Exploring the Upper Limits of Resistance Training Volume for Muscle Hypertrophy and Strength in Trained Athletes

Abstract: 
Purpose: The study examined the effect of high resistance training (RT) volumes on muscle strength and hypertrophy in trained male athletes. The aim was to determine if over 60 sets per week would be beneficial compared to lower volume and if increased volume can affect non-responsiveness.
Methods: 27 strength-trained male athletes completed a 10-week RT intervention, followed by a 7-week experimental phase, in which they were split into normal (NOR, n = 12) and extra volume (XTR, n = 15) groups, with XTR performing 1.5 times more weekly sets. Muscle thickness in the Vastus Lateralis (VL) and Biceps Femoris (BF) was measured via ultrasound, and strength through back squat (BS), deadlift (DL), isometric squat, broad jump, and peak power. 
Results: VL and BF thickness increased significantly during the initial 10-week RT (pre to mid: VL: 7.0% ± 9.8, p = 0.003; BF: 8.6% ± 10.3, p<0.001, pre to post: VL: 6.1% ± 11.8, ns.; BF: 4.2% ± 8.0, p=0.050), along with substantial improvements in strength (BS: 19.1% ± 10.95; DL: 12.5% ± 8.3, both p < 0.001). Over the final 7 weeks, no significant group differences in muscle size were found between XTR and NOR in the whole group or in non-response participants (<2 × typical error in VL thickness during the first 10 weeks). For strength, only DL showed a difference between groups, favouring less volume (p=0.043).
Conclusions: Substantially increasing RT volume did not enhance muscle hypertrophy or strength in athletes. Furthermore, non-response was unaffected by increased RT volume. 
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INTRODUCTION
Resistance Training (RT) volume is one of the most frequently manipulated variables in training programs aimed at increasing muscle hypertrophy, with evidence suggesting a dose–response between RT volume and muscle hypertrophy [1]. In trained males, increases in muscle size have been reported with volumes up to ~50 weekly sets per muscle group [2], and meta-analytic data in dicate continued hypertrophy gains up to 43 weekly sets without a clear plateau.[3] However, evidence above 31 weekly sets is limited, and diminishing returns at very high volumes have been suggested [3, 4]. Progressive higher volume conditions have been shown to be potentially beneficial for resistance-trained males [5]. Consequently, the upper limit of RT volume required to maximize hypertrophy in strength-trained athletes remains unclear [6]. 
The relationship between RT volume and maximal strength appears less consistent. Comparable strength gains have been reported across a wide range of weekly volumes in trained populations with 70% intensity [7] and with periodized intensity from 60% to 100% of one-repetition maximum (1RM) [8]. Additionally, evidence indicates that as few as three weekly sets to muscular failure per muscle group may produce significant strength gains, with no additional benefit observed from increasing to six or 12 sets [9]. Conversely, other studies suggest that higher volumes may enhance strength adaptations in some individuals with 80% of 1RM [10], as well as when sets are conducted to the point of momentary concentric muscular failure [5, 11]. Overall, no clear dose–response relationship between training volume and strength has been established [9, 12, 13]. Although training intensity interacts with volume, with maximal strength typically favored by heavier loads and hypertrophy occurring across a broader loading range [14], the present study focuses specifically on set volume, and the influence of intensity on strength and hypertrophy adaptations was not directly addressed in this study. 
Training volume may also influence inter-individual variability in RT adaptations. Increasing training volume or intensity can improve responsiveness to endurance training [15]. In RT, higher training volume is generally associated with greater training adaptations [16, 17] and individuals classified as non-responders to hypertrophy demonstrated significant muscle growth when weekly volume was increased from two weekly sets to eight weekly sets [18]. However, evidence in trained athletes is scarce, and higher training volumes do not appear to improve hypertrophy responsiveness in all populations, such as older adults [19].
[bookmark: _Hlk220099034]Therefore, the present 16-week study examined whether a substantially increased RT volume improves muscle hypertrophy and strength in strength-trained male athletes. Specifically, the study aimed to determine: (1) whether an exceptionally high weekly volume (40 vs. 60 sets) enhances lower-body muscle hypertrophy and strength, and (2) whether increasing training volume alters non-response in vastus lateralis hypertrophy. To our knowledge, 60 weekly sets represent the highest RT volume reported in a long-term intervention in trained athletes, exceeding the previously reported maximum of 52 weekly sets [5].

2. METHODS
2.1. Experimental Approach to the Problem
The study consisted of an initial control phase followed by a 10-week progressive strength training intervention, followed by a 7-week extra-intervention phase consisting of six training weeks and one testing week. During this phase, twelve participants continued with normal training volume (NOR), while fifteen performed increased volume training (XTR; ~1.5 time the volume vs NOR, Figure 1). Although previous studies in untrained individuals have applied larger volume differences (e.g., 1 vs. 3 sets) [20], a more moderate increase was selected to reflect the higher baseline training volumes and practical constraints of trained athletes.
The participants were divided into groups by pairing them based on percentage changes in vastus lateralis (VL) muscle thickness after the first 10-week strength training period. The VL was selected as it is commonly used as a representative site for assessing hypertrophy in RT studies, is highly responsive to lower-body exercises such as squats, and can be reliably assessed using ultrasound imaging. Typical errors were not taken into account in the pairing process. Within each pair, participants were randomly assigned to either the XTR or NOR group using a random number generator (RAND function in Microsoft Excel), with allocation determined by ranking the generated values. Allocation was performed by the researchers, who were not blinded to group assignment.
Due to the four separate starting points of the intervention, which varied according to the participants’ specific sports, pairing was conducted within each ongoing intervention phase. Track and field athletes started the intervention in the fall, while floorball athletes started in the spring. Data collection spanned two years, including two spring and two fall starting points. When an odd number of participants remained, the unpaired participant was assigned to the XTR group to maintain sufficient sample size in the higher-volume condition. Baseline characteristics were comparable between groups. The NOR group had a VL thickness of 2.48 ± 0.38 cm and biceps femoris (BF) thickness of 3.67 ± 0.48 cm, while the XTR group showed values of 2.31 ± 0.36 cm and 3.48 ± 0.37 cm, respectively. Strength measures were also similar, with back squat (BS) values of 125.42 ± 20.50 kg (NOR) and 126.00 ± 15.72 kg (XTR), and deadlift (DL) values of 135.42 ± 28.32 kg (NOR) and 141.79 ± 18.87 kg (XTR).

---- FIGURE 1 around here ---
2.2. Participants
An a priori power analysis was conducted using the pwr package in R (v.4.4.0) to estimate the sample size required to detect within-subject changes in vastus lateralis thickness over time. Given the repeated-measures design, a paired-samples design was assumed, a medium effect size (Cohen’s dz = 0.50), 80% power, and a two-tailed α = 0.05, the required sample size was estimated at 32 participants. Effect size assumptions were based on previously reported hypertrophy responses following a similar intervention duration [21].
Consequently, we successfully recruited 32 healthy, strength-trained male athletes for this study, representing various sports such as track and field (excluding endurance athletes) and floorball. All participants competed at the highest national level in Finland and had over five years of sport-specific training experience, including at least three years of resistance training. Given the limited availability of this population, the final sample size is consistent with previous studies in elite athletes [22]. Twenty-seven participants (mean age 24.1 ± 3.7 years) completed the intervention; five withdrew because of musculoskeletal issues arising from the intensive training in this study and their ongoing sport practice. One participant withdrew during the first weeks of training and the remaining between weeks 5-9. No dropouts occurred during the subsequent 7-week extra-intervention phase. 
The inclusion criteria required participants to demonstrate the ability to perform a deep back squat with a load equal to 1.25 times their body weight and a deadlift with a load equal to 1.50 times their body weight, both executed with proper technique. These loads corresponded to each participant’s estimated 1RM, based on previous training history. Informed consent was obtained from all participants. The study was approved by the Human Sciences Ethics Committee of the University of Jyväskylä (176/13.00.04.00/2021) and conducted in accordance with the Declaration of Helsinki.
2.3 Procedures
2.3.1 Muscle thickness 
Muscle thickness was assessed in VL and BF using a portable ultrasound device (LogicScan 128 EXT-1Z, Telemed). Participants were positioned supine with a soft roll placed beneath the hollow of their knees and a block between their feet. For the VL, a mark was made at 40% of the distance from the midpoint of the upper patellar pole to the greater trochanter using a flexible tape measure [23]. For the BF, a mark was made at 50% of the length of the thigh, with participants lying prone, and the distance was measured from the greater trochanter to the head of the fibula [24]. Two images were acquired per site with probe repositioning between scans. Images were analysed using ImageJ software (National Institutes of Health, USA), and muscle thickness was calculated as the mean distance between the superficial and deep aponeuroses. Scans were deemed valid if the images clearly displayed the fascial borders. The average of the two images was used for analysis, and all measurements were performed by the same investigator. Intraclass correlation coefficient (ICC) for absolute agreement for VL was calculated based on measurements from eight participants who completed a control test one week prior to the intervention. A two-way mixed-effects model for single measures (ICC1) was employed. The ICC was 0.96 (95% CI: 0.82–0.99), indicating excellent reliability according to [25], Additionally, the mean coefficient of variation (CV) across participants was 3.3% for VL. For BF, the ICC was 0.90 (95% CI: 0.62–0.98), indicating good-to-excellent reliability and CV 20.3%.
2.3.2. Muscle strength tests
Testing was performed in a standardized order: ultrasound assessment, a 15-minute dynamic warm-up, broad jump, isometric squat, BS 1RM, BS velocity test, and DL 3RM. Specific warm-up sets preceded maximal attempts. Rest intervals were standardized: 3 min between attempts and 5 min between exercises. For each test, three trials were performed, except in BS and DL assessments, where participants completed as many attempts as necessary to determine their maximal load (2-6 attempts). The best trial for each performance variable was retained for subsequent analysis. The ICC and CV for performance parameters were calculated based on measurements from six participants who completed a control test one week prior to the start of the intervention
The broad jump was performed on flat ground, requiring the participant to land on both feet. Distance was measured from the starting line to the back edge of the participants’ rear heel using a tape measure. The ICC for the broad jump was 0.97 (95% CI: 0.89–0.99), indicating good-to-excellent reliability, and the CV was 1.6%.
Maximal bilateral isometric squat strength was assessed using a custom-built squat stance (Faculty of Sport and Health Sciences, University of Jyväskylä) equipped with a strain gauge. Peak force (kg) was used as the primary outcome variable. During each trial, participants were instructed to exert maximal force "as fast and much as possible" for approximately 3 seconds per trial. Participants were strongly encouraged in each trial and were allowed two attempts unless their maximum force increased by more than 5%, in which case they were allowed a third and, if necessary, a fourth attempt. The rest was 2 minutes between trials. The ICC for isometric squats was 0.44 (95% CI: 0.07-0.71), indicating poor-to-moderate reliability, and CV was 15.4%.
Dynamic strength was assessed using 1RM for BS and the three-repetition maximum (3RM) for DL, following National Strength and Conditioning Association guidelines [26] and under the supervision of a strength and conditioning coach. Sufficient squat depth was defined as the upper thigh descending below the patella and was monitored laterally by the coach. The ICC for BS was 0.51(95% CI: 0.20–0.73), indicating poor-to-moderate reliability; CV = 12.9%).
Barbell velocity during the back squat was assessed at 75% of pre-intervention 1RM to estimate mechanical power, with load held constant throughout the intervention. Velocity and peak concentric power were measured using a linear position sensor (Tendo Unit, Tendo Sports Machines UK LTD). Participants performed three maximal-effort repetitions with verbal encouragement; jumping was not permitted, although heel lift was allowed. The highest wattage recorded across the three repetitions was used for analysis [27]. The ICC for peak power was 0.82 (95% CI: 0.52–0.94), indicating moderate-to-excellent reliability, and the CV was 9.5%.
Participants used a self-selected grip for the DL, which remained consistent throughout the intervention. Only conventional DL was allowed. Starting from a shoulder-width stance, participants extended their knees and hips to lift the barbell from the ground to an upright position. The ICC for DL was 0.98 (95% CI: 0.91–0.98), indicating excellent reliability, and CV was 1.6%.
2.3.3. Training program and volume
Primary lower-body exercises were the BS and DL, supplemented by accessory movements. The comprehensive training regimen is outlined in Table 1. Rest intervals were standardized at 4 min for primary lifts and 90 s for accessory exercises. Movement tempo was controlled consisting of a 3-s eccentric phase and maximal-intent concentric phase; tempo was reversed for exercises initiated concentrically (e.g., deadlift). Participants also engaged in upper-body training, which was not assessed in the present study.
The training intervention began with six weekly sets for the primary exercises. This initial volume was selected based on meta-analytic evidence indicating that performing more than five weekly sets per exercise is superior for strength development compared to fewer than five sets [28]. For muscle hypertrophy, weekly volumes exceeding nine sets per muscle group have been associated with greater gains [6]. In addition, a dose–response meta-analysis estimated a 0.24% increase in hypertrophy per additional weekly set [3], though data beyond 43 weekly sets remains limited. To extend the current evidence and assess the potential upper limits of hypertrophy response, the extra volume group in the present study was programmed to perform up to 63 weekly sets per muscle group. To our knowledge, this represents the highest reported training volume in a longitudinal RT study to date, exceeding the previously reported maximum of 52 weekly sets [5].

---- TABLE 1 around here ---

The volume load for the leg muscles and average intensities utilized during three distinct training phases are presented in Figure 1. The first resistance training phase spanned the initial five weeks. The second phase covered weeks 6 through 10, and the final phase, the extra-intervention, extended from week 11 to week 17. Volume is presented as weekly sets. To facilitate recovery, the training volume was intentionally decreased at weeks 5, 10, and 17. During the intervention period, participants did not perform any strength training apart from the study’s intervention, but they continued their usual sport-specific practices that were not controlled.

2.4. Identifying the positive response to training

[bookmark: _Hlk199675562]In order to determine the typical error (TE) for VL thickness, eight participants reported to the lab before the intervention on two separate occasions, separated by a week. TE of measurement was calculated for VL thickness utilizing the following equation [29]:

Where SDdiff is the standard deviation of the difference scores observed between the control and pre-test sessions of each test. Nonresponse to training was observed when an individual failed to show an increase or decrease that was greater than twice the TE away from zero in the first intervention part, which lasted ten weeks. A change beyond two times the TE means there is a high probability (i.e. 12 to 1 odds) that the response is a true physiological adaptation beyond what might be expected to result from technical and/or biological variability [29].
For VL, the TE was 0.08 cm, and the no-response limit was 0.15 cm.
2.5 Statistical analyses
Descriptive statistics are presented as means ± standard deviations (SD). Statistical analyses were conducted using IBM SPSS Statistics version 24.0 (IBM Corp., Armonk, NY, USA). Dependent variables were analyzed during the intervention and extra-intervention phases using linear mixed models, with measurement timepoint and group as fixed effects and participant as a random effect, allowing differences in changes between groups and response patterns to be tested directly (dependent variable: measured value; fixed effect: group or measurement timepoint or variable; random effect: participant ID). When a significant main effect was found, pairwise comparisons between levels of the fixed effect were conducted using estimated marginal means with Bonferroni correction. Analyses were performed on raw data, with statistical significance set at p ≤ 0.05. Effect sizes were quantified using Hedges' g (g) separately for within-group comparisons and for between-group comparisons based on change scores and were interpreted as small (0.15), moderate (0.40), and large (0.75) [30]. 

3. RESULTS
[bookmark: _Hlk199429810]3.1. First ten-weeks of the intervention
VL thickness increased significantly (F(3,75)=5.1, p=0.003) from pre- to mid-intervention by 7.0% ± 9.8 (g = 0.7, moderate effect, p=0.004) and from pre to final (week 17) by 6.9 % ± 12.2 (g = 0.4, moderate effect,p=0.015) for the whole group. BF thickness showed a significant increase (F(3,74)=8.6, p<0.001) from pre to post (g = 0.5, moderate effect, p=0.050), pre to final (g = 0.8, large effect, p<0.001), and mid to final (g = 0.5, moderate effect p=0.049) (Table 2).  
Both BS (F(3,73)=103.5, p<0.001) and DL (F(3,73)=116.5, p<0.001) strength increased significantly across all measurement points, with BS improving by 19.1% ± 10.95 (g = 1.7, large effect) and DL by 12.5% ± 8.3 (g = 2.0, large effect) from pre- to post-intervention (Figure 2). Also, from pre- to final testing, significant improvements were observed in Broad Jump performance (g = 0.7, moderate effect, p=0.003) and isometric squat (g = 0.8, large effect, p<0.001). The changes in peak power were not statistically significant (F(3, 62)=1.3, p=0.276). 
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3.2. Comparision of volume regimen on hypertrophy and performance parameters for the whole group
[bookmark: _Hlk199429823]Following the 7-week extra intervention, the XTR group showed a VL increase of 2.1% ± 7.6, compared to 0.6% ± 9.0 in the NOR group. BF thickness tended to increase more in the XTR group overall, albeit without statistical significance (Table 3). There were no statistically significant differences between the two groups in muscle hypertrophy. For BS, there were no differences between groups (5.8% vs 5.7%). However, NOR group increased DL more than the XTR group (6.3% ± 3.8 vs 4.25% ± 3.4, F(3, 70) = 2.862, p=0.043). Isometric squat showed a minor trend favoring the NOR group compared to XTR group (1.49% ± 9.9 vs -0.67% ± 9.8). 

---- Table 3 around here ---

3.3. Effect of extra volume on responsiveness
[bookmark: _Hlk199429815]After the 10-week intervention, 13 participants exhibited a response exceeding the typical error two times, while 14 participants did not exceed the two-times typical error threshold, indicating only negligible changes that did not surpass the physiological threshold (figure 3). 
---- FIGURE 3 around here ---

[bookmark: _Hlk199429818]Of the 14 participants who did not meet response criteria, 10 were assigned to the extra volume group. There were no statistically significant differences in VL thickness between the normal volume group (3.8% ± 6.9) and the extra volume group (3.2% ± 8.5) during the extra intervention (Figure 3), nor were there differences in BF thickness (Table 3). The only statistically significant difference among no-response participants across volume groups was observed in deadlift performance, favoring the normal group (F(1,10)=9.286, p=0.012). From post to final measurement, deadlift strength in no-response participants increased by 11.3% ± 1.7 in the normal volume group, compared to 3.3% ± 3.8 in the extra volume group.

4. DISCUSSION
To our knowledge, this is the first study to examine the upper limits of RT volume in trained athletes. Increasing weekly training volume to 63 sets did not enhance muscle hypertrophy compared with a lower-volume condition in athletes already engaged in systematic resistance training. Although a small group-level trend toward greater muscle mass gains was observed in the extra-volume group, these findings are consistent with previous work suggesting that excessive volume progression does not provide additional hypertrophic benefits [5]. Notably, the same study reported greater strength gains with a six-set progression compared with a four-set progression, indicating that hypertrophy and strength adaptations may respond differently to increases in training volume.
In this study, the muscle hypertrophy responsiveness to RT remained unchanged even as the training volume was increased. This aligns with some previous results, where increasing training volume and duration did not enhance hypertrophy responsiveness in non-responders for older adults [19]. However, this contrasts with the findings by Lixandrão et al. [18], who used a within-subjects design to compare two versus eight weekly sets in untrained older adults. In that study, no-response participants showed no hypertrophy at the lower volume but experienced substantial muscle growth at the higher volume, with gains comparable to those observed in responders performing the lower-volume protocol. It is important to note that the starting and overall training volumes in that study were relatively low, remaining below ten weekly sets. In contrast, training volume in the present study reached substantially higher levels, which may partly explain the divergent findings.
In essence, for athletes, it is crucial to determine a sustainable training volume, especially since strength training represents just one, albeit crucial, component of the overall training regimen. In this study, higher training volumes did not result in additional gains in muscle hypertrophy or strength, which may be partly explained by the accumulation of fatigue over the training period. Chronic fatigue has been shown to impair performance and potentially attenuate training adaptations when recovery is insufficient [31]. In contrast, acute (intra-set) fatigue may contribute to hypertrophic stimuli through increased muscle fiber recruitment, mechanical tension, ultrastructural muscle damage and the secretion of anabolic hormone [32]. Indeed, intra-set fatigue has been associated with increases in isometric force [33], however, when longer training duration is employed, the advantage of higher fatigue accumulation for strength gains diminish [34]. These findings suggest that acute fatigue-related mechanisms do not necessarily translate into greater adaptations when excessive fatigue accumulates over time. Therefore, careful management of fatigue across the training process appears essential.
Given that higher volumes demand more time and energy without providing additional benefits, it is more practical to employ the minimum effective dose of training that elicits desired adaptations. 
To our knowledge, the XTR group utilized the highest weekly set volume reported in long-term RT interventions. However, this approach did not prove beneficial for the athletes in our study. While Remmert et al. [4] found that as few as two sets can improve strength and ten sets can enhance hypertrophy, their analysis lacked sufficient data on very high per-session set volumes. Based on our findings, it appears that extremely high per-session set volumes may not offer additional benefits. 
Moreover, significant hypertrophy (VL +7.0% ± 9.8) was observed in the first weeks, suggesting that 6 to 15 weekly sets for main movements still promoted growth and overall weekly sets ranged from 32 to 41. Beyond that, main sets exceeding 11, especially when combined with increasing intensity, appeared to hinder further hypertrophy. Supporting this, Kassiano et al. [35] found that 12 weekly sets led to greater calf muscle growth than six sets in untrained young women. These findings suggest that the optimal volume for hypertrophy in trained athletes may lie between 9 and 15 weekly sets. Although hypertrophy has been demonstrated to increase with up to 52 weekly sets in trained males [2], our study found that extra volumes progressing from 58 to 62 sets did not elicit additional hypertrophy. A recent meta-analysis suggests that muscle growth in healthy adults can continue to increase with up to 43 weekly sets, although the effects of volumes beyond this threshold remain unclear  [3]. Considering our findings and existing data, it seems that the appropriate volume for hypertrophy may be lower than 58 sets per week.
Differences in strength responses between the XTR and NOR groups were trivial, indicating that volume was not the primary driver of maximal strength gains. Some studies have found similar results in trained men [9, 12, 13], while others report that increased volume enhances strength in trained individuals [5, 10, 11, 36]. Notably, lower training volume appeared to improve deadlift performance, while higher training volumes may contribute to improved strength gains, the benefits seemed to plateau after approximately five sets per week per muscle group [3].
The 1.5-fold greater training volume prescribed to the XTR group relative to the NOR group may have been excessive when considering the demands placed on elite athletes, potentially influencing the results... However, Hammarström et al. (2020) used three times the volume in untrained participants to facilitate responses among those showing suboptimal adaptations, while González-Badillo et al. (2006) compared groups with two and four times the volume in trained junior weightlifters. Studies on team sport athletes have also used two to three times more volume when comparing different regimens [37]. Given this background, exploring smaller volume differences between groups would be valuable, as response and adaptation pathways tend to be more subtle in specialized populations. 
Consistent with this notion, previous training volume has been shown to influence hypertrophic adaptations in trained individuals [38], although this effect is not consistently observed [39, 40]. Increasing volume beyond an individual’s habitual level does not necessarily result in additional hypertrophy. In the present study, hypertrophic non-responsiveness was not resolved by further increasing training volume, indicating that insufficient volume is unlikely to explain the lack of adaptation. Instead, excessively demanding overall training loads may have constrained hypertrophic responses in some participants.
Interestingly, for non-response participants, higher training volumes appeared to enhance power-related outcomes more effectively than lower volumes. Although the improvements in broad jump (1.1% ± 1.8 vs. 0.6% ± 3.8) and peak power (3.6% ± 9.0 vs -2.3% ± 11.3) in the XTR group among non-response participants were not statistically significant, they showed favorable trends. This may speculatively suggest that these non-responding participants require greater training volumes to elicit adaptations in explosive performance, as their musculature may be less responsive to lower-volume power training. However, this individual-level pattern contrasts with the overall group trend, where extremely high training volumes did not promote improvements in power-related outcomes, which is an important distinction to emphasize.
For strength-trained athletes, the simultaneous progression of training volume and intensity over extended periods may be overly demanding. Consequently, prioritizing the progression of either volume or intensity at a given time may be a more practical strategy, particularly when training time is limited. This response may differ in untrained populations, as Carneiro et al. [41] reported that postmenopausal women classified as low responders increased lean body mass regardless of the intensity progression strategy used. Given the substantial variability in response among different populations, further research is essential, particularly for more specialized groups. 
Substantial individual variability was observed among participants, which is common for athletes and highlights the need for individualized training programs. Research typically shows that about 12% of untrained individuals are classified as high responders [42], while in our study, 48% of participants reached the response, despite being trained athletes. This would indicate that, the high training volumes are an effective way in the short term to elicit increases in muscle size.
Several limitations should be acknowledged when drawing conclusions from this study. Dietary intake was not controlled, which may have influenced adaptations during the high training volumes employed. Muscle hypertrophy was assessed using ultrasound at a single site, and therefore regional hypertrophic responses or adaptations in other muscles may not have been detected. Additionally, fascicle length and pennation angle were not assessed, which could have explained potential discrepancies. These measures should be added in future studies utilizing ultrasonography. Using Cohen’s dz for within-subject effects may have resulted in a smaller estimated sample size than required to detect between-group differences. Additionally, as the study was conducted with elite athletes, the total sample size was inherently limited, which may have further reduced statistical power for some comparisons. Regarding the randomization process, the non-random allocation in cases of odd numbers may have introduced minor allocation imbalance and researchers not being blinded to group allocation is a minor limitation.  Classification of responsiveness was based solely on vastus lateralis thickness, and different classifications may have emerged if other muscles or strength outcomes had been considered. A further limitation relates to statistical power for between-group comparisons as the effect size used in a priori power analysis reflects within-subject changes and may overestimate the expected magnitude of between-group differences. Although no significant differences between groups were observed, and the study was sufficiently powered to detect moderate-to-large effects, the relatively small sample size limits the ability to detect small between-group differences. Therefore, the possibility of a Type II error (false negative) cannot be excluded. Additionally, some outcome measures demonstrated relatively high variability (CV), which may have introduced measurement noise and limited the ability to detect small-to-moderate between-group differences. Moreover, training load was controlled using set volume only and while set count is a widely used metric, training volume can also be quantified more precisely (e.g., force × distance as total work performed), which would account for individual differences in movement range. In addition, other factors such as intensity, rest intervals, exercise selection, and movement characteristics may also have contributed to the observed adaptations. Finally, future studies in athlete populations should more comprehensively control overall training load, including sport-specific practice.

5. CONCLUSIONS
More is not always better: when resistance training volume was increased beyond 60 sets per week, no statistically significant additional gains in muscle hypertrophy or strength were observed in trained male athletes. Importantly, the elevated volume also failed to overcome non-responsiveness to muscle hypertrophy, suggesting that resistance training volume, when already high, may not be the key variable limiting progress in this population.
6. PRACTICAL APPLICATIONS
· More training volume is not always better. The greatest gains in muscle strength and size occurred during the first 10-week training period when weekly sets ranged from 32 to 41. 
· Increasing weekly training volume by 1.5 times for the subsequent 7-week period did not yield additional benefits, nor did it reduce the prevalence of non-response. Coaches should therefore avoid assuming that higher training volumes guarantee greater adaptations. 
· Strength and conditioning coaches can use these findings to refine program design by prioritizing moderate, sustainable training volumes and strategically modify other factors (e.g., nutrition, recovery, training intensity, or exercise selection) to maximize long-term gains. 
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Tables with captions
	WEEKS 1 - 5
	WEEKS 6 - 10
	WEEKS 11 -17

	Session 1
	SETS
	REPS
	INT.
	Session 1
	SETS
	REPS
	INT.
	Session 1
	SETS
	REPS
	INT.

	Clean + FS
	4
	2+2
	75%
	Clean
	3
	2
	85%
	Power clean
	2
	2
	85%

	Back Squat
	2
	8
	75%
	Back Squat
	3
	7
	77.5%
	Back Squat
	4
	6
	80%

	Military Press
	2
	8
	75%
	Push Press
	4
	8
	 
	Reverse SS
	3
	10
	60%

	Nordics
	3
	6
	 
	Nordics
	2
	6
	 
	Military Press
	3
	10
	 

	 
	 
	 
	 
	Lateral Squat
	3
	12
	BW
	Nordics
	3
	6
	 

	 
	 
	 
	 
	 
	 
	 
	 
	Biceps Curl
	3
	10
	 

	Session 2
	SETS
	REPS
	INT.
	Session 2
	SETS
	REPS
	INT.
	Session 2
	SETS
	REPS
	INT.

	DL - 5cm riser
	2
	6
	70%
	Deadlift
	4
	5
	75%
	Deadlift
	4
	3
	85%

	RFESS
	3
	5RM
	 
	Cyclist Squat
	3
	15
	35%
	Step-up
	3
	8
	40%

	Split Squat
	3
	5RM
	 
	Uni BE
	2
	10+10
	 15% BW
	BE with SG
	2
	8
	70%

	Iso Calf Raise
	3
	5s 
	 100%
	Incline BP
	2
	10
	 
	Cyclist Squat
	3
	15
	20%

	Biceps Curls
	3
	10
	 
	Pull-ups
	3
	RIR 2
	 
	Triceps Ext.
	3
	10
	 

	Pull Over
	3
	10
	 
	 
	 
	 
	 
	Pull-ups
	2
	RIR 2
	 

	Session 3
	SETS
	REPS
	INT.
	Session 3
	SETS
	REPS
	INT.
	Session 3
	SETS
	REPS
	INT.

	Clean pull + Clean
	4
	2+2
	75%
	Clean knee
	10
	1
	83%
	Clean 
	4
	3
	85%

	FS
	3
	4
	70%
	FS
	3
	3
	75%
	Back Squat
	3
	5
	82.5%

	Back Squat
	2
	6
	82.5%
	Back Squat
	4
	4
	82.5%
	RFESS
	3
	8
	70%

	Hamstring curls
	3
	6
	RIR4
	Uni Deadlift
	3
	4
	25%
	Kettlebell Swing
	3
	8
	40% BW 

	Barbell Row
	3
	10
	 
	Pendley Row
	2
	10
	 
	Dumbell Row
	3
	10
	 


Table 1. Training program for the intervention.
5RM = first week we did 5RM testing to determine training weights, BE = Back Extension, BP = Bench Press, BS = Back Squat, BW = Bodyweight, CS = Cyclist Squat, CS FR = Cyclist Squat Front Rack, DL = Deadlift, Ext. = Extension, FS = Front Squat, INT. = Intensity, ISO = Isometric, Knee = Knee Level, RFESS = Rear Foot Elevated Split Squat, RIR = Reps in Reserve, SG = Snatch Grip, SS = Split Squat, Uni = Unilateral.



Table 2. Vastus Lateralis and Biceps Femoris changes and absolute values (mean, SD) for the whole group, different volume groups, and no-response participants in different volume groups.
	
	VL ABSOLUTE VALUES (cm)
	BF ABSOLUTE VALUES (cm)

	
	PRE
	MID
	POST
	FINAL
	PRE
	MID
	POST
	FINAL

	WG
	2.38 ± 0.37
	2.55 ± 0.38**
	2.50 ± 0.37
	2.53 ± 0.35**
	3.56 ± 0.42
	3.71 ± 0.48
	3.72 ± 0.48*
	3.83 ± 0.41***

	NOR 
	2.48 ± 0.38
	2.68 ± 0.42
	2.64 ± 0.40
	2.64 ± 0.34
	3.67 ± 0.48
	3.79 ± 0.55
	3.77 ± 0.57
	3.85 ± 0.41

	XTR
	2.31 ± 0.36
	2.45 ± 0.33
	2.39 ± 0.30
	2.44 ± 0.34
	3.48 ± 0.37
	3.65 ± 0.43
	3.68 ± 0.41
	3.85 ± 0.42

	NR in NOR
	2.68 ± 0.40
	2.60 ± 0.47
	2.46 ± 0.50
	2.53 ± 0.36
	3.80 ± 0.59
	3.82 ± 0.66
	3.75 ± 0.67
	3.90 ± 0.46

	NR in XTR
	2.46 ± 0.33
	2.59 ± 0.33
	2.42 ± 0.34
	2.50 ± 0.37
	3.48 ± 0.35
	3.64 ± 0.38
	3.74 ± 0.39
	3.91 ± 0.40


WG = whole group, NOR = no additional volume group, XTR = extra volume group, NR = No Response, VL = Vastus Lateralis, BF = Biceps Femoris, PRE = before the study, MID = 5 weeks after the start of the study, POST = 10 weeks after the start of the study, FINAL = after extra intervention 17 weeks after the start of the study. *, ** and *** denotes statistically significant changes (p<0.05, p<0.01, p<0.001 respectively) compared to PRE values.

 Table 3. Comparison of different volume regimen across the extra intervention. 
	 
	NOR GROUP (n=12)
	XTR GROUP (n=15)
	 

	
	POST
	FINAL
	Δ%
	ES
	POST
	FINAL
	Δ%
	ES
	GROUP ES

	Back Squat 1RM (kg)
	152
	158
	5.7
	0.26 (0.10-0.42)
	147
	158
	5.8
	0.30 (0.18-0.43)
	0.02 (-0.81-0.85)

	Deadlift 3RM (kg)
	156
	165
	6.3
	0.31 (0.19-0.43)
	159
	162
	3.8
	0.33 (0.17-0.50)
	0.69 (-0.17-1.56)*

	Isometric Squat (kg)
	137
	139
	1.5
	0.06 (-0.28-0.40)
	145
	142
	-0.7
	-0.08 (-0.30-0.15)
	0.30 (-0.55-1.15)

	Broad Jump (cm)
	266
	266
	0.0
	0.02 (-0.11-0.15)
	262
	266
	0.9
	0.11 (-0.05-0.26)
	-0.30 (-1.09-0.49)

	Peak Power (W)
	1838
	1931
	1.4
	0.01 (-0.17 – 0.19)
	2010
	2098
	7.3
	0.22 (-0.04 – 0.49)
	-0.58 (-1.55-0.39)


1RM = one-repetition maximum, 3RM = three-repetitions maximum, NOR = no additional volume group, XTR = extra volume group, POST = 10 weeks after the start of the study, FINAL = after the extra intervention 17 weeks after the start of the study, ES = within-group effect sizes reported as Hedges’ g with 95% confidence intervals, GROUP ES = between-group change scores effect sizes with 95% confidence intervals, W = watts, * = p ≤ 0.05 significance between groups.



Figure legends
Figure 1. Overview of the study design (a). The testing timeline shown at the bottom indicates when vastus lateralis thickness measurements and all performance tests were conducted. Intervention started with control period followed by 10 weeks of strength training intervention, where all participants followed the same resistance training protocol. After this period, participants were divided into two groups: one group performed additional training volume (Extra), while the other continued with the initial training volume (Normal). Training volume load for the leg muscles across the intervention is shown in the right (b). Black bars represent the Extra group, while dark grey bars represent the Normal group. Mean training intensity for each training block is displayed below the bars. NR = no-response in vastus lateralis thickness, R = response in vastus lateralis thickness, WK = weeks.
Figure 2. Absolute changes in back squat (a) and deadlift (b) for the whole group during the intervention. Numbers refers to weeks. XTR = extra volume group, NOR = normal volume group, * denotes statistically significant difference (p<0.05) between XTR and NOR groups. Error bars indicate the range of values (minimum to maximum).

Figure 3. Absolute changes in vastus lateralis (VL) muscle thickness throughout the intervention (a). The grey shaded area represents 2× the typical error, with values above indicating response and values below indicating no-response. Changes in VL muscle thickness among participants classified as VL no-response during the additional intervention phase are shown in the right (b). Black bars represent group medians. PRE = baseline, MID = 5 weeks, POST = 10 weeks (end of first intervention), XTR = changes from weeks 10 to 17 in the extra volume group, NOR = changes from weeks 10 to 17 in the normal volume group, FINAL = 17 weeks from study start (after extra intervention). Error bars indicate the range of values (minimum to maximum).
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