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Abstract

Purpose This study analyzed the inter-session reliability of the parallel back squat during one-repetition-maximum (1RM)
testing in elite youth soccer players and to exploratorily evaluate the consistency with which the prescribed squat depth is
achieved.

Methods The sample comprised 47 male soccer players (age: 18.1+2.3 years, body mass: 72.4+7.7 kg, height: 1.83+0.06 m)
from German youth soccer academy teams competing in top junior leagues (U16-U19). The 1RM was assessed under
standardized conditions, with squat depth monitored using a hybrid marker- and silhouette-based motion capture system.
The inter-session reliability of 1RM load was quantified using the intraclass correlation coefficient (/CC). Systematic bias
between sessions was evaluated using a paired-samples #-test (with Cohen’s d for effect size). Within-session deviations from
the 90° squat-depth target were assessed using a one-sample ¢-test (with Cohen’s d for effect size).

Results The participants achieved an absolute 1RM of 94.9+13.7 kg (relative: 1.32+0.19). The 1RM test—retest (inter-ses-
sion) reliability regarding load lifted yielded an /CC of 0.970 (95% CI: 0.948—0.982), with a mean bias of 1.71 kg (P=0.018,
d=0.39). An explanatory analysis of the kinetic data from each participant’s best trial (within-session) showed that squat
depth deviations (thigh angle 89.7°+4.1°) did not differ significantly from the target depth of 90° (P=0.630, d=0.15), where
0° corresponds to full knee extension.

Conclusions This study’s parallel back-squat 1RM testing protocol in national-level male youth soccer players demonstrated
excellent load reliability. Squat depth may confound reliability, and its full impact on inter-session error warrants further
study; nonetheless, familiarization, skilled spotters, and practiced participants can help limit its effect.

Keywords Test-retest - Motion capture - Thigh angle - Technique - Performance testing - Performance variability -
Strength training - Soccer
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of injury, and directly impact overall performance levels
[3, 22, 26, 28]. A frequently utilized field-based approach
to evaluate an athlete’s force production capability is the
one-repetition maximum (1RM) strength test. The method
is defined as the maximal weight that can be lifted in a sin-
gle repetition, while maintaining proper lifting technique
[8, 17]. The 1RM test is favored for its simplicity and high
transferability to sport-specific movements in comparison
to other forms of maximal strength testing, such as isomet-
ric and isokinetic testing [11, 30, 35]. The squat exercise is
highly relevant for training and testing in sports [26], and
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correlates with the demands of athletic performances like
sprinting, jumping, and changes of direction [12, 14, 26,
217].

As with any method, 1RM squat testing is required to
produce reliable data to serve as a meaningful monitoring
tool for tracking changes over time [1, 10]. A recent meta-
analysis reported that one-repetition-maximum (I1RM)
testing demonstrates good to excellent test—retest reliabil-
ity (ICC 0.64 to 0.99) [7]. However, given that the review
encompassed studies evaluation objectivity in addition to
test—retest reliability, the reported figures should be inter-
preted with appropriate caution. Moreover, only two of the
32 included studies specifically addressed the test-retest
reliability of the parallel free-weight back squat [7]. One
investigation yielded an /CC of 0.85 (95% CI 0.40 to 0.95)
with a standard error of measurement (SEM) of 11% [2],
while the other reported an /CC of 0.99, a smallest detect-
able difference of 5.52% (7.28 kg), and an SEM of 2.49 kg
[5]. Despite the absence of discernible systematic bias,
Bland—Altman analysis disclosed limits of agreement of
+10 kg, equivalent to nearly 10% random error around a
mean 1RM of 130+30 kg [5]. Such considerable variabil-
ity can substantially compromise the precision of training-
intensity, which are predicated on the accurate measurement
IRM. Therefore, it is imperative to identify and mitigate the
factors contributing to this random error in order to ensure
protocol reliability.

Random error [10], can stem from factors such as moti-
vation level, fatigue or recovery status, testing protocol, and
learning effects, all of which have the capacity to systematic
errors. These systematic errors refer to consistent deviations,
such as, in this particular instance, in squat depth. Research
has demonstrated that the weight lifted is highly dependent
on the depth of the squat, with shallower squats enabling
heavier loads [9, 13]. A systematic error may emerge if
squat depth is not uniformly prescribed or controlled for,
such as through markers or clear instructions. Participants
may unconsciously adjust their squat depth across trials,
potentially choosing shallower squats as the load increases,
which could reduce the comparability of repetitions. Ran-
dom error, however, involves unintentional, minor varia-
tions in squat depth, such as slight deviations due to fatigue
or distraction, without a consistent pattern. Therefore, stan-
dardizing squat depth is imperative. Conversely, a lack of
standardization can also lead to inconsistent squat depths
within athletes, potentially introducing random error. This
is particularly salient given the inherent challenges in pre-
cisely controlling squat depth during 1RM testing, which is
heavily influenced by participants’ biomechanics and tech-
nical proficiency [6, 9, 24].

The back squat is frequently utilized as a standard per-
formance assessment in elite sports, yet there is a paucity
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of data regarding its inter-session reliability, which compli-
cates the evaluation of true performance changes over time.
Furthermore, squat depth has been identified as a potential
moderator of measurement consistency. The objective of
this study is twofold: first, to ascertain the inter-session reli-
ability of the parallel back squat during 1RM testing in elite
youth soccer players; and second, to make an exploratory
assessment of the within-session consistency in achieving
the prescribed squat depth.

Methods

The assessment protocol entailed the determination of 1IRM
in the parallel back squat on two separate occasions, with
a recovery period of seven days between testing sessions.
All testing sessions were supervised, and squat depth was
evaluated using a marker-based optical motion sensing sys-
tem. While the participants were accustomed to 1RM paral-
lel back squat testing due to their regular training routines,
two familiarization sessions were conducted to introduce
them to the specific testing conditions of the study, includ-
ing the use of motion-tracking markers. Testing took place
during the final stages of pre-season training, with each ses-
sion replacing the participants’ routine training. In effort to
mitigate potential confounding variables such as fatigue and
recovery status, the participants were instructed to abstain
from engaging in fatiguing training sessions for at least
three days prior to testing. They were instructed to main-
tain proper nutrition and hydration, obtain sufficient sleep,
and consume their habitual daily amount of caffeine (while
avoiding any additional caffeine intake within two hours
before testing). Additionally, they were asked to eat a self-
selected, but nutritionally appropriate, meal approximately
two hours before each testing session. Testing times were
also standardized to eliminate circadian variations.

Subjects

National-level male youth soccer players (Tier 3) [20] were
recruited for this study. Participants were selected from a
youth soccer academy and represented three teams com-
peting in the highest German junior divisions (U16, U17
and U19 national leagues). This categorization designated
them as elite athletes [19]. After applying exclusion crite-
ria (illness, injury, technical inability to perform a parallel
back squat, n=5), 47 participants remained. This sample
size not only exceeds the minimum of 30 recommended
for reliability studies by Koo & Li [16] but also approaches
the =50 suggested by Hopkins [10] for reliability stud-
ies; and providing substantially greater statistical power
than the minimal sample size (n=6 to 16) estimated from
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our /CC-based power calculation (/CC range: 0.60—0.99;
1-$=0.95; a=0.05) [31]. The group characteristics, pre-
sented as mean=standard deviation (SD), were as follows:
height, 1.83+0.06 m; body mass, 72.4+7.7 kg; and age,
18.1£2.3 years. All participants had been playing soccer
since early childhood and had moderate strength training
experience, defined as at least one session per week for a
minimum of one year. None of the participants reported any
injuries at the time of testing. Prior to participating in the
study, all participants and, for those under the age of 18,
also their parents, were informed of the experimental risks
associated with the research and provided written informed
consent to participate in the present study. Excluded par-
ticipants were still able to continue with the training with-
out any disadvantages. Ethical approval for the study was
granted by the institutional review board at the German Uni-
versity of Health and Sport (DHGS-EK-2021-002), and all
procedures were conducted in accordance with the Helsinki
Declaration.

Maximum Strength Test

Maximal strength of the participants was assessed using the
IRM in the high-bar parallel back squat, performed with
a 20-kg barbell positioned on the musculus trapezius pars
descendents. The testing was conducted in accordance with
the guidelines established by Haff, Triplett [8]. Participants
completed a standardized warm-up consisting of two sets:
the first set comprised eight repetitions at about 30% of
the one-repetition maximum, followed by six repetitions at
about 60% of the one-repetition maximum. Because a direct
1RM determination was not feasible prior to warm-up, each
participant’s 1RM was estimated from their most recent
submaximal training loads (6—8RM, familiarization), from
which the warm-up loads were then derived. Correct move-
ment execution required participants to initiate the squat
from an upright position, flex their knees and hips while
maintaining a straight back to achieve a deep squat with cor-
rect form, and return to the starting position. A standardized
squatting depth was enforced, defined as the top of the thigh
reaching parallel to the ground. The foot positioning and
eccentric velocity were individualized for each participant.
To ensure consistency across both testing sessions, each par-
ticipant’s stance, foot angle, bar placement, descent tempo,
and all other testing conditions were kept identical, thereby
confirming that no protocol changes influenced test-retest
reliability. An attempt was deemed invalid if the trained
spotter, a certified strength and conditioning specialist with
over 10 years of experience in maximal strength testing,
identified technical errors, such as back rounding, knee
or ankle collapse, or bouncing movements. Based on his
own experience meaning without real-time motion capture

feedback, the spotter gave a verbal cue once the desired
squat depth was achieved. Initial attempts began with a
load of approximately 90%—-95% of the estimated 1RM, as
determined during familiarization sessions. The load incre-
mentally increased (2.5-5.0 kg), after each successful lift,
continuing until the participants could no longer lift the load
with proper technique. Rest periods of at least 5 min were
provided between trials, and 1RMs were achieved within
a maximum of 5 attempts. The highest successfully lifted
load after two consecutive failed attempts was recorded as
the participants’ 1RM. Strong verbal encouragement was
provided throughout all tests from the spotter to promote
maximal effort. To evaluate relative strength, the body-
weight-relative 1RM was calculated by dividing the abso-
lute 1RM load by the participant’s bodyweight.

Motion Tracking

The participants’ movements were meticulously recorded
using a set of six mvBlueCOUGAR-XD cameras (Baumer
Group, Germany), strategically positioned around the par-
ticipants to ensure comprehensive coverage. These cameras
operated at a high frame rate of 100 Hz, enabling the capture
of detailed motion data. A hybrid model with a combination
of silhouette- and marker-based models was used for motion
tracking (Simi Motion & Shape, SIMI Reality Motion Sys-
tems GmbH, UnterschleiBheim, Germany). A full-body set
of reflective markers was strategically positioned at the fol-
lowing anatomical landmarks: calcaneus, medial and lateral
malleoli, tip of the big toe, shank, medial and lateral femo-
ral epicondyles, thigh, greater trochanters, anterior superior
iliac spines, L4/L5, processus xiphoideus, and sternum.
The three-dimensional thigh angle was calculated from the
vector connecting the greater trochanter marker to the mid-
point of the medial and lateral femoral epicondyle markers,
with the angle calculated relative to the vertical (0°=full
knee extension). The maximum value of the sagittal-plane
component was used to quantify maximum squat depth. All
kinematic analyses were conducted on each participant’s
single best 1RM trial.

Statistical Analyses

The data were analyzed using R and Excel365 (Microsoft
Corp., Redmond, WA, USA), with the level of significance
set at P <0.05. The Shapiro—Wilk test was used to check
the normal distribution of data. To quantify the test—retest
reliability of the 1RM across both testing days, the intra-
class correlation coefficient (/CC) was calculated. The clas-
sification thresholds for /CC, as proposed by Koo & Li [16],
were adopted as follows: poor: <0.50, moderate: 0.50-0.75,
good: 0.75-0.90, and excellent:>0.90. In addition to /CC,
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several metrics were computed to evaluate measurement
error and variability, including the paired #-test with effect
size (Cohen’s d), coefficient of variation (CV), standard
error of measurement (SEM), typical error (TE), mean
absolute error (MAE), and mean absolute percentage error
(MAPE) [10, 15, 25, 29, 33, 34]. To analyze deviations in
squat depth on each participant’s single best 1RM trial, the
one-sample #-test against a fixed value, along with MAE,
MAPE, and CV, were used to quantify how much the actual
depths deviate from the desired parallel back squat depth.
To control for potential dependencies of the deviations on
squat depth, a Spearman test was conducted, which is suit-
able for non-parametric data.

Results

The participants performed a 1RM parallel back squat
with an absolute load of 94.9+13.7 kg, corresponding to
a bodyweight-relative 1RM of 1.32+0.19. The test-retest
reliability between the two testing conditions (Day 1 vs.
Day 2) demonstrated excellent consistency, with an /CC of
0.970 (95% CI: 0.948-0.982). The mean bias was 1.71 kg
(P=0.018, d=0.39). The CV was determined to be 3.34%,
while the SEM was reported as 3.13 kg, and the TE with
3.34%. The MAE was calculated at 2.68+3.90 kg, while
the MAPE was 3.1%+4.64%. Figure | presents an example
thigh angle curve of participant 004, who performed a maxi-
mum parallel back squat with 105 kg.

Figure 2 illustrates the descriptive analysis of the thigh
angle distribution, represented through a density plot com-
bined with a boxplot and jittered data points (assumed to
be normally distributed). The density plot was generated
using a kernel density estimation with a Gaussian kernel,
with the bandwidth determined automatically via Silver-
man’s rule of thumb. This methodological approach yielded

a smoothed, continuous representation of the thigh angle
data distribution.

In order to examine potential deviations related to strength
performance, a Shapiro—Wilk test was performed to assess
bivariate normality. The results of this analysis indicated
that the data were not normally distributed (P<0.05). Con-
sequently, a Spearman correlation analysis was conducted,
revealing no significant correlation between strength perfor-
mance and thigh angle deviations, with »=0.173, P=0.251
for 1IRM. Similarly, no significant correlations were found
for bodyweight-relative 1RM (see Fig. 3).

Thigh angle data (from best 1RM) exhibited to a normal
distribution, as indicated by a Shapiro—Wilk test (P>0.05).
A one-sample #-test was conducted against a fixed value
of 90°, yielding 7(45,=0.485, P=0.630, d=0.15. The mean
thigh angle observed was 89.7°+4.1°, indicating no signifi-
cant or meaningful discrepancy between the observed and
target angles. The results of the statistical analysis for the
t-test, MAE, MAPE and CV are summarized in Table 1.

Discussion

The present study sought to ascertain the inter-session reli-
ability of the parallel back squat during 1RM testing in
youth soccer players. To this end, the study quantitatively
analyzed the data and, in an exploratory manner, assessed
within-session consistency in achieving the prescribed
squat depth. The 1RM protocol exhibited excellent reliabil-
ity in a sample of 47 players from an elite population. A
hybrid marker- and silhouette-based motion-capture system
was employed to quantify deviations from the target depth
measured during each participant’s best trial. This analysis
revealed only minor, random rather than systematic, depth
errors, further reinforcing the test’s reliability.

The reliability outcomes of this study (/CC: 0.970, 95%
CI: 0.948-0.982) are consistent with those of prior research,
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Fig. 2 Density plot of thigh angle
distribution on each participant’s
single best IRM trial with a box-
plot and jittered data points. Data
points are coded from light grey
to black according to 1RM values.
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Table 1 Descriptive statistics and confidence intervals for squat depth
analysis metrics on each participant’s single best 1RM trial

Metric Value+standard  95%

deviation confidence
interval

Mean Difference (°) 0.3+4.1 -09to 1.5

Mean Absolute Error (°) 33+24 23t04.3

Mean Absolute Percentage Error ~ 3.7+2.6 2.6t04.8

(%)

Coefficient of Variation (%) 4.5 32t05.9

including the review by Grgic et al. [7]. Furthermore, the
present study demonstrated a mean absolute error (MAE) of
2.68+3.39 kg and a mean absolute percentage error (MAPE)
of 3.1%+4.6%. Considering practical contexts where
weight adjustments are typically made in increments of at
least 2.5 kg, these observed error magnitudes can be consid-
ered marginal and of limited practical relevance. However,
it is imperative to note that reliability assessments cannot be
universally generalized and must (a) be interpreted within
their specific context [16] and (b) be viewed as protocol
reliability in the specific setting. Therefore, the utilization
of extant research findings to substantiate the reliability of
one’s own meticulous methodologies is considered inap-
propriate; it can only serve as a limited approximation.
Furthermore, as noted by Grgic et al. [7], Hopkins [10] and
Atkinson & Nevill [1], ICCs reflect relative reliability but
fail to capture systematic and random error sources critical
for clinical relevance. Therefore, reporting additional reli-
ability indices is essential to address these limitations [1,
10]. In this context, previous studies have documented sub-
stantial measurement errors in ultrasound imaging [18] and
velocity-based 1RM predictions [32].

However, the influence of individual variability in squat-
ting depth has not been previously investigated. While that
the discrepancy identified in the present study is less sub-
stantial than the 5% discrepancy documented in the review
by Grgic et al. [7], further research is necessary to elucidate
the impact of these deviations on load control during train-
ing monitoring and on the validity of 1RM testing under
practical considerations. In practice, the identification and
standardization of potential confounding variables is criti-
cal. Squat depth represents one such factor, as research dem-
onstrated a strong correlation between squat depth and the
load lifted, with shallower squats allowing for heavier loads
[9, 13]. The study’s data revealed non-significant and trivial
deviations from the prescribed squat depth of 0.3°+4.1°.
These deviations, possibly influenced by the load being
lifted, may contribute to the observed discrepancies between
repeated 1RM test attempts. This study demonstrates that,
despite efforts to control such factors such as the implemen-
tation of familiarization protocols, variations within a squat
can still occur. However, it is important to note that this error
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cannot be attributed solely to execution; marker placement
and tracking also introduce variability [4]. Scatter plots and
non-significant correlations confirmed that the observed
deviations represented random, non-systematic errors. This
lack of systematicity poses a significant challenge to their
management in practical training environments, underscor-
ing the importance of familiarity with the exercise to ensure
consistent squat depth. This is critical not only for untrained
individuals but also for moderately trained participants,
as highlighted by this study. Even for trained individuals,
whose performance improvements tend to follow a satura-
tion curve over time [14, 21, 23, 28], consistent monitoring
and adherence to proper technique are essential for accurate
assessments and interpretations of performance changes.
When these conditions are met, the observed unsystematic
errors are considered to be of minimal clinical relevance
and exert a negligible impact on reliability, thus enabling
accurate evaluation of performance changes through 1RM
testing. For longitudinal studies, it is imperative to not only
measure and report reliability metrics but also to interpret
observed performance changes within the context of these
reliability data. This approach is intended to ensure a more
accurate understanding of training-induced developments,
both at the group level and for individual athletes. When
dealing with testing protocols that exhibit greater vari-
ability than the changes in 1RM load, adjustments based
on reliability data can provide a more comprehensive set
of insights, which becomes increasingly relevant the more
advanced the athletes as they experience smaller perfor-
mance improvements. Methods such as correction for atten-
uation, regression-based correction of changes, or defining
uncertainty thresholds may be considered in this context.
These approaches can help refine the interpretation of lon-
gitudinal changes, particularly in scenarios where measure-
ment error could obscure meaningful progress. However,
it is important to note that corrections solely relying on
metrics like the /CC may underestimate significant errors,
emphasizing the need for cautious application and compre-
hensive analysis. Additionally, this study’s findings serve
to mitigate concerns that inadequate supervision or limited
time capacity might lead to erroneous movement execution
at maximal loads.

This study instated a trained spotter and recorded no inju-
ries or other discomforts. This demonstrates that, with the
right preconditions, 1RM testing can be conducted in a safe
and effective manner, even with a single supervisor in large
group settings. However, this reduction in injury risk may
only be assumed for settings with highly experienced spot-
ters and at least moderately-experienced athletes.

This study is not without limitations. Since squat depth
and 1RM load are inversely related to one another, it seems
reasonable to assume that deviations from a desired depth
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may result in fluctuations in 1RM load. However, other
factors such as movement proficiency influence the 1RM
load as well. While the subjects were accustomed to this
type of testing, the athletes cannot be considered highly
strength-trained and experienced in such a way that learn-
ing effects can be ruled out, especially as the later session
yielded slightly higher I1RM loads. Additionally, while this
study’s 1RM load reliability was determined in inter-ses-
sion comparisons, deviations from the desired squat depth
were analyzed using only the data from each participant’s
single best IRM trial. This limits the possibility to quantify
a potential impact of random deviations from the desired
depth on the load lifted. Another factor that may have influ-
enced the results of the depths deviations is the interplay
between spotter and athlete because whether an athlete hits
the correct depth is not solely dependent on the accuracy of
the spotter but also on how fast the athlete acts on the verbal
signal to reverse the movement.

In summary, the 1RM protocol demonstrated excellent
reliability and can be used in practice as a robust tool for
monitoring performance changes over time. This study miti-
gated potential confounding factors by selecting moderately
strength-trained participants, ensuring adequate sample size,
controlling for adequate recovery, and implementing famil-
iarization protocols [10]. Notwithstanding these efforts, the
significant enhancement in performance evident on Test
Day 2 indicates the potential presence of a learning effect,
despite the participants’ moderate strength training experi-
ence and prior familiarization sessions. While the practical
relevance of this effect appears to be small in the present
cohort, larger effects can be expected in less experienced
or untrained individuals. Therefore, the inclusion of famil-
iarization sessions is strongly recommended when assess-
ing maximal strength to minimize the influence of learning
effects. Squat depth may act as a confounding variable, and
whether these minor deviations fully explain inter-session
reliability errors remains to be determined in future studies.
However, sufficient familiarization sessions, experienced
spotters, and well-practiced participants can help mitigate
its impact.

Conclusion

This study’s parallel back squat 1IRM testing protocol in
national-level male youth soccer players yielded excellent
test—retest reliability, illustrating that it can be suitable for
inclusion in standardized performance test batteries in elite
sport. It should, however, be kept in mind that a reliable
test protocol must be established prior to the data collec-
tion. To further enhance the accuracy of maximal strength
assessment, particularly in less experienced athletes, it

is recommended to incorporate familiarization trials and
provide technical coaching. This is especially important
because squat depth may act as a confounding variable and
should be standardized to ensure precise measurements.
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