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Introduction
Maximal strength is considered a critical component of 
athletic performance in a multitude of sports disciplines 
[1]. In cross-country skiing and the skiing segment of 
biathlon, upper-body strength has become a particu-
larly crucial element [2–4]. Recent advancements in 
these sports, including the introduction mass starts and 
sprint events, have led to higher competition speeds and 
elevated the importance of techniques like G3 skating 
and double poling [3, 5]. These high-speed techniques 
rely heavily on poling for propulsion, necessitating that 
athletes produce considerable upper-body maximal 
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Abstract
Introduction  In recent years, load-velocity profiles (LVP) have been frequently proposed as a highly reliable and valid 
alternative to the one-repetition maximum (1RM) for estimating maximal strength and prescribing training loads. 
However, previous authors commonly report intraclass correlation coefficients (ICC) while neglecting to calculate the 
measurement error associated with these values. This is important for practitioners, especially in an elite sports setting, 
to be able to differentiate between small but significant changes in performance and the error rate.

Methods  49 youth elite athletes (17.71±2.07 years) were recruited and performed a 1RM test followed by a load-
velocity profiling test using 30%, 50% and 70% of the 1RM in the bench press and bench pull, respectively. Reliability 
analysis, ICCs and the coefficient of variability, were calculated and supplemented by an agreement analysis including 
the mean absolute error (MAE) and mean absolute percentage error (MAPE) to provide the resulting measurement 
error. Furthermore, validity analyses between the measured 1RM and different calculation models to estimate 1RM 
were performed.

Results  Reliability values were in accordance with current literature (ICC = 0.79–0.99, coefficient of variance 
[CV] = 1.86–9.32%), however, were accompanied by a random error (mean absolute error [MAE]: 0.05–0.64 m/s, 
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strength and power to generate high peak forces within 
short contact times. This enhances the cycle length, 
which ultimately contributes to increase maximal veloci-
ties and competitive success [3, 4, 6]. The ability to exert 
high muscle forces is commonly improved via resistance 
training, with training intensity typically being quanti-
fied in relation to maximal strength [7]. Accordingly, 
upper-body pulling and pushing exercises, such as the 
bench press and bench pull, have become fundamental 
in high-performance training programs, to facilitate the 
necessary neural and morphological strength adapta-
tions [8]. In accordance with the current literature, inten-
sities ranging from 80 to 100% of the dynamic maximal 
strength are recommended when aiming to improve the 
maximal strength strength-trained athletes [7, 9, 10]. 
To ensure sufficient load and load progression (2–10%) 
to optimally stimulate muscular adaptions without an 
increased risk for injury, an accurate assessment of maxi-
mal strength is imperative [11, 12].

The One-Repetition Maximum (1RM) test has histori-
cally been regarded as the “gold standard” for assessing 
dynamic maximal strength. The term is defined as the 
maximal weight that can be lifted in a single repetition, 
while maintaining proper lifting technique [12]. In gen-
eral, the 1RM is considered as a reliable method for esti-
mating maximum strength in adults, with reported ICCs 
ranging from 0.64 to 0.99, with a median value of 0.97, 
and 92% of the ICCs reported higher than 0.9 [13, 14]. 
Nevertheless, those who are critical of 1RM tests argue 
that maximum strength values are subject to consider-
able variability, contingent on the athlete’s daily form or 
a lack of familiarity with 1RM testing in the intended 
exercises [15]. Indeed, to ensure reliable and safe 1RM 
testing, it appears essential to include strength-trained 
participants to meet the requirements for reliable and 
valid maximal strength estimations via the 1RM testing 
[11]. Furthermore, practical limitations have been identi-
fied in large group settings [16, 17], with concerns that 
inadequate supervision and limited time capacity may 
lead to incorrect movement execution at maximal loads, 

as well as infrequent strength testing, thereby increasing 
the risk of injury [17, 18].

In recent years, velocity-based training (VBT) meth-
ods have been proposed as an accessible, accurate, and 
precise alternative to overcome the limitations associ-
ated with traditional 1RM testing [16, 18–21]. Central 
to VBT is the assumption of a linear, inverse relationship 
between load and movement velocity, known as the load-
velocity profile (LVP), which extends to terminal velocity 
at maximum load [16, 22, 23]. By employing technology 
(e.g., linear position transducers, optical motion sens-
ing systems, accelerometers) VBT tracks bar displace-
ment velocity during exercises to extrapolate 1RM and 
autoregulate exercise intensity and volume in real-time, 
accounting for neuromuscular fatigue through veloc-
ity loss [20, 24, 25]. Consequentially, this approach war-
rants precise and accurate velocity measurements, with 
sufficient sensitivity and minimal bias, to detect small 
yet meaningful changes in the biological system [23, 26]. 
VBT methods demonstrate high reliability (ICC = 0.65–
0.99) for resistance training load control across various 
populations [19, 22, 27–29]. Other studies have generally 
supported the use of LVPs to estimate 1RM and %1RM 
across various exercises [22, 30–32], though evidence 
suggests that LVPs are exercise-specific [16, 24, 32], may 
vary by sex [33], and are influenced by individual factors 
such as biomechanics, muscle fiber type, and therefore 
training history [34–38]. However, most research has 
been conducted on small samples (n = 6 to 30) of recre-
ationally trained males, limiting its applicability to elite 
sports settings. Given the suggested benefits of VBT, sev-
eral authors have recommended incorporating VBT and 
LVPs into diagnostic and daily training practice [28, 39]. 
However, Goldsmith, Trepeck [40] caution against poten-
tial pitfalls, such as inappropriate statistical modeling or 
the lack of a true criterion for agreement assessment in 
previous literature, which may limit the practical utility 
of VBT for exercise prescription and autoregulation due 
to significant measurement errors and poor agreement.

To the best of the authors’ knowledge, to date no 
study investigated LVPs and extrapolated 1RMs within 

mean absolute percentage error [MAPE]: 2.7–9.5%) arising from test-retest measurement. Strength estimation via the 
velocity-profile overestimated the bench pull 1RM (limits of agreement [LOA]: -9.73 – -16.72 kg, MAE: 9.80–17.03 kg, 
MAPE 16.9–29.7%), while the bench press 1RM was underestimated (LOA: 3.34–6.37 kg, MAE: 3.74–7.84 kg, MAPE: 
7.5–13.4%); dependent on used calculation model.

Discussion  Considering the observed measurement error associated with LVP-based methods, it can be posited 
that their utility as a programming strategy is limited. The lack of accuracy required to discriminate between small 
but significant changes in performance and error, coupled with the potential risks of under- and overestimating 1RM, 
can result in insufficient stimulus or increased injury risk, respectively. This further diminishes the practicality of these 
methods, particularly in elite sports settings.

Keywords  Maximum strength, Elite athletes, Prediction, Reliability, Measurement
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a setting of highly trained endurance athletes. However, 
due to the growing relevance of upper body strength and 
power capacity in cross-country skiing and biathlon and 
VBT approaches entering performance diagnostics in the 
elite sports domain [21], this research gap presents prac-
tical interest. Accordingly, this study explores relative 
reliability values arising from test-retest data collection 
and additionally provides values for the systematic and 
random error. Furthermore, the work compares the mea-
sured 1RM value from maximal dynamic strength testing 
with the calculated value using suggested velocity thresh-
olds extracted from literature [41]. Only the quantifica-
tion of the magnitude of measurement errors enables the 
differentiation between practical significant changes in 
performance between repeated trails and error rate. Due 
to advocated high practical relevance of velocity based 
maximal strength estimation, a strong agreement with 
minimal measurement error arising from test-retest reli-
ability as well as the estimated maximal strength versus 
the measured 1RM can be hypothesized.

Methods
Participants
Forty-nine national-level (Tier 3 [42]) youth cross-coun-
try skiers and biathletes (male, n = 25; female, n = 24; 
age: 17.71±2.07 years; height: 1.73±0.1  m, body mass: 
62.36±9.56 kg, VO2max: 65.7 ± 6.8 ml•kg− 1•min− 1) insur-
ing adequate sample size were recruited from two high-
performance training centers [43]. Participants were 
consistently ranked among the top 30 in their respec-
tive national and international competition classes and 
can therefore be defined as elite [44]. In addition to their 
endurance training (6–12 session for 8.5–16.5 h training/
week), the participants performed 1–2 resistance train-
ing sessions per week regularly (1.5–3 h training/week). 
Their respective strength training experiences ranged 
from 0.5 to 4 years. None of the participants reported 
any injuries at the time of testing. Participants and their 
parents (if the participants were younger than 18 years) 
were informed about the study’s objectives and pos-
sible risks and provided written informed consent. This 
study was performed in accordance with the Helsinki 
Declaration and was approved by the Universities Eth-
ics Committee (German University of Health and Sport, 
DHGS-EK-2023-004).

Testing procedure
The assessment protocol comprised the determination 
of 1RM in both bench press and bench pull followed by 
maximal power attempts at submaximal loads to set up 
the corresponding load-velocity profile. The testing order 
for bench press and bench pull remained the same dur-
ing the complete protocol. Verbal encouragement was 
provided to athletes throughout all tests to stimulate 

maximal effort. All participants were experienced in per-
forming the included resistance training exercises as part 
of their regular training routine.

One week prior to the testing session the participants 
performed the following routine to estimate their current 
1RM: Three sub-maximal sets, with increasing load: 10 
repetitions at approx. 40%, 6 repetitions at approx. 75%, 
and 3 repetitions at approx. 85% of the estimated 1RM 
from training loads. Then, two heavier, almost maximal 
lifts were performed to estimate 1RM.

To minimize potential confounding factors, partici-
pants exercised for a maximum of ninety minutes at low 
intensities (< 75% of maximum heart rate) the day before 
the testing. They were instructed to avoid eating and 
consuming coffee, or other products containing caffeine 
during the last 2 to 3 h before testing. On test days, par-
ticipants refrained from performing any training before 
testing.

Maximal strength determination via 1RM
1RM testing in both bench press and bench pull was 
conducted in accordance with the guidelines established 
by the National Strength and Conditioning Association 
[45]. A standardized protocol was conducted, includ-
ing 10-minute warm-up on a cycle ergometer, followed 
by multiple repetitions with submaximal loads (3 sets 
of 6–8 repetitions at 50–80% of 1RM for each exer-
cise). The initial attempts for both exercises involved a 
load of approximately 90–95% of the estimated 1RM. 
After each successful attempt, the load was increased by 
2–5% until participants were unable to press or pull the 
load with proper technique. Following two consecutive 
unsuccessful attempts, the highest accepted attempt was 
considered for further calculation. During all attempts 
the participants were instructed to perform the con-
centric phase of the exercise with maximal acceleration 
and speed. Rest periods of at least 5 min were observed 
between trials. 1RMs were determined within a maxi-
mum of 5 attempts. All 1RM testing was supervised by 
the same investigator and conducted on the same equip-
ment with identical equipment positioning for each 
subject.

Correct movement execution required a 5-point body 
contact position which included maintaining firm con-
tact with the head, upper back, and buttocks on the 
bench while keeping both feet flat on the ground. Dur-
ing the eccentric phase, gentle contact of the barbell with 
the chest was permitted. If the chest movement aided the 
execution, the attempt would be considered unsuccessful. 
The end position was defined by fully extended elbows at 
the end of the concentric movement [46].

In the prone bench pull, the examiner visually ensured 
confirmed straight arm positioning as participants 
grasped the barbell. Arm flexion was initiated from the 
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extended position and the movement was considered 
finalized when the barbell touched the bench with an 
elbow angle of ≤ 90° [47]. For a successful trial, the chest 
and lower extremities were required to maintain in con-
tact with the bench.

Load-velocity profile with submaximal loads
The LVP was determined using loads corresponding to 
30%, 50%, and 70% of the previously determined 1RM. 
This selection was chosen based on prior literature sug-
gesting that maximal power output may manifest within 
this range [30, 31]. During power testing, participants 
were instructed to exert maximum force and speed dur-
ing the concentric phase of the respective movement. 
A brief rest period (approximately 1  s) followed the 
eccentric and preceded the concentric muscle actions 
to prevent coupling between eccentric and concen-
tric movements. Two concentric actions were recorded 
for each load. The rest interval between each trial was 
2  min. Bar displacement, mean concentric velocity, and 
both peak and mean concentric power were captured by 
attaching a rotary encoder (Tendo Unit, TENDO Sport, 
Trencin, Slovak Republic) to one end of the barbell. The 
rotary encoder precisely recorded the position and direc-
tion of the bar, with an accuracy of 0.3 mm. Customized 
software was employed to compute power output for 
each repetition of the bench press performed through-
out the range of motion. The TENDO Unit device was 
described a reliable device when measuring average and 
peak bar velocities [32].

1RM calculation based on the velocity profile
Based on the velocity profile at 30%, 50% and 70% of the 
1RM the estimated 1RM was approximated as described 
in Hughes et al. (2019). The minimal velocity threshold 
calculation for the bench press and pull were performed 
with v = 0.1  m/s and v = 0.2  m/s [14, 33], while assum-
ing the movement velocity to be minimal (near 0  m/s). 
Accordingly, the velocity was set to zero to estimate the 
1RM via the load at zero estimation (LD0).

Statistical analyses
The Data analysis was performed using SPSS 28.0 (IBM, 
Ehningen, DE, Germany). The descriptive statistics of 
the 1RM weight from each trial, submaximal loads (30%, 
50%, 70% 1RM) as well as the respective average velocity 
and peak velocity were provided via mean (M) ± standard 
deviation (SD). The significance level for all statistical 
tests was set at p < 0.05. Data normal distribution was 
ensured using the Shapiro Wilk test.

To assess intra-day reliability, intraclass correla-
tion coefficients (ICCs) with 95% confidence intervals 
(CIs) and coefficients of variation (CVs) were calcu-
lated. Reproducibility, which requires a high degree of 

agreement, was analyzed in this study using statistical 
methods to quantify measurement error associated with 
ICCs. Therefore, Bland-Altman (BA) analyses were con-
ducted [28, 29]. While BA analysis primarily provides a 
visual inspection of agreement by plotting systematic 
error alongside the lower and upper limits of agreement, 
further quantification of measurement error beyond the 
95% CI limits offers additional value. Specifically, the 
mean absolute error (MAE) [37, 38] quantifies the mag-
nitude of errors between paired observations measuring 
the same parameter, while the mean absolute percentage 
error (MAPE) [39–41] represents accuracy by indicating 
the relative deviation between two measurement proce-
dures [8].

To assess validity, the estimated maximal strength 
(derived from the velocity profile at 30%, 50%, and 
70% 1RM) was compared with the measured maximal 
strength (1RM). A paired t-test was conducted to calcu-
late the systematic bias between the estimated and mea-
sured 1RM. Additionally, a Bland-Altman (BA) plot was 
generated, including the lower and upper limits of agree-
ment. Furthermore, both the mean absolute error (MAE) 
and the mean absolute percentage error (MAPE) were 
calculated to provide deeper insights into the agreement 
and accuracy of the measurements. The standard error 
of difference (SED) was also determined to assess the 
precision of the estimated 1RM relative to the measured 
values.

Results
Reliability
Reliability statistics (test-retest, intra-day), including 
average and peak power, average and peak velocity, and 
peak force, are presented in Table 1. Overall, the reliabil-
ity values ranged from moderate to high, with intraclass 
correlation coefficients (ICC) ranging from 0.82 to 0.97 
for the bench pull and from 0.65 to 0.85 for the bench 
press and coefficients of variation (CV) ranging from 1.86 
to 6.72%.

Validity
The analysis of validity using different velocity-based 
methods revealed distinct trends for the bench pull and 
bench press exercises (Table  2; Figs.  1 and 2). For the 
bench pull, the estimated 1RM was consistently overes-
timated across most conditions, with systematic biases 
and error rates indicating significant overprediction. In 
contrast, the bench press demonstrated a general trend 
of underestimation, with calculated 1RM values sys-
tematically lower than the actual measured values. Fur-
thermore, the MAE and MAPE for both exercises were 
notably high.
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Discussion
Maximum strength is an integral component of elite 
training programs and are increasingly emphasized 
in endurance sports such as cross-country skiing and 
biathlon. It is therefore crucial for athletes and coaches 
to employ reliable and valid tools with minimal mea-
surement error to estimate 1RM and monitor training 
load. This is particularly pertinent in elite sport settings, 
where minor discrepancies in performance can often 
prove decisive in determining success or failure [48]. The 
objective of this study was to evaluate the validity and 
reliability of maximal strength estimation using LVPs in 
endurance-trained athletes during the bench press and 
bench pull exercises.

Reliability
The results of this study demonstrate good to excellent 
reliability for performance monitoring across a range 
of loads, with ICC values ranging from 0.65 to 0.97 and 
CV values between 1.86% and 6.72%, all below 10% for 
both average and peak power. These findings corrobo-
rate those of previous research, which has validated the 
efficacy of several velocity measurement devices for the 
assessment of both average and peak velocities [28–30, 
49]. The results in previous studies demonstrate moder-
ate to good intraday and interday reliability, respectively, 
as evidenced by ICCs ranging from 0.55 to 1 and CVs 
between 1.7% and 11%. Consequently, previous studies 
have recommended the application of movement veloc-
ity measurements for the regulation of training load 
[27, 28, 39]. Feuerbach et al. highlight, that the reliabil-
ity of these measurements within sessions contrasts with 
the moderate interday reliability, necessitating careful 

interpretation when comparing performance across mul-
tiple days. However, practical recommendations for the 
use of LVPs must take into account the potential for mea-
surement errors, as high levels of consistency and repro-
ducibility are essential for their effective implementation 
by coaches and athletes [50]. Reproducibility requires a 
high degree of agreement [51], yet none of these inves-
tigations applied appropriate statistical models to evalu-
ate agreement [52–55]. In accordance with statistical 
research [49–51], the agreement analysis was performed 
to express the measurement error of the corresponding 
ICCs. While the majority of ICCs in the present study 
were classified as high to excellent [56], the correspond-
ing velocity measurement errors exhibited considerable 
variability with MAEs ranging from 0.047 to 0.64  m/s, 
contingent on the intensity, with an MAPE of 2.7–9.5% 
(Table  1). This variability underscores the shortcomings 
of relying solely on ICC values to assess reliability. The 
inconsistency renders load-velocity profiling methods 
impractical for precise and effective training load regula-
tion. High error rates diminish the precision needed for 
reliable, day-to-day adjustments, posing significant chal-
lenges for the practical application of load-velocity pro-
files [49]. Consequently, movement velocity is unsuitable 
for monitoring changes in velocity (e.g., for fatigue moni-
toring) during free-weight bench press and bench pull 
exercises.

Validity - Predicting the 1RM via velocity profile
The study examined the validity of various velocity-based 
methods for estimating 1RM and identified notable 
trends for both the bench pull and bench press, respec-
tively. In the bench pull, 1RM estimates were found to 

Table 1  Intraday Test-Retest reliability of velocity measurements across relative 1RM loads using a linear position transducer: baseline 
for data processing
Parameter ICC (95% CI) CV 

(in%)
Agreement bias between 
first and second trial (95% 
CI)

Lower – upper limit 
of agreement

MAE MAPE 
(in%)

Bench Pull
AV (30%1RM) 0.845 (0.740–0.909) 5.44±6.9 -0.007 (-0.044–0.031) -0.27–0.25 0.12 7.1%
PV (30%1RM) 0.850 (0.749–0.913) 5.13±5.9 0.04 (-0.014–0.093) -0.32–0.40 0.13 7.1%
AV (50%1RM) 0.906 (0.838–0.946) 3.29±3.1 0.001 (-0.018–0.020) -0.13–0.13 0.064 6.6%
PV (50%1RM) 0.974 (0.954–0.985) 1.86±1.9 -0.002 (-0.017–0.013) -0.10–0.10 0.047 2.7%
AV (70%1RM) 0.822 (0.703–0.896) 4.74±7.6 -0.0042 (-0.025–0.024) -0.165–0.164 0.60 8.9%
PV (70%1RM) 0.957 (0.925–0.976) 3.11±2.3 0.003 (-0.012–0.002) -0.1–0.1 0.06 6.3%
Bench Press
AV (30%1RM) 0.734 (0.570–0.841) 3.84±4.2 -0.024 (-0.05–0.00057) -0.19–0.14 0.64 5.7%
PV (30%1RM) 0.650 (0.453–0.787) 4.26±4.9 0.008 (-0.04–0.05) -0.30–0.32 0.11 5.9%
AV (50%1RM) 0.851 (0.749–0.913) 4.28±8.9 0.00083 (-0.013–0.015) -0.093–0.095 0.034 4.4%
PV (50%1RM) 0.853 (0.754–0.915) 3.59±3.5 -0.012 (-0.04–0.012) -0.18–0.15 0.08 7.16%
AV (70%1RM) 0.835 (0.726–0.903) 6.38±5.6 0.009 (-0.007–0.25) -0.1–0.12 0.04 8.8%
PV (70%1RM) 0.788 (0.654–0.874) 6.72±6.4 0.011 (-0.017–0.04) -0.18–0.20 0.07 9.5%
ICC, intraclass correlation coefficient; 95%CI, 95% confidence interval; CV, coefficient of variation; MAE, mean absolute error; MAPE, mean absolute percentage error; 
AV, average velocity in m·s− 1; PV, peak velocity in m·s− 1; %1RM, percentage of measured one-repetition maximum
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be consistently overestimated across most conditions, 
with systematic biases ranging from 4.3 to 16.96  kg. In 
contrast, the bench press exhibited a consistent pattern 
of underestimation, with the predicted 1RM values con-
sistently falling below the measured values by 0.22 to 
10.49  kg. Bland-Altman analyses revealed the presence 
of substantial unsystematic errors, which resulted in 
substantial over- and underestimations across individual 
subjects. The magnitude of these errors, as evidenced 
by a high MAE of 3.74 to 17.03 kg and a high MAPE of 
7.5–29.7%, underscores the limitations and variability of 
these predictive models. These limitations, which are not 
accounted for when reporting means, correlations, and 
ICCs, have the potential to significantly impact the prac-
tical application of LVPs in daily athletic training. The 
limited validity of focusing on regression models when 
predicting one parameter by extrapolating submaximal 

values of another is underscored by Figs. 1 and 2, which 
graphically illustrate the dispersion of the estimating 
error.

This study, conducted with elite endurance-trained 
athletes exhibiting relatively low strength levels (bench 
pull: 59.9 ± 17.8; bench press: 52.9 ± 18.9), revealed 
unsystematic measurement errors and poor agreement 
between predicted and measured 1RM values, aligning 
with findings from strength-trained individuals [32, 41, 
57–59]. The precision and stability of predictive models 
thereby appear unaffected by strength levels or training 
backgrounds [16, 30, 32, 60], provided participants are 
adequately familiarized with testing protocols to exert 
maximal force [33]. Controversially, Hughes, Banyard 
[41] reported that discrepancies between predicted and 
actual 1RM values increase with higher strength levels. 
Moreover, the force-velocity relationship is influenced by 

Table 2  Agreement analysis of measured vs. Predicted 1RM using the load.Velocity relationship: comparison of MVT and LD0 methods 
across two trials per relative load
Parameter Trial 1RM 

(in kg)
P1RM 
(in kg)

Sig. Systematic bias (95% 
CI) (in kg)

Lower – upper 
limit of agreement 
(in kg)

MAE 
(in kg)

MAPE 
(in %)

SED

Bench Pull MVT (0.1 m·s− 1)
AV 1 59.9±17.8 72.1±22.7 p < 0.001 -12.2 (-15.32 – -9.09) -33.19–8.8 12.40 21.21 1.55

2 59.9±17.8 72.0± 22.1 p < 0.001 -12.4 (-15.11 - − 9.70) -30.87–6.06 12.81 22.6 1.35
PV 1 59.9±17.8 66.6±20.8 p < 0.001 -7.01±-9.62 – -4.41 -24.80–10.77 7.41 13.0 1.3

2 59.9±17.8 67.31±19.5 p < 0.001 -7.72 (-9.79 – -5.66) -21.83–6.38 6.38 8.02 1.03
Bench Press MVT (0.1 m·s− 1)
AV 1 52.9±18.9 49.6±17.3 p < 0.001 3.34 (2.75 – -4.92) -7.49–14.16 5.07 9.6 0.789

2 52.9±18.9 48.1±16.7 p < 0.001 4.85 (3.6–6.1) -3.69–13.39 5.49 10.3 0.62
PV 1 52.9±18.9 50.7 p = 0.004 2.22 (0.74–3.70) -7.86–12.29 4.21 8.3 0.73

2 52.9±18.9 50.2±18.1 p = 0.007 2.7 (0.79–4.60) -10.32–15.71 4.89 9.13 0.95
Bench Pull MVT (0.2 m·s− 1)
AV 1 59.9±17.8 67.7±21.2 p < 0.001 -8.12 (-10.77 - -5.47) -26.22–9.97 8.76 15.4 1.32

2 59.9±17.8 67.7± 21.1 p < 0.001 -8.09 (-10.50 - − 5.68) -37.30–3.85 16.20 29.6 1.50
PV 1 59.9±17.8 63.9±20.1 p < 0.001 -4.3 (-6.64 - -1.96) -20.27–11.67 5.60 9.9 1.16

2 59.9±17.8 64.55±19.1 p < 0.001 -4.96 (-6.88 – -3.04) -18.04–8.12 5.82 10.60 0.95
Bench Press MVT (0.2 m·s− 1)
AV 1 52.9±18.9 46.6±16.4 p < 0.001 6.37 (4.76 – -7.98) -4.62–17.37 7.23 13.4 0.801

2 52.9±18.9 45.2±15.9 p < 0.001 7.71 (6.35–9.06) -1.52–16.93 7.84 14.5 0.67
PV 1 52.9±18.9 48.7±18.5 p < 0.001 4.21 (2.81 – -5.61) -5.34–13.77 5.12 9.9 0.70

2 52.9±18.9 48.3±17.4 p < 0.001 4.67 (2.85–6.49) -18.04–8.12 5.93 11.0 0.95
Bench Pull LD0 (m·s− 1)
AV 1 59.9±17.8 76.56± 23.8 P < 0.001 -16.96 (-20.57 – -13.4) -41.59–7.66 17.03 29.7 1.8

2 59.9±17.8 76.31±23.0 p < 0.001 -16.72 (-19.74 – -13.71) -37.30–3.85 16.2 29.6 1.5
PV 1 59.9±17.8 69.3± 21.6 p < 0.001 -9.73 (-12.61 – -6.65) -29.38–9.93 9.80 16.90 1.43

2 59.9±17.8 70.01±20.0 p < 0.001 -10.49 (-12.71 – -8.26) -25.66–4.69 10.63 19.20 1.11
Bench Press LD0 (m·s− 1)
AV 1 52.9±18.9 52.6±18.3 p = 0.712 0.29 (-1.32–1.91) -10.72–11.32 4.08 8.30 0.30

2 52.9±18.9 50.9±17.6 p = 0.001 2.0 (0.81–3.19) -6.14–10.14 3.74 7.5 0.593
PV 1 52.9±18.9 52.7±20.1 p = 0.778 0.22 (-1.36–1.81) -10.59–11.04 3.87 7.50 0.788

2 52.9±18.9 52.2± 0.475 -10.49 (-12.71 – -8.26) -25.66–4.69 4.30 8.4 1.0
1RM, one-repetition maximum; P1RM, predicted one-repetition maximum; Sig., significance; 95%CI, 95% confidence interval; MAE, mean absolute error; MAPE, 
mean absolute percentage error; SED, standard error difference; MVT, minimal velocity threshold; LD0, load which corresponds with a velocity of 0 m·s− 1; AV, average 
velocity in m·s− 1; PV, peak velocity in m·s− 1
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Fig. 1  Graphical illustration of the measured 1RM bench pull (red dot), estimated 1RM (regression crossing the 0 line) and calculated movement veloc-
ity at the measured 1RM (100%) using the average and peak velocity (20) as well as the deviation of the measurement error, in percentage. The dotted 
green line crossing the vertical blue dotted line shows the actual mean velocity at 100% of the 1RM to graphically illustrate the discrepancy between the 
actually measured and the estimated 100% 1RM
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Fig. 2  Graphical illustration of the measured 1RM bench press (red dot), estimated 1RM (regression crossing the 0 line) and calculated movement ve-
locity at the measured 1RM (100%) using the average and peak velocity as well as the deviation of the measurement error, in %. The dotted green line 
crossing the vertical blue dotted line shows the actual mean velocity at 100% of the 1RM to graphically illustrate the discrepancy between the actually 
measured and the estimated 100% 1RM
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exercise variation and may be affected by execution tech-
nique, further complicating prediction accuracy [57]. The 
non-ballistic nature of movements like the bench press 
and bench pull poses a fundamental limitation to 1RM 
estimation via LVPs. Participants may limit maximal 
acceleration to avoid throwing the barbell, losing contact 
with the bench, or crashing the bar into the bench, which 
restricts the recruitment and firing frequency of fast-
contracting muscle fibers. This results in underestimated 
velocity outputs, especially at lower loads, and underesti-
mates the true capability of fast-contracting fibers, lead-
ing to inaccuracies in velocity-based 1RM prediction. 
This may also explain why LVPs constructed with loads 
closer to the 1RM show somewhat improved precision 
[58, 61]. Another substantial challenge to accurately pre-
dict 1RM via LVPs is the presence of horizontal oscilla-
tions during free-weight exercises. Since linear position 
transducers rely on precise perpendicular alignment to 
measure vertical displacement, these oscillations can dis-
tort measurements, leading to errors in calculated bar 
velocities and reduced reliability of LVP-based predic-
tions [62–64]. Although some authors have advocated for 
general and linear regression models as quick and prac-
tical methods for estimating %1RM [16, 32, 65, 66], the 
current results do not support these recommendations. 
In this study, only 3 out of 24 estimated 1RMs were not 
significantly different from the actual measured values, 
and neither average nor peak bar velocity reliably pre-
dicted 1RM.

Limitations
This study provides valuable insights but is subject to 
several limitations. First, bar displacement measure-
ments were not validated against gold-standard technol-
ogies like 3D motion analysis [40], making it difficult to 
distinguish between device-specific and human-induced 
errors. Such validation is essential, as systematic differ-
ences between devices can increase prediction errors 
when using generalized regression models. Second, the 
study relied on generalized regression models derived 
from the tested population to estimate 1RM. While the 
velocity ranges for average and peak velocity aligned with 
prior studies, discrepancies in individual load-velocity 
profiles suggest that individualized regressions could sig-
nificantly enhance 1RM estimation accuracy [33]. Third, 
the use of a general MVTs instead of exercise-specific 
MVTs likely contributed to variability and reduced pre-
dictive accuracy, limiting the applicability of the findings, 
particularly for lower-body exercises common in endur-
ance athletes [67, 68]. Finally, the study only involved 
a single testing session, restricting reliability analyses 
to intra-day measures and omitting inter-day reliabil-
ity assessments. However, if a method doesn’t provide 
sufficient reliability within a session (i.e., minimum 

threshold), it might be obsolete to calculate other mea-
sures of reliability and validity.

Practical applications
The results of this study highlight the limited practi-
cal utility of LVP-based methods for exercise prescrip-
tion and training load adjustment. While this concept 
was originally proposed to enable autoregulation and 
optimize training load adjustments for improved perfor-
mance, the high variability in predictions, coupled with 
the risk of under- or overestimating 1RM - potentially 
leading to insufficient training stimulus or increased risk 
of injury - renders these methods unreliable for such 
purposes. Furthermore, as LVP-based predictions are 
unlikely to detect small changes in maximal strength 
(< 5–7%) [42], their application in elite sport settings is 
particularly limited. Consequently, this study supports 
the conclusions of Guppy, Kendall [69] - periodized 
approaches based on periodic 1RM testing and adjust-
ments to training volume or intensity, remain more effec-
tive for strength-trained individuals. Moreover, although 
LVP-based predictions often show strong correlations 
with actual 1RM values [41, 58, 61], correlation coeffi-
cients fail to address for bias and agreement, highlight-
ing the need for more robust statistical methodologies in 
future research.
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