minimum follow-up duration of 6 weeks, whereas secondary studies were
expected to adhere to PRISMA or COCHRANE guidelines or be registered with
PROSPERO; (2) Peer-reviewed articles published between 2000 and 2024;
{3) Publications written in English, Spanish and Portuguese; (4) Studies
reporting the effects of deep half, parallel or quarter squats on the knee or
evaluating squats as a predictor of injury.

Results: The keyword search resulted in 2,274 studies, out of which 15 met all
inclusion criteria. These 15 studies comprised 5 cohort studies, 3 randomized
controlled trials, 4 literature or narrative reviews, 1 case study, and 2 systematic
reviews, one including a meta-analysis. Overall, the risk of bias (ROB) across
these studies was generally low. It is worth noting that only one study, a case
study, associated deep squats with an increased risk of injury, the remaining
14 studies showed no negative impact of deep squats on knee joint health,
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Conclusion: The deep squat appears to be a safe exercise for knee joint health and
could be included in resistance training programs without risk, provided that
proper technigue is maintained.

KEYWORDS

injury, physical performance, osteocarticular health, range of movement, resistance
training, sport-related actions, muscle strength

1 Introduction

Resistance training (RT) is considered as a fundamental and
crucial component for enhancing strength, speed, muscular
endurance, hypertrophy  (1-6).
Consequently, it should hold a pivotal role in all training
regimens, contributing significantly to the increase the physical

movement  velocity and

performance in various sports disciplines, and also to the
improvement of physical condition, mental health and general
well-being in various populations (1, 2, 7-11). Regardless of the
person undergoing training, and especially in the sports field, the
primary aim of RT should be to achieve a greater application of
force within progressively shorter time frames (1, 12), which
means an improvement in the rate of force development and
implies an increase in movement velocity against a given
absolute load (12). Among the widely used exercises aimed at
lower limb strengthening and hypertrophy across populations is
the back squat, either alone or in combination with other
exercises (5, 13-20). This is duec to the important association
observed between the maximum strength (ie, IRM) of the
lower-limb measured through this exercise and performance in
different sports actions such as vertical and horizontal jump,
linear sprint, change of direction, repeated sprint ability, tackling
proficiency (21-28), the injury incidence (29), and competition-
induced muscle damage (30). Notably, exclusive utilization of full
or deep squat exercises during RT yields favorable outcomes in
enhancing jumping, sprinting, the ability to repeat sprints, and
kicking ball speed (15, 17, 31-36), which means that this exercise
produces a high degree of transfer to sporting actions (37, 38).
The squat is a closed, multi-joint kinetic chain exercise
involving multiple joints and significant muscle mass spanning
from the erector spinac to the hip and leg extensors (18, 39). A
wide variety of execution techniques have been analyzed
depending on foot position (ie., fect orientation), stance width
(narrow, medium or wide), bar placement location (front- or
back- squat and low- or high-bar), type of bar used (normal or
safety squat bar) or footwear type (running vs. specialized
weightlifting shoes) with the aim of reducing the risk of injury
and increases the beneficial effects on muscle strength and
development of specific sport actions (40-45). An essential
consideration when exploring various squat techniques is the
pivotal role of squat depth during the execution (18, 40). It is
crucial to note that the depth of the squat exercise is determined
by the angles formed at the knees and hips during the
movement, rather than only focusing on the vertical
displacement of the bar (18, 46). With a knee angulation of 180°
representing full extension, squats are typically categorized based

on the inner knee angle, as follows (18, 47-50): (a) Quarter
Squat: executed within an angle range of 110°-140°% (b) Half
Squat: performed with knee flexion between 80° and 100%
(c) Parallel Squat: the anterior aspect of the thigh aligns parallel
to the floor, with an approximate knee angle of 60°-70% and
(d) Deep or full Squat: carried out until the back of the thigh and
calf make contact, corresponding to knee flexion between
40° and 45°.

Exploring the acute effects of executing the squat exercise at
varying degrees of knee flexion, it has been noted that the deep
squat yields preater maximum moments of force in the knee
extensors, heightened levels of muscle activation, relative muscle
effort, and maximum execution velocity for a given relative load
compared to the parallel or half squat (31, 39, 51-53). In terms
of medium- to long-term effects, previous research has indicated
that performing the deep squat may lead to superior strength
gains and enhancement of sports performance activities such as
vertical jumps and sprints than the squat with other knee flexion
ranges (31, 49, 54). However, despite these findings, controversy
persists regarding the innocuousness and safety of incorporating
the deep squat into RT programs. Some studies caution against
the use of the deep squats, citing potential risks to osteocarticular
structures, particularly the knee. Specifically, it has been
suggested that the stresses induced by weight-bearing squats may
be associated with patellofemoral pain syndrome, articular
cartilage degeneration, and chronic knee pain (55-57). Another
source of debate about squat safety is in relation to the sticking
point (i.e, the point in the range of joint movement at which a
greater biomechanical disadvantage occurs in order to apply
force against the resistance to be overcome). In the deep squat
exercise, the sticking point is identified with a critical moment
during the ascent phase and occurs at approximately between 60°
and 90° of knee flexion (58). Due to the increase in the moment
arm at this point, the force required to continue the movement
is greater (59). This factor could affect technique and lead to
compensatory movements and loss of correct back posture,
increasing the perception of a higher risk of injury (60). These
challenges could cause failures in the stability and efficiency of
the movement, increasing the load on undesired structures (58, 61).

In the 1960s, Dr. Karl Klein conducted a sets of investigations
examining the effects of the deep squat on knee ligaments (62, 63).
Initial studies, involving cadavers and later with athletes across
various disciplines, indicated that activities such as deep knee
bends, duck walk, jumping squats, or laterally rotating of the knee,
could result in excessive elongation of the medial collateral and
lateral collateral ligaments of the knee, potentially increasing injury
risk (62). Subsequently, this same author (63), after analyzing the
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practices of weightlifters and measuring knee joint ranges of motion
compared to subjects who did not perform resistance training or
exercises with high knee flexions, concluded that deep squat
performance led to anterior cruciate ligament instability and
general knee instability, advising apgainst its use to prevent
ligamentous weakening and recommending limiting squats to no
more than half depth (63). Additionally, other publications
sugpested that excessive knee flexion caused medio-lateral and
anteroposterior instability due to heightened shear forces on the
knee joint, potentially compromising speed and agility (64-66). A
more recent review (59) suggested that deep squats may impose
higher compressive forces on the knee, raising concerns about
joint health. However, the conclusions of these studies (59, 62, 63)
should be interpreted with caution because the cvidence is still
limited and there is no conclusive data that allows establishing a
dircct relationship (ie., cause-effect relationship) between deep
squat performance and increased injury rates.

Contrary to previous studies, other researchers (14, 67) showed
that incorporating deep squats into training regimens does not
seem to affect knee stability. In more recent research (31, 54, 68)
comparing the effect of squat exercise with varying knee flexion
degrees during training periods of 6-10 weeks, in addition to
showing greater improvement in strength gains and muscle
hypertrophy, no increased risk of injury was observed when
participants performing the deep squat exercise. However, and
despite the lack of clear scientific evidence on this association
between greater squat depth and increased risk or incidence of
injury, it is common to hear in training jargon that the deep
squat is harmful to the knee joint.

Various epidemiological studies examining injury rates have
consistently identified the knee joint as the most commonly
affected area across the general population, including professional
athletes, amateur athletes and sedentary individuals (69-71).
Among the commonly injured structures is the anterior cruciate
ligament (ACL) rupture, which often results in significant
functional instability (69-71). In the United States alone,
approximately 250,000 ACL injuries occur annually, with 125,000~
175,000 requiring reconstruction.  Despite
considerable advancements in reconstruction techniques and
evolving rehabilitation strategies, several aspects surrounding ACL
injury management remain under debate (72, 73), including the
timing of introduction, the appropriate start time, and the
recommended depth for the squat exercise (74, 75). Consequently,
concerns have arisen among coaches, athletes, and other users
regarding the safety of deep squats, fueled by the high incidence of
knee injuries. However, as mentioned above, existing evidence
does not definitively link this type of exercise to adverse effects on
knee health (76), Moreover, studies supporting these concerns

cases, surgical

primarily focus on compressive forces, without considering injury
incidence or prevalence (59). On the other hand, recent research
has underscored RT as the most effective approach for preventing
injuries to musculoskeletal structures, including muscles and
tendons (77), and in several of those studies the deep squat is used
during the training process (3, 5, 17, 19, 31, 33, 36, 49, 78, 79).
Therefore, aiming to address this inquiry comprehensively, the
main objective of this scoping review was to synthesize existing

10.3389/1spor.2024.1477796

literature and identify gaps or potential limitations in knowledge
concerning the impact of deep squats on knee osteoarticular
health in resistance-trained individuals. Additionally, we have
included a Supplementary Material that provides data on: (a)
contact surfaces between femoral condyles and the tibial plateau
derived from cadaver dissections, and (b) estimates of the applied
and supported forces under specific weights, employing a free
body diagrams. These analyses aim to furnish objective data
facilitating a deeper comprehension of how knee flexion during
squat exercises may influence knee osteoarticular health,

2 Methods

This study adhered to the Preferred Reporting Items for
Scoping Reviews (PRISMA-ScR) guidelines established by the
EQUATOR Network in 2018, serving as the pre-established
protocol for conducting scoping reviews (80). The methodology
was further refined by integrating the latest recommendations
from the Joanna Briggs Institute (JBI) for scoping reviews,
optimizing the process of problem formulation, literature search,
evaluation, analysis, and presentation of findings to ensure
systematic and scientifically robust review procedures (81-83).
The study has been recorded in figshare with the DOI
https://doi.org/10.6084/m9.fgshare.24945033.v1,

2.1 Eligibility criteria

The following inclusion criteria were applied to this scoping

review:

‘1. Articles of experimental, observational, or theoretical nature,
including randomized controlled trials, longitudinal studies,
case reporls, inlegrative reviews, systematic reviews, and
meta-analyses. Primary studies were required to have a
minimum follow-up duration of 6 wecks. Secondary studies
were expected to adhere to PRISMA or COCHRANE
guidelines or be registered with PROSPERO.

Peer-reviewed articles published between 2000 and 2024.

3. Publications written in English, Spanish and Portuguese.
Studies reporting the effects of deep squats on the knee or
evaluating squats as a predictor of injury.

Exclusions comprised studies not constituting original research
(i.e., editorials, notes, dissertations, etc.), however, review articles
were included to provide a broader perspective on the existing
literature, as long as {hey met the established methodological
criteria; studies involving populations with knee joint pathologies
(i.e, chondromalacia, meniscus tears, ligament strains, cartilage
damage); and/or those exhibiting methodological deficiencies
such as inadequate control over squat depth.

2.2 Search strategy

During the search strategy, the extension of the PRISMA
statement for reporting literature searches in Scoping Reviews
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(PRISMA-ScR) was taken into account as a reference guide
(84, 85). Initially, we framed the following question within
the PICO framework: “How does the practice of deep squats
during RT affect the osteoarticular health of the knce in
active individuals?”

To survey the existing literature, PubMed, Scopus, Web of
Science, and SPORTDiscus were chosen as primary databases.
Additionally, Google Scholar and PEDro were manually searched
to identify supplementary articles. Utilizing the selected databases,
we employed the following search algorithms to identify relevant
articles for the review. PubMed; Scopus; Web of Science;
SPORTdiscus: (“full squat® OR “Deep squat” OR “Squat”) AND
("knee lesions™ OR “knee risk of injury” OR “injury” OR “illness”
OR “knee injuries” OR "ACL injury” OR “Ostecarthritis” OR
“Meniscus tear”). The filter “all fields" was applied to the search,
Additionally, manual searches were conducted on Google Scholar
and PEDro using keyword combinations. This search was
conducted during the first week of October 2023 and then, a new
search was carried out in September 2024. An additional search
was conducted in grey literature databases, including doctoral
theses, unpublished reports, and conference proceedings. No
additional studies meeting the established inclusion criteria for this
scoping review were identified. This search was carried out to
ensure comprehensive coverage of the topic and was included in
the manually reviewed databases.

2.3 Study registration

To identify ongoing trials during the scoping review development,
the following clinical trial registries were searched: ClinicalTrials.gov,
ISRCTN Registry (www.controlled-trials.com), Australian New
Zealand Clinical Trials Registry (www.anzctr.orgau), and University
Hospital Medical Information Network Clinical Trials Registry
{www.uininacjp/ctr), or be registered with PROSPERO.

2.4 Study selection and data extraction

Two authors (JDQ and JDA) independently conducted
searches across designated databases for eligible articles.
Publications meeling the inclusion criteria proceeded to the data
analysis and synthesis stages. A table was created to report the
findings and compare the key results, including citation/country,
study  type, participant  characteristics, objectives,
methodology, results, and conclusions. Any discrepancies were
identified and resolved through discussion with the other
authors, if necessary. The study selection process took place in
November and December 2023, with a subsequent search in

September 2024 that did not turn up new findings.

design,

2.5 Risk of bias analysis

The Joanna Briggs Institute (JBI) Critical Appraisal Tool was
used to assess the methodological quality and risk of bias in the

10.3389/(spor.2024.1477796

included studies, depending on the study design. Below are the
key elements of the evaluation by study type:
Cohort Studies:

« Were the two groups comparable at the start of the study?

+ Were the exposures measured similarly and validly in both
groups?

« Were confounding variables identified and adjusted for?

+ Were the groups comparable in terms of exposure?

« Were the participants followed for a long enough time to
observe outcomes?

Randomized Cantrolled Trials (RCT):

« Was randomization clearly described?

« Were the groups comparable after randomization?

« Was allocation concealment adequate?

« Was there appropriate blinding of participants, treatment
administrators, and outcome assessors?

« Were missing data handled appropriately?

Narrative Reviews:

« Was the objective of the review clearly stated?
« Were the
research question?

included studies appropriate for the
+ Were comprehensive literature searches conducted?
« Was the quality of the included studies critically appraised?

« Was an adequate synthesis of the results provided?
Systematic Reviews:

= Is the research question or objective of the review
clearly defined?

« Were the inclusion criteria clear and appropriate for the
research question?

« Was a
multiple databases?

comprchensive  search  conducted  across

« Was grey literature included in the search?

« Was a valid tool used to assess the quality of the
included studies?

= Was data extraction conducted appropriately and consistently?

« Was an adequate synthesis of the results performed, and
were differences between studies accounted for?

« Was publication bias assessed, for example, using funnel
plots or statistical analysis?

= Are the conclusions supported by the evidence presented in
the review?

2.6 Bibliometric analysis

The current state of research and trends in the relationship
between deep squats and knee osteoarticular health were
analyzed using VOSviewer v1.6.19 software (Centre for Science
and  Technology Studies, University, Leiden,
Netherlands) and Excel 2013 for bibliometric analysis and
visualization. Initially, a search was conducted in the SCOPUS

Leiden

database using the following search strategy: (“full squat” OR
“Deep squat” OR “Back squat”). Subsequently, the CSV data
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(comma-separated values) were entered into the VOSviewer
software to gencrate two maps: a “keyword co-occurrence”
overlay visualization and an “author co-citation” network map.
The co-occurrence map reflects how many times two or more
key terms appear together in the same set of publications,
while the co-citation map shows how often two authors are
cited together in other articles. It is worth noting that before
creating the maps, repeated words were filtered out to avoid
interference with the visualization and interpretation of the
results. The graphs reflect the frequency with which two or
more keywords or authors (co-occurrence and co-citation)
appear together in a single document or set of scientific
publications. This helps identify relationships and patterns
among the investigated concepts, in this case, related to the
risk of musculoskeletal injuries associated with deep squats.
Additionally, the strength of association, which indicates the
robustness of the (whether
keywords or authors) is considered, based on how often they
co-occur or are co-cited in the same source. The greater the

link between two elements

strength of association, the stronger the relationship between
them, The size of the nodes in the graphs is proportional to

10.3389/fspor.2024.1477796

the frequency of occurrence of terms or authors, visually
highlighting their relevance in the analysis.

3 Results

Following the execution of search algorithms employing
Boolean operators and free language terms, a total of 2,274
references were retrieved. Subsequently, we underwent the
publication selection process, which involved filtering by date,
type, and full-text
identification of 35 potentially eligible studies. After evaluating

article availability, resulting in the
abstracts, full texts, and meticulous assessment for adherence to
inclusion criteria, 15 articles were excluded. A total of 15 studies
met the pre-established requirements (29, 31, 48, 49, 51, 59, 68,
73, 76, 86-91). Given that this scoping review adheres to the
parameters outlined in the PRISMA guidelines, Figure 1 depicts
a flow chart illustrating the literature scarch process.

After completing a comprehensive literature review, 15 relevant
studies were identified, categorized as follows: 2 systematic reviews,
one including a meta-analysis, 4 literature or narrative reviews, 3

on of studies through databases
‘and reglstars by manual search

~and reglsters
Records ; . Records
identified in Web || Records identified idenified In
: in PubMed. ;
of Science {n=775) SPORTdiscuss
(n = 29) (n =791}

Records Records identlilied in
idenlified in Goaogle Scholar,
Scopus PEDro and
{n=1201) ClinicalTrials.gov
(n =6)

h 4

remaval.
(n=2774)

Records afler duplicaled

Records excluded
(n =28}

A 4

(n=35)

Racards after screening

Records excluded
(n =2739)

l

aligibility.
{(n=19)

Full-lext arlicles assessed for

Full-lext articles excluded given
they did nol reporl outcomes
analysed in this review,
(n=16)

A 4

(n=15)

Sludies included.

! !

! ! }

Syslemalic review Case sludies
(n=2) (n=1)

Clinic trials Cohort sludies Review
(n=23) {n=15) (n=4)

FIGURE 1

PRISMA flow diagranm representing the tlow of informaticn through the different phasas of the scaping review,
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randomized controlled trials, 5 cohort studies, and 1 case study.
These findings highlight the importance of conducting a detailed
analysis of the impact of deep squats on knee osteoarticular health.

3.1 Risk of bias

Bias assessment was conducted based on study type, with
into case studies (Figure 2), cohort studies
(Fipure 3), randomized controlled trials (Figure 4), narrative
reviews (Figure 5), and systematic reviews (Figurc 6), following the
guidelines provided by JBI (https://jbi.global/critical-appraisal-toals).

categorization

10.3389/spor.2024,1477796

The graphs illustrating bias risks for each study are

presented below.

3.2 Individual study findings

Table 1 provides a summary of the key characteristics
(reference, study type, objectives, design, instruments and
procedures, main findings, and conclusions) of the studies
included in the present review.

From the 15 studies incorporated, 87% (13 studies) assert the
safely of deep squatting, and it does not result to an increased

1. Were palienl's demographic characleristics clearly described?

2.Was the patient's history clearly described and presented as a timeline?

3. Was the current clinical condition of the patient on presenlation clearly described?
4, Were diagnostic lesls or assessment methods and the results clearly described?
5.Was (he inlervention(s) or treatment procedure(s) clearly described?

6. Was the post-intervention clinical condilion clearly described?

7. \Were adverse evenis (harms) or unanlicipaled events idenlified and described?

8. Does the case report provide lakeaway lessons?

0%

28%

50%

Tﬂl%

100%

B Low risk or blas [ ]unclear risk of bias

[l High risk of blas

FIGURE 2
Assessment of risk of bias in the case study included in the review.

1, Were the two groups similar and recruited from the same population?

2. \Were the exposures measured similarly 1o assign peapte 10 both exposed and unexposed groups?

3. Was Whe exposure measured in avalid and reliable way?

4. Were confounding taclors idenlified?

5. Were strategios to deal with confounding faclors slaled?

6. Were the groups/paricipanis free of the autcame althe slar of the study (or at the mameni of exposure)?
7. Were the oulcomes measured in a valid and reliable way?

8.Was he follow up time reporled and sufficient 1o be leng enough for outcomes lo occur?

9. Was follow up complete, and if nol were the reasons fo loss to follaw up described and explored?

11.\Was appropriale slatistical analysis used?

10. Were siralegies 10 address incomplele follow up ulilized? |

0%

25%

50%

75%

100%

Lﬂ Low risk of bias

Unclear risk of bias

[ High risk of hias

FIGURE 3
Assessment of risk of bias in the cohort studies included in the review.
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12 Weas appeapdiate staliateal Snalgsis used? _

13 Was I W81 G120 SpEreondie, and ANy ed3iens ham e SLIASMI RCT ¢esisn (indradual randomisation PAraiel Griups) ACeounte G124 18 e Canduct 3nd anatrsis et e kial? i

I Eliowriakotens [Junvearnskertias W isghnsketeia I

FIGURE 4
Assessment of risk of bias in the randomized controlied trials included in the roview.

1.1s the generalor of the narrative a credible or appropnale source?

2 15 tne relalionship betwaen the laxt and its context explained? {where, when, who wilh, how)

3. Does the narratve present the events using alogical sequence so the ceadar ar lislener can understand how il unfolds?
4. Doyou. as reader of lislener of the narralrva, arrive al stmilar conclusions to those crawn by he narcalor?

5.Do the conclusions fiaw from he natrative account?

6. Do you cansider this account lo be a narrative?
b

0% 29% 50% 75%  100%
I [El Low isk of bias [E)unctear sk of bias Bl High iisk of blas |

FIGURE 5
Assessmaont of risk of bias in the narrative reviews includad in the review,

1.1s lhe review question clearly and explicilly slated?

2. Were Ihe inclusion crileria appropriale for the review queslion?

3.\Was the search slralegy appropriale?

4. Were the sources and resources used lo search for studies adequale?

5, \Were Ihe criteria for appraising studies appropriale?

6. Was crilical appraisal conducied by two or more reviewers independently?

7. Were there methods lo minimize errors in dala extraclion?

8. Were the methods used to combine studies appropriate?

9.'¥as the likelihood of publicalion bias assessed?

10. Were recommendalions for policy and/or praclice supported by the reporled data?

11, Were the specific direclives for new research appropriate?

0% .25% 50% 75%  100%

Low risk of bias [ unciear risk of bias [l Hiah risk of bias

FIGURE &
Assessment of risk of bias in the systematic reviews included in the review.
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TABLE 1 Summary of the key characteristics (reference, study type, objectives, design, instruments and pracedures, main findings, and conclusions) of

Bloomquist
et al. (68)

Randomized
controlled trial

the studies included in the present review,

To investigate whether deep
squat and half squat
exercises clicited distinet
effects on specific
adaptations in the anterior
thigh muscles and patellar
tendon, as well as on
jumping performance

Training period: 12
weeks
N=17 (M: F/17:0).

Hall’ squat group

(n=9)
Deep squat group
(n=8)

Sporis science students
Age: 23-25 years

Two types of squats were performed:
deep (0°-120° of knee flexion) and half
squat {0°-60" of knce flexion).

Strength was assessed using 1RM,
maximum isometric strength of the knee
extensors was measured at various knee
angles,

CSA of the thigh muscles and patellar
tendon was determined using MRI.
Lean body mass was evaluated via
DEXA scans,

Muscle architecture was examined using
vaslus lateralis ultrasound.

Collagen synthesis in the palellar tendon
were assessed through pre- and post-
inlervention microdialysis, as well as §J
and CM]J

Heavy load FS training resulted in
significant improvements in CSA, lower
Lean body mass, maximum isometric
strength, and §] performance compared
to HS. Both groups demonstrated
improvements in 1RM and CM] tests,
indicating that resistance training in
both variants Is advantageous

Bryanton et al,
(1)

Cahort study

To determine RME during
the squat exercise.
Specifically, the effects of
barbell loading and squat
depth on the RME of the
hip extensor, knee extensor,
and ankle plantar flexor
were cvaluated.

N =10 (M/T: 0/10)
Ape: 22.5£2.]1 years
College students with
experience in
resistance training

Squats (50%-90% 1RM) were executed
within a motion analysis laboratory to
assess the net joint moments of the hip
exlensors, knee extensors, and ankle
plantar flexors. Additionally, maximum
isometric strength was measured
concerning the joint angle of these
muscle groups. Relative muscle
effectivencss was determined by
calculating the ratio of net joint
moments Lo the maximum voluntary
torque at the correspanding joint angle

The impact of barbell loading on the
RME of the ankle plantar flexors is more
significant compared (o squat depth,
whercas the reverse holds true for the
knee extensors. Both barbell load and
squat depth influence the RME of the
hip extensors

Bunn et al, (87)

Syslemalic
review

To assess the correlation
between full squat
performance and the risk of
musculoskeletal injury

N =5 prospeclive
articles regarding FS as
a risk classification test
for musculaskeletal
injuries,

Various dalabases
were utilized from
2016 10 2018

A variely of sludies were examined by
gathering data from databases such as
MEDLINE, SciELO, SCOPUS,
SPORTDiscuss, CINAHL and VHL in
December 2016. Information was
extracled on participants, sample size,
musculoskeletal injuries, follow-up,
study design, and outcomes, followed by
a risk of bias analysis

Detection of movement dysfunctions in
FS exercise may act as a predictive
indicator for the risk of musculoskeletal
injuries in individuals participating in
physical activities

Bunn et al, (RG)

Cohort study

To investigate the
carrelation between
movernent p:mel:ns assessed
by the Dynamic Movement
Assessment and the
likelihood of
musculoskeletal injuries in
Navy cadels

Investigation period:
1 year,

N =240 (M: F) N/A
Navy cadets

Both sexes.

Aye: 18-22 ycars

Participants completed various
movement patterns in the Dynamic’
Movement Assessment (FS, step up and
SLS). Participants were classified
according Lo the risk of developing
lesions at high, moderate, medium, or
low risk, Predictive associations between
lesions and risk classification were
examined using logistic regression
analyses

No corrclation was observed between
movement patterns and musculoskeletal
injuries in Marine cadets. However,
altending a non-military high school
significanily elevated the risk of
musculoskeletal injurics, ranging {rom
3.14 to 4.57 times. Morcover, a history
of previous injurles was strongly
associated with the occurrence of acute
injuries

Bushman et al.
(83)

Cohort study

To determine the
assoclation and predictive
value of specific FMS tests
with injury risk in
physically active men

Investigation period: |
6 months,

N =2476 saldicrs
Age: 18-57 years

Data were gathered via surveys and
medical histories covering overuse and
traurnatic injuries for six months post-
evaluation. Sensitivity, specificily, PPV,
and NPV were calculated, along with
receiver operator characteristics to
determine the AUC. Risks, risk ratios,
odds ratios and 95% confidence
intervals were calculated 1o assess injury
risks

FMS demonstrated low sensitivity, PPV,
and AUC across all seven tests for three
types of injuries (2%-24% sensilivity,
16%-74% PPV, and 50%-58% AUC).
Despite pain correlating with higher
injury risk in five tests, the FMS still
exhibited low sensitivity, PPV, and
AUC. Therefore, caution Is
recomemended when implementing the
FMS test as a scrcening tool in military
ar similarly active populations, as it may
lead to misallocation of prevention and
treatment resources to individuals not at
clevated risk of injury

(Contintied)
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TABLE 1 Continued

Case el al. (29)

Cohort study

To investigate the
clfectiveness of using the
relative strength level of
Division I athletes in a back
squat 1RM as a predictor of
lower extremily injury

N = 46 football players,

N =25 velleyball and
sofiball players.
Injured and uninjured
individuals.

Age: 19-3 years old

Strength was assessed using a 1RM
squal, and physical data were collected
from the athleles, including their body
mass (kg), height (cm), and age (ycars).
This was done to establish a context for

squat strength, with squat strength
normalized relative to the body mass of
each athlete

10.3389/fspor.2024.1477796

Relative strength in the squat is
associated with the risk of lower
extremity injuries in athletes, regardless
of gender, Male athletes with a relative
strength of less than 2.2 times their body
weight (BW) and female athletes with a
relative strength of less than 1.6 limes
their BW in sports such as soccer,
volleyball, and sofiball arc at a
heightened risk of lower limb injuries

Eckard et al.

Cohort study

Ta assess the carrelation

Investigation periad:

The movement quality of both BS and

There was no significant association

variations on anlterior knee
displacement

RescarchGale, and
Google Scholar from
their start date to

April 2022, rehabilitation, ar therapy. Only anterior knee displacement. Generally,
N=N/A publications in German and English restricting this natural mobility is likely
Sex=N/A were included not advisable for healthy, trained
Age=N/A individuals

(89) between bipedal squat and | 3 years. SLS was evaluated, A single observer found belween poor mability in the BS
single-leg squat N=115 college assessed the movement quality in real- | and SLS tests and the incidence of lower
performance and the athletes. time and documented any execution extremity injuries. Additionally, the tests
likelihood of injury in Sex =N/A cerrors. Additionally, the number of days | demonstrated limiled predictive ability
athletes Age=N/A at risk for each athlete was calculated for injuries

based on their participation status
(“full," “limited," or “out"), considering
four covariates: injury history, sports
o e cul-off load, sex, and body mass index
Escamilla (59) | Narrative To evaluate the Not reporled The study assessed knee forces and their | The squat produces shear {orces
review biomechanics of the knce correlation with athletic performance, | regulated by the anterior and posterior
during the squal exercise polential injurics, and rchabilitation cruciate ligaments across various
degrees of knee flexion. Compressive
forces at the knee are minimal between
0° and 50° flexion, indicating that this
range is optimal for rehabilitation
purposes. Muscle engagement
intensifies with flexion, enabling partial
squats to be executed without
jeopardizing the integrity of healthy
knees

Hartmann Conlrolled To compare the effects of | Training periad: Quarter squat (120° knee extension en | The front and back full squats

et al, (19) trial varjous squal variants on 10 weeks $milh’s machine) and {ront and back demonstrate transfer effects that
the enhancement of IRM | Experimental group: | [ull squats in the devclopment of IRM, | enhance performance from maximal
and their transfer effects 10 | n =59 (M: [/36:23). their specific transfer effects at CM] and | dynamic force to the force-velocity
CM]J, §], Maximum Median age: 24.11 £ SJ height, and maximal voluntary capacity of the hip and knee extensors
voluntary contraction, and | 2.88 years contraction and maximal rate of force | compared 1o the quarter squat. These
rate of force development | Frant FS group development in an isometric leg press | findings challenge the notion of specific

(N=20) (120° knee extension) were evaluated, | transfer effects at higher angles
FS Group (N=120) Participants followed a training program

Quarter squat group | consisting of 5 sets of 2-10 repetitions of

(n=19) cach squat variant, with 5 min of rest, 2

Control group days o week, for 10 weeks

(N=16) sex: N/A

Physical education

students, most with

little experience in

resistance training

Hartmann Narralive To assess whether squats N =164 scientific Data on knee forces during loaded and | Concerns regarding degenerative

et al. (48) review with less knee flexion (half7 | publications between | non-loaded squats were compared at changes in the tendofemoral complex
quarter squal) are more March 2011 and different knee exlension angles and the suggested elevated risk of
secure [or the January 2013 using chondromalacia, ostecarthritis, and
musculoskeletal systemn than | PubMed. osteachandritis associated with deep
deep squats Sex=N/A squats are unfounded

Age=N/A
Hlmeier et al. | Narrative Ta examine the effects of | Articles referenced in | The analysis focused on publications To enhance (raining outcomes and
(90) review various back squat PubMed,

exploring anterior knee displacement in
the context of anthropometric or
biemechanical studies related to various
barbell squat movements for excrcise,

minimize biomechanical strain on the
lumbar spine and hip, it could be
bencficial or even essential [or
numerous athletes to permit a degree of

(Continued)
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TABLE 1 Continued

Kolhurkar et al.
(73, 73)

Study
Case study

To campare the contact
stress distributions in the
patellofemaoral and
tibiefemoral joints at full
cxtension and deep flexion,
Additionally, a kinematic
analysis was conducted 1o
elucidate the kinematics of
the deep squat

N =1 adult without
knee injury.

Age =133 years
Bady mass =55 kg

MRI and computed tomographic scans

were utilized for measurements and 3D
modeling of the knee joint. A finite
clement model of the knee was used to
analyze the stresses and movement of
the joint at different degrees of flexion,
Additionally, distances belween
landmarks on the femur and tibia were
measured to assess joint kinematics in
various positions, including [ull
extension and deep flexion

10.3389/1spor.2024.1477796

Increased stresses on the knee joint in a
decp squat position may result in
damage to the patellar cartilage

Pallarés et al,

(a3

Randomized
controlled trial

To assess the impact of a
resistance training program
incorporating various squal
depths on well-trained
athletes using velocity-based
resistance methods.
Additlonally, the aim is to
investigate whether this
training regimen results in
injuries or discomfort for
athletes over the long term

Training period:
10 weeks

N =53 (M:F/53:0)
Resistance trained
individuals

FS Group: N=13
(M:EF/13:0)

PS group: N=13
{M:F/13:0)

HS Group: N=13
(M:F/13:0)
Age=~23 years

The correlation between velocity and
load during squats was assessed through
a progressive load test up to 1RM. Tests
were conducted for three types of squals
(FS, HS, and PS) using a Smith machine.
The load was progressively increased by
10 kg increments until the MPV reached
<0.60 m/s, Load adjustments were
individually to determine the precise
1RM. Kinematic paramelers were
recorded using a dynamic measurement
system from the T-Force System, 20-m
sprint, CMJ, and Wingate test while
pain, stiffness, and physical function
were assessed

FS and P§ are optimal for enhancing
strength and performance n well-
trained athletes. However, HS yield
limited results and may lead 10
discomfort, prompting reconsideration
of the necessity to target specific
improvements in angle and ROM
during training

Schlegel et al.
76)

Narrative
review

Assess various perspeclives
on execuling a deep squat,
analyze the optimal
technical approach, and
evaluate potential risks
associated with its
utilization

N =48 arlicles as of
February 2020,

Full articles in
sclentific journals or
relevant haoks.
Sex=N/A
Age=N/A

The authars conducled a literature
review of available human studies on the
research topic, covering discussions
regarding the deep squat worldwide up
to the year 2020

With an appropriate technique and in
healthy individuals, there is no
increased risk

Wolf et al. (91}

Systematic
review and
meta-analysis

To assess the effects of
ROM on a variely of
outcomes such as
hypertrophy, strength,
power, and body fat-related
measures

N =26 studies

(N =>658)

Sex=N/A

Age=N/A
PubMed/Medline and
SportsDISCUS
dalabases searched,
included studies up ta
August 2022

Studies involving a resistance Lraining
intervention with at least two groups/
conditions using variable ROM and
measuring a1 least onc outcome of
interest (muscle size and strength,
power, or body fat) were included. No
restrictions were imposed on the date of
publication

The primary model, invalving all effects
on all outcomes across 23 studies,
demonstrated a trivial standardized
mean difference (0.12; 95% CI -0.02,
0.26) favoring (ull over partial ROM

N/A, not applicable; M, male; F, female; FS, full squa; PS, parallel squat; HS, hall squat; IRM, one-repetition maximum; CSA, cross-scctional area; MR, magnelic resonance imaging; DEXA,
dual energy x-ray absorption; $J, squat jump; CMJ, countermovement jump; MPV, mean propulsive velacity: ROM, range of motion; BP, bipedal squat; SLS, single leg squat; RME, relative
muscle effort; PPV, positive predictive value; NPV, negative predictive value; AUC, arca under the curve; FMS, (unctional movement screen; Cl, confidence interval,

risk of injury (29, 31, 48, 49, 51, 68, 76, BG, 87, 89-92), while merely
2 studies highlight a plausible adverse correlation between deep
squat practice and heightened injury risk (59, 72). One of these
studies adopts a case study format (72), whereas the other
assumes the form of a literature review (59).

3.3 Bibliometric analysis

For a better understanding of bibliometric analysis, it is
necessary to take into account that the numbers in parentheses
show the number of times a term or author appears in co-
occurrence or co-citation, and the second indicates the strength
of association with other elements of the analysis. As shown
below, there is usually a positive relationship between greater co-
occurrence or co-citation with greater association strength. In

addition, the size of the nodes in the figures varies according to
the frequency of appearance, which visualizes the relevance of
each term or author throughout the analysis.

A trend was observed during 2023 of publications associated
with the squat based on keyword co-occurrence and their
strength of association: RT (127:113), muscular strength (73:95),

athletic performance (49:69), exercise (39:44), and power (31:38).

A close association was also observed between squatting or back
squats and RT, muscular strength, athletic performance, power,
velocity-based training, hypertrophy, and recovery, likely due to
the scientific output associated with the application of this
exercise as a physical evaluation test andfor performance
enhancement (Figure 7).

The co-citation analysis of authors with the most impact (at
least 100 citations) in research directly or indirectly linking
squatting identified the main references in various articles based
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on their number of citations and association strengths: Garcia-
Ramos A. (269:4,144), Haff G.G. (268:3,629), Gonzalez-Badillo
J.J. (198:3,152), Newton R.U. (188:2,104), Schoenfeld, B.J.
(178:1,387), and Ramirez-Campillo, R. (176:2,433). These authors
can be considered key theoretical sources for understanding the
role of occupation from a more objective perspective acrass
different research domains (Figure 8),

4 Discussion

The importance of RT using the squat exercises lies in the multiple
benefits it induces on sport performance (1, 3, 5, 15-19, 31, 33, 34, 36,
91), health (2, 4), injury rehabilitation (74), body aesthetics (20), and
even on cardiovascular and eye health (61, 93). However, some
authors still argue that the squat exercises, particularly deep
squats, may heighten the risk of knee joint injury (41, 59). To
shed some light on this controversy, the objective of this study
was to synthesize existing literature and identify gaps or
potential limitations in knowledge concerning the impact of
deep squats on knee osteoarticular health in resistance-trained
individuals. The main funding was that the deep squat appears
to be a safe exercise for knee joint health and could be included
in RT programs for any individual without previous
pathologies, provided that proper technique is maintained.

In 1984, a notable viewpoint emerged (94), attributing the
belief in the injury risk associated with deep squats to a sets of

studies conducted by Dr. Karl Klein in the 1960s (62, 63, 65, 66),

Klein's initial research (63, 66) proposed that deep squatting
leads to increased knee joint laxity, causing “micro-movements”
and elevating the potential alterations.
Subsequently, after analyzing groups of athletes that included the
deep squat exercises or weight-bearing jumps (powerlifter,

weightlifter, or paratroopers) in their training program routines,

for joint surface

Klein concluded that the full squat was respensible for anterior
cruciate ligament and collateral ligaments laxity (63). However,
Klein's conclusions were based on an unspecified “orthopedic test
standard” and an unvalidated instrument for measuring knee
joint laxity, neglecting the ligament stiffness or force capacity of
the athletes. Consequently, the notion of deep squats causing
knee osteoarticular lesions appears to stem from studies of
questionable validity, due to their methods and unsubstantiated
conclusions. Therefore, a more thorough examination of this
critical issue was needed.

The current review highlights the absence of scientific evidence
substantiating the notion that deep squatting induces knee joint
damage in individuals devoid of preexisting pathology.
Conversely, the limited available evidence suggests potential
benefits of deep squatting in mitigating the risk of knee injuries
(29, 48, 49, 68, 76). Therefore, the primary conclusion of this
study was that deep squats appear to safe for osteoarticular
health, and the inclusion of this exercise in training programs
could allow greater physical performance gains, provided the
training principles are respected, the exercise is performed
correctly, and the load adjusts to the needs and requirements of

the trained individuals.
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The present review comprises information from 15 studies.
Most of these studies evaluated the safety of the squat exercise by
examining the effects of the short- and long-term interventions,
specifically assessing the incidence of osteoarticular pain or
injury during the exercise. Other studies have analyzed the
compressive forces on the knee, hip or back, whereas some
studies have conducted biomechanical analyses to identify
abnormalities associated with the use of the squat exercise. As
indicated, from the 15 studies incorporated, 87% (13 studies)
assert the safety of deep squatting, and it does not result to an
increased risk of injury (29, 31, 48, 49, 51, 68, 76, 86-91), while
merely 2 studies highlight a plausible adverse correlation between
deep squat practice and heightened injury risk (59, 72). Despite
this negative claim about the effect of the deep squat, it is
important to note that the findings of Escamilla suggest that
when this exercise is executed with submaximal loads (i.e., low to
moderate loads) and among individuals without underlying
health concerns, the deep squat constitutes a safe exercise. On
the other hand, the case study conducted by Kothurkar et al. (72,
73) proposed that increased stress on the knee joint during a
deep squat could potentially harm the patellar cartilage.
However, this claim is based on a hypothesis and lacks empirical
evidence to support a causal relationship between increased stress
and probability of injury. It is possible that greater passive stress
can occur during a deep flexion compared to a parallel squat or

half squat due to increased elongation of passive elastic elements
(tendons, aponeurosis, and titin), However, considering: (1)
enhanced likelihood of tension generation by contractile muscle
elements (improved length-to-tension ratio of sarcomeres), and
(2) greater moment of force for identical force exertion levels in
half or parallel squats compared to full squats, it is likely that
active tension and, consequently, total tension and the degree of
pressure of the patella on knee structures during the half squat
may equate to or even surpass those experienced during deep
squats. Although this deduction seems justified, further studies
are needed to support this hypothesis.

In contrast, Escamilla et al. (59) compiled several studies to
conclude that the deep squat elevates shear forces, potentially
increasing its injurious nature. However, subsequent research and
reviews (31, 48, 49, 54, 76, 91, 95) have questioned these
findings, highlighting the lack of substantial scientific evidence
(48). This
discrepancy arises from the absence of direct evaluation in these
studies

supporting the harmful effects of deep squats
regarding the incidence or prevalence of injuries
specifically linked to deep squat performance. Contrary to review
conducted by Escamilla et al. (59), it appears that shear forces do
not lead to joint injuries in the absence of ligament damage (76).
In addition, it has been observed that the cartilage adapts to the
load and strain imposed during deep squatting by increasing its
thickness, potentially affording greater knee joint protection (48, 49),
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Also, in more recent studies (96, 97), it has been observed that
weightlifters, despite having greater laxity joint of the knee,
have stronger ligaments.

Another argument apainst deep squatting concerns the
observation of increased compressive forces on the meniscus as
knee flexion deepens, although lacking evidence suggesting harm
to individuals with healthy knees (4B). Moreover, Zelle et al.
(98), noted that during a deep squat, contact between the back of
the thigh and calf occurs, resulting in a reduction of knee
compressive forces by approximately 30%. This reduction could
potentially benefit knee osteoarticular health, On the other hand,
several studies (51, 52) have revealed that quadricei)s muscle
activation is higher during deep squats compared to partial
squats at the same relative load. This finding is significant as it
implies that deep squats could be performed at a lower relative
load compared to other ranges of knee flexion without
compromising potential benefits, thus potentially reducing
compressive forces on the knee (48, 51). Indeed, this argument is
frequently cited as a reason to caution against the use of deep
squats (48).

Additional commonly cited argument against deep squats
involves the hypothesis that allowing the knees to surpass the
toes during execution may lead to increased compressive forces
and knee joint wear (59, 99). Nonetheless, a recent review
conducted by Illmeier et al. refutes this argument, asserting that
it lacks biomechanical basis. The cited review {90) concludes that

10.3389/fspor.2024.1477796

it is entirely natural and acceptable for the vertical projection of
the knee the toes during full
Furthermore, this movement does not appear to elevate the risk
of knee joint injury (90).

As previously highlighted, the majority of studies included in
this review (29, 31, 48, 49, 51, 68, 76, 86~91) support the notion
that deep squats do not lead to significant osteoarticular or

to extend beyond squats,

muscle damage, endorsing its consideration as a safe, beneficial,
and recommendcd exercise in any training regimen. For instance,
Pallarés et al. (31) reported greater knee discomfort in the group
performing partial range of motion squats compared to full
squats, while other studies (48, 54, 86, 87) suggest that deep
squatting- may help prevent knee joint injuries. Despite these
positive findings, most research (18, 48, 76, 87) emphasizes that
it is necessary to take into account that the “innocuousness” of
this excrcise on the osteoarticular structures of the hip, knee and
back could be related to the ability of executing the exercise with
correct and adequate technique (Table 2).

In this sense, there are several reviews and position stand
that have focused on describing biomechanical aspects related
to “correct technical exccution” during the deep squat exercise
(18, 40, 44, 76, 100, 101).

Specifically, Myer et al. (100) conducted a comprehensive
evaluation of the functional deficits and technical factors that
limit performance in the back squat. In this guide, several factors
affecting the proper exccution of the exercise are outlined, and

TABLE 2 Criteria for correct execution and the most common mistaltes during the full-squat exercise {100).

Head position

gaze is aimed forward

Line of neck is perpendicular to the ground and

Look ahead Look down

retracted

Chest is held upward, and shoulder blades are

Chest perpendicular 1o the floor Chest lowards the floor

Trunk position

dightly lordelle Jumbar spine

Trunk is parallel to tibia, while maintaining

Trunk is parallel to tibia Excessive anlerior irunk

inclination

Hip paosition
throughout squat

Line of hips is parallel to ground in frontal plane

Line of hips is parallel to ground | Lateral hip tilts

Frontal knce position
mallealus for either leg

Lateral aspect of knee does not cross medial

The knees do not move medially, in
the frontal plane

knee valgus

Tibial progression angle

Knees do not excessively pass the {ront of the
foat, Tibias are parallel 1o an upright lorso

The knees move forward naturally | Excessive anterior translation

of the knees

Foot position

Entire oot remains in contact with the ground

Entire foot remains in contact with
the ground

Steepen




Rojas-Jaramillo et al.

common errors are listed, including; (1) Head position; (2)
Thoracic position; (3) Trunk pasition; (4) Hip position; (5) Knee
position; (6) Tibial progression angle; (7) Foot position. This Iast
point emphasizes the importance of proper ankle dorsiflexion,
which is considered a limiting factor in the execution of a deep
(102,
mobility could compromise movement mechanics, increasing the
risk of knee valgus or lateral or frontal trunk tilts, raising
concerns about the safety of squat execution (102, 103).

In addition to aspects related to technical execution, an often
overlooked aspect, albeit crucial, is the load level, particularly the
weight lifted (relative load, %I1RM), and the number of
repetitions performed in relation to the maximum repetitions
that could be completed, as these factors may significantly
impact the forces exerted on various joints (39, 51). Excessive
weight could compromise technique and elevate compressive
forces on intervertebral discs, hips, and knees, heightening injury
risk (39, 51). Similarly, when performing sets to failure or near

squat 103). Additionally, reduced ankle dorsiflexion

muscle failure could lead to accumulated fatigue that could
distort the execution technique and also increase the risk of
injury (3, 104). Hence, the likelihood of developing knee
osteoarticular pathology appears more likely linked to the load
magnitude rather than the range of motion used during full
squat execution,

In the present review, several randomized controlled trials
were identified (31, 49, 68) analyzing the effects of deep squats
compared to squats with partial knee flexion ranges. Across all
studies (31, 49, 68), greater physical performance improvements
were found when conducting squats with a wider range of joint
motion (ie., deep squats), evident in both high-speed actions (i.e,,
vertical jump and running acceleration capacity) and muscle
strength (i.e, 1RM). Furthermore, recent systematic review with
meta-analyses (54, 91, 105) also concluded that strength pains
were superior with deep squats compared to half, parallel or
quarter squat, Notably, these studies evaluated knee pain through
health questionnaires and none of them reported any knee joint
damage resulting from deep squatting,

Finally, some studies incorporated in this review (88, 91, 92)
use the deep squat as an indicator of injury risk. Most of these
research (86-88, 92) analyze the “quality of movement” during
squat execution and suggest that this aspect may not serve as a
sensitive indicator or predictor for injury detection. Conversely,
the relative strength ratio in deep squatting is proposed as a
more effective gauge for injury risk assessment, Case et al. (29)
examined the correlation between 1RM in squat exercise relative
to body weight (1RM/BW, denoted as barbell squat relative
strength) and the risk of lower extremity injury among athletes
across various Division T sports disciplines. The findings of this
study suggest that male athletes with a relative strength ratio
below 2.2 and female athletes below 1.6 face an elevated risk of
lower limb injuries, particularly in sports such us soccer,
volleyball, and softball (29). Thus, contrary to conventional
assumptions, this study underscores the importance of enhancing
strength in the deep squat as a preventive measure, advocating
for introducing the full squat exercise during athletes’ RT
programs (29).

10.3389/1spor.2024.1477796

Although the existing literature seems to show clear
evidence regarding the safety of the deep squat on the risk of
injury to the knee joint, in the present review we have
identified some limitations that are pertinent to be addressed.
One of the main limitations is related to the duration of the
interventions. Most of studies included in the present review
used a relatively short duration of the interventions, typically
ranging from 6 to 10 weeks. Long-term studies examining
exposure to deep squats over several years would provide more
comprehensive insights on this relevant issue. Secondly, many
studies rely on questionnaires to assess the knee joint pain and
injury risk. Therefore, it appears that future research should
consider more objective and valid assecssment methods to
know the real influence of performing deep squats on
osteoarticular health. On the other hand, although some
studies report increased compression forces during deep squat
as a potential risk factor for knee injury, a direct association
should not be established, as there is not enough evidence to
establish a cause-effect relationship between both facts. Finally,
another limitation of this scoping review is the heterogeneity
of the included studies, with several exhibiting moderate to
high risk of bias.

The limitations presented above highlight the need to establish
a research line that allows for long-term follow-ups (i.e., spanning
several years) of individuals who perform the squat exercise with
different ranges of motion (deep, parallel, half and quarter squat)
and to analyze the possible influence on: (1) the osteoarticular
health of the knee and other joints involved in the movement
(hip, ankle and spine), and (2) the improvement of sports
performance and healthy physical condition,

5 Conclusions and practical
applications

To summarize, the current review concludes that deep
squat is considered a safe and potentially protective exercise
against injury risk, demystifying the unfounded belief that a
greater knee flexion during squats could lead to a higher risk of
severe osteoarticular pathology. Moreover, the beneficial effects
on physical performance (ie., strength, speed, and jumping
ability) were more pronounced when training programs
incorporating deep squats were performed compared to squats
with other partial ranges. Based on these findings, it is
reasonable to acknowledge that deep squats are a safe exercise,
provided the relative loads and volumes used are not excessive
for the individual's characteristics. Therefore, this exercise
could and should be integrated into any RT program when
there are no contraindications or limitations that hinder proper
execution. In essence, the findings of the present review suggest
that the problem with the squat exercise has never been
the completed depth range (ie, degrec of knee and hip
flexion), but rather the incorrect technique and potentially the
degree or magnitude of the total load used (i.e., relative load
and training volume), as could occur with any other type

of exercise.



Rojas-Jaramillo et al.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

Author contributions

AR-]: Conceptualization, Data curation, Formal Analysis,
Funding acquisition, Investigation, Resources, Writing - original
draft, Writing - review & editing. DC-A; Data curation, Formal
Analysis, Methodology, Visualizalion, Writing ~ original draft,
Writing ~ review & editing. JQ: Data curation, Formal Analysis,
Methodology, Resources, Writing — original draft, Writing -
review & editing. JA-V: Data curation, Formal Analysis,
Mecthodology, Resources, Writing - original draft, Writing -
review & NA-A: Data curation, Supervision,
Visualization, Writing - original draft, Writing - review &
editing. JR-S: Conceptualization, Supervision, Validation, Writing -
original draft, Writing - review & editing. JG-B: Conceptualization,
Supervision, Validation, Writing — original draft, Writing - review
& editing. DR-R: Conceptualization, Methodology, Supervision,
Writing - original draft, Writing - review & editing.

editing,

Funding

The author(s) declare financial support was reccived for the
research, authorship, and/or publication of this article. Funding

References

1. Baena-Marin M, Rojas-Jaramillo A, Genzalez-Santamaria J, Rodriguez-Rasell D,
Petro )L, Kreider RB, ct al. Velocity-based resistance training on 1-RM, jump and
sprinl performance: a systematic review of clinical trials. Sports (Basel). (2022} 10
(1). doi: 10.3390/sparts10010008

2. Kraemer W], Ratamess NA. Fundamentals of resistance training: progression and
exercise prescription, Med Sci Sports Exere, (2004) 36(4):674-88, doi: 10.1249/01.MSS.
0000121945.36635.61

3. Parcja-Blanco F, Rodriguez-Rosell D, Sanchez-Medina L, Sanchis-Moysi ],
Dorado C, Mora-Cusladio R, et al, Effects of velocily loss during resistance training
on athletic performance, strength gains and muscle adaptations. Scand | Med Sci
Sporis, (2017) 27(7):724-35. doi: 10.1111/sms.12678

4. Ratamess NA, Alvar BA, Evetach TK, Housh TJ, Kibler WB, Kracmer WJ, et al,
American College of Sports Medicine position sland. Progression models in resistance
training for healthy adults, Med Sci Sports Exere. (2009) 41(3):687-708, doi; 10,1249/
MSS.0b013e3181915670

5. Rodriguez-Rosell D, Yanez-Garcia JM, Mora-Custodio R, Sanchez-Medina L,
Ribas-Serna ], Gonzalez-Badillo J]. Effect of velocily loss during squat training on
neuromuscular perforinance. Scand | Med Sci Sports. (2021) 31(8):1621-35. doi: 10.
1111/sms.13967

6. Spiering BA, Clark BC, Schoenfeld BJ, Foulis SA, Pasiakos SM, Maximizing strength: the
stimuli and mediators of strength gains and their application Lo trining and rehabilitation.
J Strength Cond Res. (2022) 37(4):919-29. doi: 10,1519/]SC.0000000000004390

7. Gordan BR, McDowell CP, Hallgren M, Meyer JD, Lyons M, Herring MP.
Association of cfficacy of resistance exercise training with depressive symploms.
JAMA Psychiatry. (2018) 75(6):566-76. doi: 10.1001/jamapsychiatry,2018.0572

8. Lopez P, Pinto RS, Radaelli R, Rech A, Grazioli R, Tzquierdo M, el al. Benefils of
resislance training in physically frail elderly: a systematic review. Aging Clin Exp Res,
(2018) 30(8):689-99. doi: 10.1007/s40520-017-0863-2

10.3389/fspor.2024.1477796

for open access publishing: Corporacién Universitaria Minuto de
Dios, Medellin, Colombia.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Publisher's note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https//www.frontiersin.org/articles/10.3389/fspor.2024.
1477796/ full#supplementary-material

9. Lopez P, Taaffe DR, Newton RU, Galvao DA, Resistance exercise dosage in men
with prostate cancer: systematic review, mcta-analysis, and meta-regression. Med Sci
Sports Exerc, (2021) 53(3):459-69. doi: 10.1249/MSS5.0000000000002503

10. Winett RRA, Carpinelli RN. Potential health-related benefits of resistance
training. Prev Med. (2001) 33(5):503-13. doi: 10.1006/pmed.2001,0909

11. Zouita A, Darragi M, Bousselmi M, Sghaeir Z, Clark CCT, Hackney AC, et al,
The effects of resistance training on muscular fitness, muscle morphology, and
bady composition in clite (cmale athletes: a systematic review. Sporfs Med. (2023)
53(9):1709-35. doi: 10.1007/540279-023-01859-4

12. Gonzalez-Badillo ]], Sanchez-Medina L, Ribas-Serna J, Rodriguez-Rosell D.
Toward a new paradigm in resistance training by means of velocity moniloring: a
critical and challenging narrative. Sports Med Open. (2022) 8(1):118. doi: 10.1186/
540798-022-00513-z

13, Chandler T}, Stone MH. The squat exercise in athletic condilioning. Natl
Strength Cend Assoc J. (1991) 13(5):51-8. !

14. Chandler T], Wilson GD, Stone MH, The effect of the squat exercise on knee stability.
Med Sci Sports Exerc. (1989) 21(3):299-303. doi: 10.1249/00005768-198906000-00012

15. Chelly MS, Fathloun M, Cherif N, Ben Amar M, Tabka Z, Van Praagh E. Effects
of a back squat training program on leg power, jump, and sprint performances in
junior soccer players. J Strength Cond Res. (2009) 23(8):2241-9. doi: 10.1519/]SC.
0b013e3181bB6c40

16. Gee TI, Olsen D, Berger NJ, Golby ], Thompson KG. Strength and
conditioning practices in rowing. J Stremgth Cond Res. (2011) 25(3):668-82. doi: 10,
1519/]SC.0b013e3181e2el0e

17. Rojas-Jaramillo A, Leon-Sanchez G, Calvo-Lluch A, Gonzalez-Badillo JJ,
Rodriguez-Resell D. Comparison of 10% vs. 30% velocily loss during squat Lraining
with low loads on strength and si:lurl-speciﬁc performance in young soccer players.
Sports (Basel). (2024) 12(2). doi: 10.3390/sports12020043



Rojas-Jaramillo et al,

18. Stone MH, Hornshy WG, Mizuguchi §, Sate K, Gahreman D, Duca M, et al, The
use of free weight squals in sports: a narralive review—terminology and biomechanies.
Appl Sci. (2024) 14:1977-2005. dai: 10.3390/app14051977

19. Wilson GJ, Newton RU, Murphy AJ, Humphries BJ. The optimal training load
for the development of dynamic athletic performance. Med Sei Sports Exerc, (1993) 25
(11):1279-86. doi: 10.1249/00005768-199311000-00013

20, Zabaleta-Korta A, Fernandez-Pena E, Torres-Unda ], Garbisu-Hualde A, Santos-
Concejero ]. The role of exercise selection in regional muscle hypertrophy: a
randomized controlled trial. J Sports Sci, (2021) 39(20):2298-304. doi: 10.1080/
02640414.2021.1929736

21. Chelly MS, Cherif N, Amar MB, Hermassi §, Fathloun M, Bouhlel E, et al.
Relationships of peak leg power, 1 maximal repetition half back squat, and leg
muscle volume to 5-m sprint performance of junior saccer players. J Strength Cond
Res, (2010) 24(1):266-71. doi: 10.1519/]SC.0b013e3181c30298

22. Chelly MS, Hermassi §, Shephard R]. Relationships belween power and strength
of the upper and lower limb muscles and throwing velocity in male handball players.
I Strength Cond Res. (2010) 24(6):1480-7. doi: 10.1519/]SC.0b013¢3181d32(Mb{

23, Comfort P, Stewart A, Bloom L, Clarkson B, Relationships between strength,
sprint, and jump performance in well-trained youth soccer players. J Strength Cond
Res. (2014) 28(1):173-7. doi: 10,1519/]SC.0b013e318291b8c7

24. Franco-Marquez F, Rodriguez-Rosell D, Gonzalez-Suarcz JM, Pareja-Blanco T,
Mora-Custodio R, Yanez-Garcia JM, et al. Effects of combined resislance training
and plyometrics on physical performance in young soccer players. Int J Sporis Med,
(2015) 36(11):906-14. doi; 10,1055/5-0035-1548890

25, Loturce I, D'Angelo RA, Fernandes V, Gil S, Kobal R, Cal Abad CC, el al,
Relationship between sprint ability and loaded/unloaded jump tests in elite sprinters.
J Strength Cond Res. (2015) 29(3):758-64. doi: 10.1519/]SC.0000000000000660

26. Rodriguez-Raosell D, Franco-Marquez F, Pareja-Blanco F, Mora-Custodio R,
Yanez-Garcia JM, Gonzalez-Suarez JM, ct al, Effects of 6 weeks resistance training
combined with plyometric and speed exercises on physical performance of pre-
peak-height-velacity soccer players. Int [ Sports Physiol Perform. (2016) 11(2):240-6.
doi: 10.1123/ijspp.2015-0176

27, Speranza MJA, Gabbett TJ, Greene DA, Johnston RD, Sheppard JM. Changes in
rugby league tackling ability during a competitive season: the relationship with
strength and power qualitics. J Strength Cond Res, (2017) 31(12):3311-8. doi: 10.
1519/]SC.0000000000001540

28, Wisloff U, Castagna C, Helgerud |, Joncs R, Hoff J. Strong correlation of
maximal squat strength with sprint performance and vertical jump height in clite
soccer players. Br J Sports Med. (2004) 38(3):285-8, doi: 10.1136/bjsm.2002.002071

29, Case MJ, Knudson DV, Downey DL. Barbell squat relative strength as an
identifier for lower extremity injury in collegiate athlctes. | Strength Cond Res.
(2020) 34(5):1249-53. dei: 10.1519/]SC.0000000000003554

30. Owen A, Dunlop G, Rouissi M, Chtara M, Paul D, Zouhal H, et al. The
relationship between lower-limb strength and match-related muscle damage in elite
level professional European soccer players. | Sporfs Sci. (2015) 33(20):2100-5.
dof: 10.1080/02640414,2015,1064155

31. Pallares JG, Cava AM, Courel-Ibanez ], Gonzalez-Badillo ]J, Moran-Navarro R.
Full squat produces greater neuromuscular and functional adaptations and lower pain
than partial squats after prolonged resistance training. Enr ] Spor! Sci. (2020) 20
(1):115-24. doi: 10.1080/17461391.2019.1612952

32. Rodriguez-Rosell D, Torres-Torrelo |, Franco-Marquez F, Gonzalez-Suarez JM,
Gonzalez-Badillo J]. Effects of light-load maximal lifting velocity weight training vs.
combined weight training and plyometrics on sprint, vertical jump and strength
performance in adult soccer players. J Sci Med Sport. (2017) 20(7):695-9. doi: 10,
1016/j.jsams.2016,11.010

33. Rodriguez-Rosell D, Yanez-Garcia M, Mora-Custodio R, Pareja-Blanco F,
Ravelo-Garcia AG, Ribas-Serna J, et al. Velacity-based resislance training: impact of
velocity loss in the set on neuromuscular performance and harmanal respanse.
Appl Physiol Nutr Metab. (2020) 45(8).:817-28, doi: 10.1139/apnm-2019-0829

34. Tarres-Torrelo J, Rodriguez-Rosell D, Gonzalez-Badillo J), Light-load maximal
lifing velocity full squat training program improves important physical and skill
characleristics in fulsal players. J Sports Sci. (2017) 35(10):967-75. doi: 10.1080/
02640414.2016.1206663

35. Torres-Tarrelo J, Rodriguez-Resell D, Mora-Cuslodio R, Pareja-Blanco F,
Yanez-Garcia JM, Gonzalez-Badillo )], Effects of resistance training and combined
training program on repeated sprint ability in futsal players. Int J Sports Med,
(2018) 39(7):517-26. doi: 10.1055/a-0596-7497

36. Yanez-Garcia JM, Rodriguez-Rosell D, Mora-Custodio R, Gonzalez-Badillo JJ.
Changes in muscle strength, jump, and sprint performance in young clile basketball
players: the impacl of combined high-speed resistance training and plyometrics.
] Strength Cond Res. (2022) 36(2):478-85. doi: 10.1519/JSC.0000000000003472

37. Seitz LB, Reyes A, Tran TT, Saez de Villarreal E, Half GG. Increases in lower-
body strength transfer pusitively to sprint performance: a systemalic review with
meta-analysis, Sports Med. (2014) 44(12):1693-702. doi: 10.1007/540279-014-0227-1

38. Young W8, Transfer of strength and power training to sporls performance. Int
I Sporis Physiol Perform. (2006) 1(2):74-83. doi: 10,1123/ijspp.1.2.74

10.3389/spor.2024.1477796

39, Flores V, Becker J, Burkhardt E, Cotter ], Knee kinetics during squats of varying
loads and depths in recreationally trained women. J Strength Cond Res. (2020) 34
(7%:1945-52. doi: 10.1519/]SC.0000000000002509

40, Comfort P, McMahon JJ, Suchomel T. Oplimizing squal technique—revisiled.
Strength Cond J. (2018) 40(6):68-74, doi: 10.1519/85C.0000000000000398

41. Escamilla RP, Fleisig GS, Lowry TM, Barrentine SW, Andrews JR. A three-
dimensional biomechanical analysis of the squat during varying stance widths, Med
Sei Sports Exerc. (2001) 33(6):984-98. dei: 10.1097/00005768-200106000-00019

42. Escamilla RF, Fleisig GS, Zheng N, Lander JE, Barrentine $W, Andrews JR, et al,
Effects of technique variations on knee biamechanics during the squat and leg press.
Med Sci Sports Exerc, (2001) 33(9):1552-66. doi: 10.1097/00005768-200109000-00020

43. Hecker KA, Carlson LA, Lawrence MA. Effects of the safety squat bar on trunk
and lower-body mechanics during a back squat. J Strength Cond Res. (2019) 33(Suppl
1):545-51. doi: 10.1519/]SC.0000000000002912

44, Lorenzelti S, Ostermann M, Zeidler F, Zimmer P, Jentsch L, List R, et al. How to
squal? Effects of various stance widths, foot placement angles and level of experience
on knee, hip and trunk motion and loading. BMC Sporis Sci Med Rehabil. (2018)
10:14. dol: 10.1186/513102-018-0103-7

45. Whilling JW, Meir RA, Crowley-McHallan ZJ, Holding RC. Influence of
foolwear type on barbell back squat using 50, 70, and 90% of one repelition
maximum: a biomechanical analysis. | Strength Cond Res. (2016) 30(4):1085-92,
doi: 10.1519/]5C.0000000000001180

46, Appleby B, Newton RU, Cormie P, Changes in strength over a 2-year period in
professional rugby union players. J Strength Cond Res. (2012) 26(9):2538-46. doi: 10.
1519/]SC.0b013c31823(8bBG

47. Caterisano A, Moss RF, Pellinger TK, Woodrulf K, Lewis VC, Booth W, ¢t al.
The effect of back squat depth on the EMG activity of 4 superficial hip and thigh
muscles, J Strength Cond Res. (2002) 16(3):428-32. Available online at: https://www.
nebi.nlm.nih.gov/pubmed/12173958

48, Hartmann H, Wirth K, Klusemann M. Analysis of the load on the knee joint and
vertebral column with changes in squatting depth and weight load. Sports Med. (2013)
43(10):993-1008. doi: 10.1007/540279-013-0073-6

49. Hartmann H, Wirth K, Klusemann M, Dalie ], Matuschek C, Schmidibleicher D.
Influence of squatting depth on jumping performance, J Strength Cond Res. (2012) 26
(12):3243-61, doi: 10.1519/]SC.0b013e31824ede62

50. Wong del P, Tan EC, Chaouachi A, Carling C, Castagna C, Bloomficld J, ct al.
Using squat testing to predict training loads for lower-body exercises in elite karate
athletes, J Strength Cond Res, (2010) 24(11):3075-80. doi: 10.1519/]SC.0b013¢3181d65071

51. Bryanton MA, Kennedy MD, Carey )P, Chiu LZ. Effect of squat depth and
barbell load an relative muscular effort in squatting. J Strength Cond Res, (2012) 26
(10):2820-8. doi; 10,1519/]SC.0b013¢31826791a7

52, Clark DR, Lambert MI, Hunter AM. Muscle activation in the loaded frec barbell
squat: a brief review. J Stremgth Cond Res, (2012) 26(4):1169~78, doi: 10.1519/]SC.
0b013e318224533d

53. Wretenberg P, Feng Y, Lindberg F, Arboreilus UP, Joint moments of force and
quadriceps muscle activily during squatting exercise. Seand | Med Sci Sports. (1993) 3
(4):244~50. doi: 10.1111/}.1600-0838.1993.1b00369.x

54, Pallares |G, Hernandez-Belmonte A, Martinez-Cava A, Vetrovsky T, Stelll M,
Courel-Tbanez ]. Effects of range of motien on resistance training adaptations: a
systematic review and meta-analysis, Scand | Med Sci Sports, (2021) 31(10):1866-81,
doi: 10,1111/sms.14006

55, Brechter JH, Powers CM. Patcllofemoral joint stress during stair ascent and
descent in persons with and without patellofemoral pain. Gait Posture. (2002) 16
(2):115-23. dol: 10.1016/50966-6362(02)00090-5

56. Powers CM, Ho KY, Chen Y], Souza RB, Farrokhi §. Patellofemoral joint stress
during weight-bearing and non-weight-bearing quadriceps exercises. J Orthop Sports
Pltys Ther. (2014) 44(5):320-7, doi: 10.2519/jospt,2014.4936

57. Salem GJ], Pawers CM. Patellofemoral joint kinetics during squatting in
collegiate wamen alhletes. Clin Biomech (Bristol, Avon). (2001) 16(5):424-30.
doi: 10.1016/50268-0033(01)00017-1

58. Kompf ], Arandjelovic O. The sticking point in the bench press, the squat, and
the deadlift: similaritics and differences, and their significance for research and
practice. Sports Med, (2017) 47(4):631-40. doi: 10.1007/540279-016-0615-9

59. Escamilla RE. Knee biomechanics of the dynamic squat exercise, Med Sci Sperts
Exerc. (2001) 33(1):127-41. doi: 10,1097/00005768-200101000-00020

60. McGill 8. Core training: evidence translating to better performance and injury
prevention, Strengtle Cond J, (2010} 32(3):33-46. doi: 10,1519/58C.0b013e3181d{4521

61. Gene-Morales J, Gene-Sampedro A, Salvador R, Colado JC. Adding the load just
above sticking point using clastic bands optimizes squat performance, perceived elfort
rate, and cardiovascular responses. ] Sports Sci Med, (2020) 19(4):735-44. Available
online at: htips://www.ncbi.nlm.nih.gov/pubmed/33239948

62. Klein KK. A preliminary study of the dynamics of force as applied ta knee injury
In athletics and as related to the supporting strength of the involved musculature, Med
Sport. (1939) 13(7):327-34.



Rajas-Jaramillo et al.

63. Klein KK. The deep squat exercise as ulilized in weight training for athletics and
its effects on the ligaments of the knee. [ Assoc Phys Mental Rehab, (1961) 15(1):6-11,

64. Ferguson AB. Exercise for athletes, [ Bone Jofnt Surg. (1962) 44(6):1177-82.
doi: 10.2106/00004623-196244060-00012

65. Klein KK, Squats right. Scholastics Coach. (1962) 32(2):36-8.

66. Klein KK. The effect of parturition on ligament stability of the knee in female
subjects and its polential for traumatic arthritic change. Am Correct Ther |, (1972)
26(2):43-5, Available online at: https://www.nebi.nlm.nih,gov/pubmed/5039049

67. Clarke HH. Exercise and knee joint. Pliys Fitness Res Digest. (1976) 6(1):1-14,

68, Bloomquist K, Langberg H, Karlsen S, Madsgaard S, Boesen M, Raastad T. Effect
af range of mation in heavy load squatting on muscle and tendon adaptations, Eur
] Appl Physial, {2013) 113(8):2133-42. doi: 10.1007/s00421-013-2642-7

69. Kizilgoz V, Sivrioglu AK, Ulusoy GR, Aydin H, Karayol S§, Menderes U.
Analysis of the risk factors for anterior cruciate ligament injury: an investigation of
structural tendencies. Clin Imaging. (2018) 50:20-30. doi: 10.1016/j.clinimag.2017.
12.004

70. Misir A, Sayer G, Uzun E, Guney B, Guney A. Individual and combined
anatomic risk factors for the development of an anterior cruciate ligament rupture
in men: a multiple factor analysis case-control study. Am J Sports Med. (2022) 50
{2):433-40. doi: 10.1177/03635465211062594

71. Misir A, Uzun E, Sayer G, Guney B, Guney A. Anatomic factors associated with
the development of an anterior cruciate ligament rerupture in men: a case-control
study. Am J Sports Med. (2022) 50(12):3228-35. doi: 10.1177/03635465221120378

72. Kothurkar R, Lckurwale R, Gad M, Rathod CM. Estimation and comparison of
knce joint contact forces during heel contact and heel rise deep squalting. Indian
J Orthop, (2023) 57(2):310-8. doi: 10.1007/543465-022-00798-y

73. Kothurkar R, Lekurwale R, Gad M, Rathod CM. Finite element analysis of a
healthy knee joint at decp squalling for the study of tibiofemoral and
patellofemoral contact. J Orthop. (2023) 40:7-16. doi: 10.1016/}.jor.2023.04.016

74. Failla MJ, Arundale A, Logerstedt DS, Snyder-Mackler [.. Controversics in knee
rehabilitation: anterior cruciate ligament injury. Clin Sports Med. (2015) 34(2):301-12.
doi: 10.1016/j.csm.2014.12.008

75. Kotiuk V, Kostrub O, Blonskyi R, Podik V, Sushchenko L, How safe arc partial
squals after the anterior cruciale ligament reconsiruction? A finile element analysis.
Knee. (2023) 43:192-9. doi: 10.1016/j.knee,2023.06.014

76. Schlegel P, Agricala A, Fialovd D, Deep squal—should we be afrald? Studia
Sportiva, (2021) 15(1):26-33. doi: 10.5817/5t52021-]1-3

77. Lauersen )B, DBertelsen DM, Andersen LB. The effectiveness of cxercise
inlerventions to prevent sporls injuries: a systemalic review and meta-analysis of
randomised controlled trials. Br ] Sports Med. (2014) 48(11):871-7, dai: 10,1136/
bjsports-2013-092538

78. Riscart-Lopez ], Rendeiro-Pinho G, Mil-Homens P, Soares-daCosta R, Loturco 1,
Parcja-Blanco F, et al. Effects of four different velocity-based training programming
models on strength gains and physical performance. J Strength Cond Res. (2021) 35
(3):596-603. doi: 10.1519/]SC.0000000000003934

79. Rodriguez-Rosell D, Marlinez-Cava A, Yanez-Garcia M, Hernandez-Belmonte
A, Mora-Custodio R, Moran-Navarro R, et al. Linear programming produces greater,
earlier and uninterrupled neuramuscular and functional adaptations than daily-
undulating programming after velocity-based resistance training. Physiol Belav,
{2021) 233:113337. doi; 10.1016/j.physbeh.2021.113337

80. Tricco AC, Lillic E, Zarin W, O'Brien KK, Colquhoun H, Levac D, ctal. PRISMA
extension for scoping reviews (PRISMA-ScR): checklist and explanation, Ann Intern
Med. (2018) 169(7):467-73. doi: 10.7326/M18-0850

81. Khalil H, Bennett M, Godfrey C, McInerney P, Munn Z, Peters M, Evaluation of
the JBI scoping reviews methodolagy by current users, Int J Evid Based Healthe. (2020)
18(1):95-100. doi: 10.1097/XEB.00600000000000202

82. Khalil H, Pcters MD, Tricco AC, Pollock D, Alexander L, Mclnerney P, ct al.
Conducting high quality scoping reviews-challenges and solutions, J Clin Epidemiol,
(2021) 130:156-60. doi: 10.1016/}.jclinepi.2020.10.009

83, Peters MD], Marnie C, Tricco AC, Pollock D, Munn Z, Alexander L, et al,
Updated methodelogical guidance for the conduct of scoping reviews. JBI Evid
Synﬂl. (2020) 18(10):2119~26, doi: 10.11124/JBIES-20-00167

84. Rethlefsen ML, Kirtley 8, Waffenschmidt S, Ayala AP, Moher D, Page M), <t al,
PRISMA-5: an exlension to the PRISMA statement (or reporting lilerature searches in
systematic reviews. Syst Rev. (2021) 10(1):39. doi: 10.1186/513643-020-01542-2

85, Rethlefsen ML, Kirtley §, Waffenschmidt S, Ayala AP, Moher D, Page M], et al.
PRISMA-S: an extension 1o the PRISMA statement for reporting literature searches in
syslematic reviews. ] Med Libr Assoc. (2021) 109(2):174-200. doi: 10.5195/jmla.2021.
962

10.3389/fspor, 20241477796

86, Bunn PDS, Lopes TJA, Terra BS, Costa HF. Souza MP, Braga RM, el al.
Associalion belween movement patterns and risk of musculoskeletal injuries in
navy cadets: a cohort study, Phys Ther Sport. (2021) 52:81-9. doi: 10.1016/j.ptsp.
2021.08.003

87. Bunn PDS, Silva GP, Silva EB. Performance in the deep squat test and
musculoskeletal injuries: a systematic review. Fisioterapia em Movimento. (2018) 31,
doi: 10,1590/1980-5918,031.2026

88, Bushman TT, Grier TL, Canham-Chervak MC, Anderson MK, North W], Jones
BH. Pain on funclional movement screen Lests and injury risk. J Strength Cond Res.
(2015) 29(Suppl 11):565-70. doi: 10.1519/]SC.0000000000001040

89, Eckard T, Padua D, Mauntel T, Frank B, Pictrosimone L, Begalle R, et al.
Association between double-leg squat and single-leg squat performance and injury
incidence among Incoming NCAA division I athletes: a prospective cohort study.
Phys Ther Spori. (2018) 34:192-200. doi: 10.1016/j.ptsp,2018.10,009

90. Hllmeier G, Rechberger ]S, The limitations of anterior knee displacement during
different barbell squat techniques: a comprehensive review. J Clin Med. (2023)
12:2955. doi: 10.3390/jem12082955

91, Woll M, Androulakis-Korakakis P, Fisher F, Schoenfeld B, Steele J. Partial vs. full
range of molion resistance Iraining: a systematic review and mela- analysis. Int
] Strength Cond. (2023) 3:1. dok: 10.47206/ijsc.v3i1.182

92. Bushman T'T, Grier TL, Canham-Chervak M, Anderson MK, North WJ, Jones
BH. The functional movement screen and injury risk: association and predictive value
in active men. Am [ Sports Med, (2016) 44(2):297-304. doi: 10.1177/
0363546515614815

93, Gene-Morales ], Gene-Sampedro A, Salvador-Palmer R, Colade JC. Effects of
squatting with elastic bands or conventional resistance-training equipment at
different effort levels In post-exercise intraocular pressure of healthy men. Biol
Sport. (2022) 39(4):895-903. dal: 10.5114/biolsport.2022.109955

94. Todd T. Historical opinien: Karl Klein and the squat. Natl Streigth Cond Assoc J.
(1984) 6(3):26-31. doi: 10.1519/0744-0049(1984)006<0026:KKATS>2.3.CO;2

95. Aagaard P, Andersen JL. Effects of strength iraining on endurance capacity in
top-level endurance athleles. Scand ] Med Sci Sports, (2010) 20(Suppl 2):39-47.
dei: 10.1111/5.1600-0838.2010.01197.x

96. Aasa U, Svarthelm [, Andersson F, Berglund L. Injuries among weightlifters and
powerlilters: a systematic review, Br J Sperts Med, (2017) 51(4);211-9. doi: 10.1136/
bjsports-2016-096037

97. Bukhary HA, Basha NA, Dabel AA, Alsufyani RM, Alotaibi RA, Almadani SH.
Prevalence and pattern of injuries across the weight-training sparts. Curens. (2023) 15
(11):e49759. doi: 10.7759/cureus.49759

98. Zelle ), Barink M, Loeffen R, De Waal Malefijt M, Verdonschot N. Thigh-call
contact force measuremenls in deep knee flexion. Clin Biomech (Bristol, Avon).
(2007) 22(7):821-6. doi: 10.1016/j.clinbiomech.2007.03.009

99, Escamilla RF, Zheng N, Macleod TD, Imamura R, Wilk KE, Wang §, et al.
Patellaferneral jeint loading during the performance of the wall squat and ball
squal with heel-to-wall-distance variations. Med Sei Sports Exere, (2023) 55
(9):1592-600. doi: 10.1249/MSS.0000000000003185

100. Myer GD, Kushner AM, Brent ]L, Schoen(eld B], Hugentobler J, Llayd RS, et al.
The back squat: a proposed assessment of funclional deficits and technical factors that
limit performance. Stremgth Cond ] (2014) 36(6):4-27. dol: 10.1519/8SC.
0000000000000103

101. Kushner AM, Brent JL, Schoenfeld BJ, Hugentabler ], Lloyd RS, Vermeil A,
ct al. The back squat part 2: targcled training techniques to correet functional
deficits and technical facters that limit performance, Strength Cond J. (2015) 37
(2):13-60. doi: 10.1519/585C.0000000000000130

102, Cook G, Burten L, Hoogenboom BJ], Veight M. Functional movement
screening: the use of fundamental movements as an assessment of function-part 2.
Int | Sports Phys Ther. (2014) 9(4):549-63. Available online at: htips://www.ncbi.
nlm.nih.gov/pubmed/25133083

103. Cook G, Burton L, Hoogenboom BJ, Voight M. Functional movement
screening: the use of fundamental mevements as an assessment of function—part 1,
Int | Sports Plys Ther. (2014) 9(3):396-409. Available online at: https://wiww.ncbi.
nlm.nih.gov/pubmed/24944860

104. Gonzalez-Badillo JJ, Sanchez-Medina L. Movement velocity as a measure of
loading intensity in resistance lraining. Int | Sports Med. (2010) 31(5):317-52.
doi: 10.1055/s-0030-1248333

105, Newmire DE, Willoughby DS. Partial cempared with full range of motion
resistance training for muscle hypertraphy: a brief review and an identification of
potential mechanisms, J Strength Cond Res. (2018) 32(9):2652-64. doi: 10.1519/]SC.
0000000000002723



