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Abstract

Latella, C, Teo, W-P, Spathis, J, and van den Hoek, D. Long-term strength adaptation: A 15-year analysis of powerlifting athletes. J
Strength Cond Res XX(X): 000-000, 2020—Strength is a fundamental component of athletic performance and development. This
investigation examined the long-term strength development of powerlifting (PL) athletes. The rate of strength gain/day was
assessed in 1897 PL athletes (F = 626, M = 1,271) over a 15-year period (2003-2018). Independent T-tests explored sex
differences in baseline absolute (kg) and relative strength (kg-body mass™ ' [bm]) recorded from the first competition, and strength
gain/day (kg-d ). Analyses based on initial strength quartiles were conducted using one-way analysis of variances with significance
set at p < 0.05. Bivariate correlational analysis tested for relationships between strength gain/day and baseline strength, the
number of competitions, and mean days between competitions. Males had greater absolute (M: 513.3 = 99.8 kg, F: 289.4 + 55.7
kg, p < 0.001) and relative (M: 5.89 = 1.04 kg-bm ™", F: 4.27 + 0.85 kg:bm™ ', p < 0.001) strength at baseline. Overall, strength
gain/day (F: 0.12 = 0.69 kg-d™ ', M: 0.15 + 0.44 kg:d~ ', p = 0.318) was similar between sexes. However, the strongest males
showed a lower rate of strength improvement (0.102 kg-d~ ') compared with least strong males (0.211 kg-d™ 1), p = 0.010. No
differences were observed across quartiles for females. Correlational analyses revealed significant but weak negative relationships
between strength gain/day and the mean days between competitions for females (> = —0.120, p = 0.003) and males (? = —
0.190, p < 0.001). Similar relationships were observed for baseline strength (¥ = —0.073, p = 0.009) and the number of
competitions ( = —0.111, p < 0.001) for males. The results suggest similar strength adaptation between sexes. The strongest
males improve more slowly, possibly due to a ceiling effect. Collectively, the findings provide novel evidence of real-world long-term
strength adaptations that may be particularly useful to understand athlete development, to aid periodized programming, and to
benchmark strength over time.
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Introduction

Muscular strength is a fundamental component of long-term
athlete development that aims to improve physical tolerance, fa-
cilitate performance, and reduce injury risk during competition
(14,15,20,44). Subsequently, a large proportion of athlete train-
ing programs are dedicated to improving muscular strength
characteristics. In team-based field and endurance sports, mus-
cular strength positively impacts jump, sprint, and change of di-
rection performance and correlates with sport-specific technical
skills (27,44,48). However, in strength-dominant sports (e.g.,
powerlifting [PL] and weightlifting), muscular strength has a di-
rect relationship with competition performance (30,31,43). De-
spite the importance of muscular strength, evidence of
longitudinal strength adaptations in competitive athletes remains
somewhat limited (3-5,16,23,24,34).
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Although strength improves rapidly at the onset of resistance
training (RT) for novice individuals, the rate of improvement
diminishes over time (46). In addition, general population RT re-
search, and that not orienteered toward sport-specific or maximal
strength development, is unlikely to reflect typical PL practice as
during training PL athletes are required to develop specific maximal
strength that is then expressed during competition. Thus, several
factors should be considered in the translation of general RT research
to athletic populations. For example, a number of studies have used
machine-based, isolated movement tasks or a single-exercise regime
to investigate RT strength adaptations (see Ref. 10,19 for examples).
Moreover, while some authors have used periodized programs that
may reflect typical PL practice (12,26), these studies along with other
more general RT interventions (13,35) are typically 16 weeks or less
in duration. Longer RT interventions (=1 year) have been con-
ducted; however, these are often based on untrained or older indi-
viduals (38,41) and youth athletes (39), potentially limiting the
translation to high-performance sport. Therefore, comprehensive
longitudinal evidence is required to add to the understanding of long-
term strength development in athletes and to aid planning and pe-
riodization strategies.

In many sports, the required proficiency of several physical and
physiological characteristics does not allow for strength
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development to be studied without the influence of other con-
current training modalities. For example, concurrent training
including combined endurance and RT may negatively impact
strength adaptations (17,22). Longitudinal evidence in team-
based collision sports reports strength increases of approximately
6.5-11.5% and 22-23% over a 2- and 10-year period, re-
spectively, in elite rugby players (3,4). However, the authors ac-
knowledge that factors such as starting strength level and changes
in lean muscle mass may negatively and positively influence
strength adaptations, respectively. In comparison, strength sports
offer a unique platform to investigate whole-body muscular
strength development with minimal interference effects. In
weightlifting, for example, adaptations to 1-2 years of strength
training demonstrates an increase of 2.9% in competition total
(24) and a nonsignificant 3.5% increase in isometric knee-
extension force (23) in elite athletes. However, long-term adap-
tations in PL athletes and more specific changes (e.g., per day) are
yet to be explored. To date, cross-sectional PL research has
evaluated training practices (21,36,45), competition performance
data (6,9,36), factors that may influence injury, and the preva-
lence of injury (1,8,28,40,42), lift kinematics (25), anthro-
pometrics (29), and cross-sectional analyses of sex and
competition-level differences in strength performance (30,31).
Despite these studies, there is limited evidence regarding strength
adaptation in PL athletes (13,26), especially over the longer term.
Moreover, it is unclear how intrinsic (e.g., sex, starting strength
level) and extrinsic (e.g., time between competitions and length of
time competing) factors impact the rate of strength adaptation
over time in powerlifters.

The purpose of this investigation was to analyze the rate of
muscular strength improvements in competitive PL athletes.
Specifically, we sought to investigate the rate of strength gain (per
day) in both male and female powerlifters over a 15-year period.
We hypothesised that (a) athletes with a lower starting strength
would gain strength more quickly, and (b) males would gain
strength faster than females. The results of this investigation are
intended to provide comprehensive and novel information re-
garding long-term strength changes in competitive PL athletes.
The findings are expected to have practical implications for both
coaches and athletes and translate to other sports where strength
forms an integral component of athletic development and
performance.

Methods

Experimental Approach to the Problem

We collated available PL competition records from March 1,2003,
to May 20,2018, that was extracted publicly from the Powerlifting
Australia database (www.powerliftingaustralia.com).

Subjects

Data were collated from a total of 521 Powerlifting Australia
sanctioned “raw” competitions from 2003 to 2018. Four thou-
sand three hundred and seven competitor results were then
screened for inclusion, and a total of 626 female and 1,271 male
(final » = 1897) competitor results from Junior, Open, and
Masters categories were included in the analysis. Specifically, raw
Powerlifting Australia competitions permit the use of approved
knee sleeves and a lifting belt only. All competitors and parent
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guardians consent to data use at the time of membership. The age
of competitors at baseline was 26.8 * 8.9 years, range: 15-74
years, and 30.6 = 10.19 years, range: 14-77 years, for males and
females, respectively. However, age data were only available at
baseline for 69% of male and 82% of female competitors. The
body mass of individuals at baseline was 88.7 + 17.3 kg, range:
52.0-187.5 kg, and 69.1 = 15.2 kg, range: 39.3-155.9 kg, for
males and females, respectively. Subject characteristics were
measured mean * SD. Approval for this analysis was granted by
the Edith Cowan University Human Research Ethics Committee
(project no. 21408).

Procedures

Performance data were extracted for all athletes from each
competition by taking the “total” score calculated as the highest
successful weight lifted out of 3 attempts for the squat, bench
press and deadlift, respectively, and used for further analysis. At
least one successful lift out of the 3 attempts for each of the
squat, bench press, and deadlift was required to record a total
score during competition. Of the initial 4,307 competitors,
individuals who competed: (a) only once, (b) in bench press or
deadlift only competitions, (c) in equipped competitions
(i.e., those that permit the use of knee wraps, squat, and bench
suits), (d) or those who failed to record at least 2 “total” scores
from separate competitions were excluded. In addition, data-
base errors were removed by manually screening and de-
termination of outliers. Individual competitor results with
incomplete strength data were also removed. Starting relative
strength was expressed for both males and females, regardless of
age and calculated using the formula: First “total” competition
scores (kg)/first competition body mass (kg). Competitors were
then stratified into starting strength quartiles for each sex.
Quartile 1 (Q1) indicated competitors with relative strength in
the bottom 25% at baseline, while quartile 4 (Q4) indicated
competitors with the highest relative strength at baseline.
Quartile 2 (Q2) and quartile 3 (Q3) represented the 26th-50th
percentile and 51st—75th percentile, respectively. In addition,
the rate of strength gain per day was calculated using the fol-
lowing formula: (maximum total — first total)/total days com-
peting, where “maximum total” is the total score in kilograms
recorded from the competitor’s maximum recorded competition
total and “first total” is the first recorded total score in kilo-
grams for the competitor during the period 2003-2018. This
approach was chosen for several reasons. First, it provides
a more realistic representation of the strength gained for each
athlete over the period of the entire analysis. Second, it ensures
that artificially inflated strength gain values (e.g., largest in-
crease occurring between competition 1 and 2) are accounted for
and do not significantly influence or bias the final result.

Statistical Analyses

One-way analysis of variances with Tukey post hoc analysis was
conducted for variables where more than 2 groups were com-
pared. Independent-samples T-tests were used to perform com-
parisons between males and females. Relationships between
baseline strength, the total number of competitions, mean days
between competitions, and strength gain/day were assessed using
bivariate correlational analysis with tests for 2-tailed significance.
Results are reported as 7- and p-values, and mean = SD (unless
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Male and female absolute and relative strength characteristics.

Females, n = 626  Males, n = 1,271

Absolute strength

First 289.4 = 557 513.3 = 99.8*

Maximum 3225+ 611 562.2 + 104.8

Final 3157 = 61.2 549.6 + 106.9
Relative strength

First 427 +0.85 5.89 + 1.04*

Maximum 468 = 0.98 6.25 = 1.07*

Final 4.61 =098 6.16 = 1.10*
Strength gain/day (kg) 0.12 = 0.69 015+ 0.44
Strength gain/year (kg) extrapolated 43.80 54.75

“Max’ indicates highest obtained value over entire data analysis period while “final” indicates value at
the athlete’s last competition during the data collection period.
*p < 0.001.

otherwise indicated). Significance was set at p =< 0.05 for all
statistical analyses. All analyses and calculations were performed
using SPSS v.25 (IBM Statistics) and Microsoft Excel (version
2013; Microsoft Corporation, Redmond, WA).

Results
Descriptive Statistics

Mean participation over the data collection period was 3.7 + 2.6
(range 2-25) competitions for males, and 2.7 *+ 2.6 (range 2-32)
competitions for females. The mean time between an athlete’s first
and final competition was 642 * 609 days and 582 = 565 days
for males and females, respectively.

Sex Differences

Total scores (first and final) (Figure 1A, B) and relative strength
(first and final) (Figure 2A, B) differed between males and females
(all p < 0.001) (Table 1). No difference was observed for strength
gain/day between sexes, p = 0.318. Individual examples of
changes in total scores, relative strength, and strength gain/day
are shown in Figure 3A-C (female) and Figure 3D-F (male),
respectively.
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Strength Changes

An increase in total score (final total compared with first total)
was observed for all quartiles (all p < 0.001) in both females and
males (Table 2). No differences were observed between the
strength quartiles for strength/day in females, p = 0.686 (Table 3
and Figure 4A). However, males in the highest quartile (Q4)
showed a slower rate of strength adaptation compared with males

in Q1 (p = 0.009) (Table 3 and Figure 4B).

Correlations

Bivariate correlational analyses revealed weak but significant
negative relationships for the mean days between competitions
and strength gain/day in males and females (Table 4). Significant
weak relationships were also observed between maximum
strength gain/day and baseline strength and the number of com-
petitions for males. Further within quartile analyses demon-
strated negative weak, but significant correlations (Q1: r =
—0.116, p = 0.038) and positive weak correlations for (Q4: r =
0.160, p = 0.004) males based on starting strength and strength/
gain per day. No significance was observed in females.

Discussion

The aim of this study was to analyze changes in muscular strength
of PL athletes over time. Specifically, we investigated the rate of
strength gain in 626 female and 1,271 male PL athletes over
a collective 15-year period. Overall, the results suggest that the
rate of strength gain does not differ between males and females,
despite absolute and relative strength differences between the
sexes. No differences in the amount of, or average days between
competitions were observed between sexes. A slower rate of
strength adaptation was observed for the strongest (Q4) com-
pared with least strong (Q1) males. No differences were found in
the rate of strength adaptation for females with different baseline
strength levels (Q1-Q4). The findings are, to the best of our
knowledge, the first to provide information regarding strength
improvements over time in a large cohort of competitive PL
athletes of both sexes. The results are expected to help understand
long-term athlete development and be particularly useful for
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Figure 1. Data for (A) females and (B) males. Lines indicate range (first-99th per-
centile), and individual data points indicate athlete results outside of these per-
centiles. *Significant difference (p < 0.001) between totals.
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Figure 2. Data for (A) females and (B) males. Lines indicate range (first-99th per-
centile), and individual data points indicate athlete results outside of these per-
centiles. *Significant difference (p < 0.001) between totals.

strength and conditioning professionals working with strength
athletes. The findings may also provide a platform to assess ath-
letes’ strength development and to benchmark progress over time.

Overall, the analysis revealed a similar rate of strength gain
between competitors with different baseline strength levels.
However, males in the strongest quartile (Q4) showed a slower
rate of strength adaptation (0.102 kg-d ™) compared with those
in lowest (Q1) strength quartile (0.211 kg-d™"). The mean num-
ber of days strength was assessed over did not differ between
quartiles and, thus, is unlikely to account for this discrepancy.
Although these results do not support our original hypothesis,
there are several potential factors that may, at least in part, ex-
plain these results. In particular, a reduction in the rate of per-
formance adaptations in strength and power athletes is
commonly observed with continued training (34). For example,
the rate of strength gain being slower in the strongest males may
potentially be due to a ceiling effect. However, this effect was not

observed in the strongest females and reasons for this observation
are speculative at this stage. In addition, although we cannot as-
certain whether athletes in quartile 1, that is the least strong
athletes, were considered “novice” resistance trainees, our pre-
vious research suggests that less strong PL athletes likely compete
at the local level (31) and, thus, may not be considered “elite” or
“expert.” However, it can be reasonably assumed that they are
further away from reaching their maximal strength potential.
Hence, although outside the scope of this immediate in-
vestigation, we suggest that more specific research is required into
the intrinsic or extrinsic factors that may cause the strongest males
to gain strength more slowly. Based on these findings, strength
and conditioning professionals may be able to use this in-
formation to predict progressive adaptations in athletes’ strength
despite differences between individuals at baseline.

The results also showed that the rate of strength adaptation did
not differ between males and females. Although this is in contrast
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Displays the change in absolute strength scores for males and females (first and maximum total) across each strength quartile.

Quartile Total Mean = SD (kg) A Maximum total — first total (kg)
Females First First 257.7 = 56.6 36.9 = 36.7
Maximum 294.6 = 67.3
Second First 2829 = 52.7 343 = 32.7
Maximum 317.3 = 59.1
Third First 296.1 = 46.1 29.5 = 30.9
Maximum 325.7 = 535
Fourth First 3209 = 47.7 31.4 =292
Maximum 352.3 = 49.3
Males First First 448.6 = 100.0 60.9 + 64.6
Maximum 509.6 = 111.5
Second First 507.9 = 88.8 451 + 46.6
Maximum 552.9 = 97.3
Third First 532.2 = 89.7 47.9 = 44.0
Maximum 580.2 = 93.9
Fourth First 564.5 + 82.7 41.3 + 49.6
Maximum 605.8 = 91.0

to our original hypothesis, similar results (e.g., adaptations in
strength and muscle thickness) have also been reported between
sexes in previous literature (2,18). It should be acknowledged,
however, that the previous studies were conducted in general
populations, and so, a direct comparison is difficult. Although
long-term analyses have been conducted in weightlifting athletes
(23,24,34), this was either performed only in female athletes (34),
or over a 1- to 2-year period (23,24). In male rugby athletes,
strength gains of approximately 2.2-2.3 % per year averaged over
a 10-year period (4), and the 6.5-11.5% total increase observed
over a 2-year period (3) is noticeably lower than the approxi-
mated 10.7% observed in the current study (refer to Table 1 for
raw male values). However, this discrepancy may be attributed to
many of the PL athletes in the current study being novices, com-
peting on average for a shorter period, and/or the complex nature
of rugby, which involves multimodal training, frequent compe-
tition, and collision with opponents, as compared to PL. Thus, to
the best of our knowledge, this is the first study to report and
compare changes in strength over a considerable period in PL
strength athletes of both sexes. Collectively, although differences
in baseline maximal strength can be expected between males and
female PL athletes as observed in the current and previous studies
(30), the magnitude of relative strength adaptation over time
seems to be similar. Therefore, strength and conditioning pro-
fessionals may consider this information in the assessment of, and
goal setting or programming of male and female athletes’ mus-
cular strength over time.

Significant but weak relationships were observed for the
strength gain/day and the mean days between competitions in
both sexes. However, given the “weak” relationship, it is difficult
to delineate if an increased temporality of competition is a limiting
factor in the strength adaptations of PL athletes. As such, we can
only speculate that less days between subsequent competitions
may negatively affect strength improvements due to shorter
training blocks and more frequent taper periods (21,37). In par-
ticular, in the current analysis, the mean days between com-
petitions were 161 = 139 and 145 = 108 days for males and
females. PL-specific strength has been shown to improve signifi-
cantly during a 9-week (~63 days) training block (12) and thus
suggests that the number of days between competitions in the
current analysis is unlikely to be a major factor. However, al-
though the study by Colquhoun et al. (12) used resistance-trained
men, the strength level was arguably less than many competitive
PL athletes, and therefore, it is unclear how the findings translate
to the cohort of PL athletes in the current study. Significant but
weak negative relationships were also observed between strength
gain/day and baseline strength and the number of competitions.
However, given these relationships are considered “weak,” they
are unlikely to explain the majority of variance and other po-
tential factors may also require consideration based on the pre-
vious literature in athletes. For example, several studies have
investigated the reliability and variability of competition perfor-
mance (32,33). Specifically, Malcata et al. (32) reported a 1.7 and
3.3% within-individual variance in performance for male and

Results of the analyses for males and females based on respective strength quartiles for each sex.

Quartile Relative strength (baseline) Days competing Strength gain/day (kg) Strength gain/year (kg) extrapolated Significance between quartiles

Females First 3.17 £0.39 527 = 530 0.097 = 0.109 35.41 F3 = 0.540, p = 0.655
Second 3.98 £ 0.17 573 = 527 0.080 = 0.134 29.20
Third 4.55 = 0.16 5569 * 572 0.144 = 0.586 52.56
Fourth 535 £ 043 665 = 623 0.168 = 1.25 61.32

Males  First 4.57 = 0.60 588 = 594 0.211 = 0.355" 77.02 F3 = 3.407, p = 0.017
Second 558 £ 0.17 637 = 614 0.137 £ 0.324 50.00
Third 6.19 £ 0.19 674 = 575 0.161 = 0.659 58.77
Fourth 7.19 £ 0.53 668 = 650 0.102 + 0.330" 37.23

Significance column refers to analysis of the strength gain/day (kg) between quartiles for each sex. *Males in the fourth quartile were significantly lower compared with males in the first quartile (p = 0.010).
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Figure 4. Data for (A) females and (B) males across all starting strength quartiles. *A significant difference

between quartiles.

female weightlifters, respectively, with similar values reported by
McGuigan et al. (33). Although the variability reported in these
studies may be considerably low, it is also important to consider
that most PL athletes in the current analysis were unlikely to be
classified as “elite.” Based on our previous work (31), we dem-
onstrated that only 49% of 2137 PL competition results came
from an elite (international) level of competition. In addition,
poor performance during competition may result from missed
lifts due to psychological factors and/or inadequate competition
planning (11) and thus skew the results. Therefore, we suggest it is
also important to acknowledge that other external factors unable
to be controlled for in the current analysis may also affect “real-
world” strength gains in athletes.

Finally, we acknowledge that several factors require consid-
eration when interpreting the findings of this investigation. Given
the nature of the study design, it was not possible to report more
detailed information regarding training practices (e.g., consis-
tency, training program used, and frequency). Moreover, we also
acknowledge that potential injury or time away from the sport
may impact an individual’s strength improvement over time.
Previous research (29) has also demonstrated the positive effect
that anthropometric characteristics (e.g., muscle mass, segmental
length, and girth ratios) can have on PL performance, and the
ability to distinguish between stronger and weaker athletes.
However, only body mass information was available in the data
set used for the current study, and so, further conclusions cannot
be drawn at this stage. Thus, ongoing research may also benefit
from modeling anthropometric changes with strength improve-
ments over time or to distinguish between individuals who may
adapt more rapidly. In addition, given research has investigated
acute responses to upper- and lower-body tasks (7,47) we suggest
it is also worth investigating differences in strength adaption be-
tween the squat, bench press, and deadlift. Nevertheless, the

Results of bivariate correlational analysis for males and females.

Baseline No. of Mean days between
strength competitions competitions
Maximum strength
gain/day
Females r=0.027 r=—0.057 r=-0.120
p = 0.496 p=0.158 p = 0.003
Males r=-0.073 r=-0111 r=-0.190
p = 0.009 p < 0.001 p < 0.001

7 value represents the strength and direction of the relationship while p-value represents
significance of the relationship.

results presented in this study provide a realistic representation of
“real-world” strength adaptations outside of an interventional
research setting. Although we suggest that future interventional
studies studying long-term athlete development are required, this
is, to the best of our knowledge, the first study to provide evidence
in a large cohort of PL athletes over a significant period.

Practical Applications

Based on the results, strength and conditioning professionals
should consider tracking the development of strength athletes
overtime, potentially using strength gain per day as an eval-
uation tool and metric. In addition, factors including sex and
potentially starting strength level seem unlikely to have a large
influence on the rate of strength gain over time. Coaches and
strength and conditioning professionals could use the data
presented in the current study to benchmark athletes’ strength
progress and appropriately plan and periodize RT in long-
term development models.
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