
Exercise type, training load, velocity loss threshold,
and sets affect the relationship between lifting
velocity and perceived repetitions in reserve in
strength-trained individuals (#110432)

1

First revision

Guidance from your Editor

Please submit by 31 May 2025 for the benefit of the authors (and your token reward) .

Structure and Criteria
Please read the 'Structure and Criteria' page for guidance.

Raw data check
Review the raw data.

Image check
Check that figures and images have not been inappropriately manipulated.

All review materials are strictly confidential. Uploading the manuscript to third-party tools such as Large
Language Models is not allowed.
If this article is published your review will be made public. You can choose whether to sign your review. If
uploading a PDF please remove any identifiable information (if you want to remain anonymous).

Files
Download and review all files
from the materials page.

1 Tracked changes manuscript(s)
1 Rebuttal letter(s)
8 Figure file(s)
4 Table file(s)
1 Raw data file(s)

https://peerj.com/submissions/110432/reviews/2065469/materials/


For assistance email peer.review@peerj.com
Structure and
Criteria

2

Structure your review
The review form is divided into 5 sections. Please consider these when composing your review:
1. BASIC REPORTING
2. EXPERIMENTAL DESIGN
3. VALIDITY OF THE FINDINGS
4. General comments
5. Confidential notes to the editor

You can also annotate this PDF and upload it as part of your review
When ready submit online.

Editorial Criteria
Use these criteria points to structure your review. The full detailed editorial criteria is on your guidance page.

BASIC REPORTING

Clear, unambiguous, professional English
language used throughout.
Intro & background to show context.
Literature well referenced & relevant.
Structure conforms to PeerJ standards,
discipline norm, or improved for clarity.
Figures are relevant, high quality, well
labelled & described.
Raw data supplied (see PeerJ policy).

EXPERIMENTAL DESIGN

Original primary research within Scope of
the journal.
Research question well defined, relevant
& meaningful. It is stated how the
research fills an identified knowledge gap.
Rigorous investigation performed to a
high technical & ethical standard.
Methods described with sufficient detail &
information to replicate.

VALIDITY OF THE FINDINGS

Impact and novelty is not assessed.
Meaningful replication encouraged where
rationale & benefit to literature is clearly
stated.
All underlying data have been provided;
they are robust, statistically sound, &
controlled.

Conclusions are well stated, linked to
original research question & limited to
supporting results.

mailto:peer.review@peerj.com
https://peerj.com/submissions/110432/reviews/2065469/
https://peerj.com/submissions/110432/reviews/2065469/guidance/
https://peerj.com/about/author-instructions/#standard-sections
https://peerj.com/about/policies-and-procedures/#data-materials-sharing
https://peerj.com/about/aims-and-scope/
https://peerj.com/about/aims-and-scope/


Standout
reviewing tips

3

The best reviewers use these techniques

Tip Example

Support criticisms with
evidence from the text or from
other sources

Smith et al (J of Methodology, 2005, V3, pp 123) have
shown that the analysis you use in Lines 241-250 is not the
most appropriate for this situation. Please explain why you
used this method.

Give specific suggestions on
how to improve the manuscript

Your introduction needs more detail. I suggest that you
improve the description at lines 57- 86 to provide more
justification for your study (specifically, you should expand
upon the knowledge gap being filled).

Comment on language and
grammar issues

The English language should be improved to ensure that an
international audience can clearly understand your text.
Some examples where the language could be improved
include lines 23, 77, 121, 128 – the current phrasing makes
comprehension difficult. I suggest you have a colleague
who is proficient in English and familiar with the subject
matter review your manuscript, or contact a professional
editing service.

Organize by importance of the
issues, and number your points

1. Your most important issue
2. The next most important item
3. …
4. The least important points

Please provide constructive
criticism, and avoid personal
opinions

I thank you for providing the raw data, however your
supplemental files need more descriptive metadata
identifiers to be useful to future readers. Although your
results are compelling, the data analysis should be
improved in the following ways: AA, BB, CC

Comment on strengths (as well
as weaknesses) of the
manuscript

I commend the authors for their extensive data set,
compiled over many years of detailed fieldwork. In addition,
the manuscript is clearly written in professional,
unambiguous language. If there is a weakness, it is in the
statistical analysis (as I have noted above) which should be
improved upon before Acceptance.



Exercise type, training load, velocity loss threshold, and sets
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Purpose: To explore the relationship between bar velocity and perceived repetitions in
reserve (pRIR) for the bench press and the squat exercises during multiple training
sessions in strength-trained individuals.
Methods: Nineteen well-trained individuals (9f and 10f, 26 ± 4 yr, 174 ± 8 cm, 74 ± 9 kg
[mean ± standard deviation]) trained squats and bench press for six weeks. Within each
week, they conducted three sessions with diûerent loads, corresponding to ~ 77-79%, ~
82-84%, and ~ 87-89% of 1 repetition maximum (1RM). The mean velocity was measured
at the bar for all lifts, and the participants terminated each set based on a pre-set velocity
loss threshold (20-60%). After every set termination, the participants reported pRIR.
Results: Based on 2972 unique measurements, we observed trivial to very large individual
correlations between the objectively measured mean velocity and the pRIR (average r 2 =
0.3 for both squat and bench press). Type of exercise (squat or bench press), velocity loss
threshold, load, and sets aûected the pRIR for a given mean velocity. Sex (females vs.
males) and training weeks were unrelated to pRIR.
Discussion and conclusion: Our ûndings suggest that mean bar velocity and pRIR provide
complementary insights into strength training performance. However, since pRIR is
inûuenced by exercise type, load, proximity to failure, and set number, these metrics
should not be used interchangeably without careful consideration of these factors.
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19 Abstract
20 Purpose: To explore the relationship between bar velocity and perceived repetitions in reserve 

21 (pRIR) for the bench press and the squat exercises during multiple training sessions in strength-

22 trained individuals. 

23 Methods: Nineteen well-trained individuals (9f and 10f, 26 ± 4 yr, 174 ± 8 cm, 74 ± 9 kg [mean ± 

24 standard deviation]) trained squats and bench press for six weeks. Within each week, they 

25 conducted three sessions with different loads, corresponding to þ77-79%, þ82-84%, and þ87-89% 

26 of 1 repetition maximum (1RM). The mean velocity was measured at the bar for all lifts, and the 

27 participants terminated each set based on a pre-set velocity loss threshold (20-60%). After every 

28 set termination, the participants reported pRIR.

29 Results: Based on 2972 unique measurements, we observed trivial to very large individual 

30 correlations between the objectively measured mean velocity and the pRIR (average r2 = 0.3 for 

31 both squat and bench press). Type of exercise (squat or bench press), velocity loss threshold, load, 

32 and sets affected the pRIR for a given mean velocity. Sex (females vs. males) and training weeks 

33 were unrelated to pRIR. 

34 Discussion and conclusion: Our findings suggest that mean bar velocity and pRIR provide 

35 complementary insights into strength training performance. However, since pRIR is influenced by 

36 exercise type, load, proximity to failure, and set number, these metrics should not be used 

37 interchangeably without careful consideration of these factors.

38

39 Keywords: Strength training, rate of perceived exertion (RPE), exercise monitoring, squat, bench 

40 press 

41
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42 Introduction
43 Velocity-based strength training (VBST) has become a popular objective approach for managing 

44 exercise intensity/load and neuromuscular fatigue (Bastos et al., 2024; Jovanovic & Flanagan, 2014; 

45 Maroto-Izquierdo et al., 2022; Suchomel et al., 2021). Velocity-based strength training differs from 

46 traditional strength training, focusing on lifting velocity rather than loads in a percentage of 1 

47 repetition maximum (1RM) or a given number of repetitions. Typically, VBST is based on the mean 

48 velocity of the bar (ascending phase), measured by devices such as a linear encoder or an 

49 accelerometer (Jovanovic & Flanagan, 2014; Weakley et al., 2021). A prerequisite with VBST � and 

50 using mean velocity as a variable � is maximal effort in the ascending phase of each repetition 

51 (Jovanovic & Flanagan, 2014). 

52 It is well established that desired strength training outcomes rely on load intensity (e.g., % of 1RM) 

53 and volume (Atha, 1981). However, the effort in each lift (intention to move) and proximity to set 

54 failure can also be used to tune the adaptations to strength and power training (Grgic et al., 2022; 

55 Kawamori & Newton, 2006). While hypertrophy seems most efficiently acquired with (near) failure 

56 sets, non-failure sets are advocated as preferable for power and maximal strength development in 

57 well-trained individuals and athletes (Carroll et al., 2018). Indeed, controlling and limiting 

58 neuromuscular fatigue during exercise may enhance training quality and support specific 

59 adaptations (Izquierdo et al., 2006; Larsen et al., 2021; Suchomel et al., 2021).

60 As the mean velocity gradually declines with successive repetitions, a percentage loss of velocity or 

61 pre-set velocity threshold (in ms-1) can be used to decide when to terminate the set. In practice, low 

62 velocity loss thresholds (i.e., <25%) appear preferred for developing muscle power and maximal 

63 strength, while hypertrophy seems to require higher velocity loss thresholds (>25%), i.e., close to 

64 contraction failure or RM (Baena-Marín et al., 2022; Hickmott et al., 2022; Weakley et al., 2021). 

65 The mean velocity (ms-1) has been demonstrated to correlate with both the percentage of 1RM and 

66 repetitions in reserve (RIR) (Pelland et al., 2022). Repetitions in reserve refer to the difference 

67 between the number of repetitions performed and the maximum possible repetitions in a set. 

68 However, it is evident that the relationship between mean velocity and RIR depends on the type of 

69 exercise, e.g., the bench press and the squat, and the high inter-individual variability seems to 

70 necessitate individual adjustments for practical application (Garcia-Ramos et al., 2018; Jukic et al., 

71 2024; Moran-Navarro et al., 2019).  

72 An alternative to objective measures of mean velocity is the subjective evaluation of effort and 

73 fatigue through the rate of perceived exertion (RPE) and perceived repetitions in reserve (pRIR) 

74 (Helms et al., 2016; Helms et al., 2020; Zourdos et al., 2016). The main argument for using RPE and 

75 pRIR is autoregulation, which is an individual, intuitive, and dynamic way to account for biological 

76 day-to-day variations and readiness to train (Suchomel et al., 2021). Perceived RIR is undeniably 

77 simplistic, practical, and low-cost, with no need for technological devices. 

78 Both the objective mean velocity (Garcia-Ramos et al., 2018; Moran-Navarro et al., 2019) and 

79 subjective pRIR (Hickmott et al., 2024; Varela-Olalla et al., 2019) have been reported to predict the 

80 actual RIR in a set with acceptable accuracy. The pRIR seems, however, more influenced by the 

81 proximity to failure and training status than the objective, mean velocity measurements (Halperin 

82 et al., 2021; Moran-Navarro et al., 2019). That said, the applicability of the mean velocity method is 

83 also debatable, as some find good accuracy and reliability (Jukic et al., 2024), while others 

84 concluded that the mean velocity does not appropriately align with actual RIR values across loads 

85 and sets (Mansfield et al., 2023). 

86 Previous studies examining the relationship between mean velocity, RIR, and pRIR have done so in 

87 controlled laboratory settings, using only a few test sessions (Garcia-Ramos et al., 2018; Jukic et al., 

88 2024; Mansfield et al., 2022; Varela-Olalla et al., 2019). In such experimental settings, when several 
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89 sets of multiple conditions are conducted in series (e.g., different loads and repetition ranges), the 

90 order and proximity of the conditions may affect the perceived efforts and ratings. First, the 

91 number of lifts and sets becomes restricted due to the development of neuromuscular fatigue; i.e., 

92 the total number of data points from each individual becomes limited. Second, the participants are, 

93 in fact, aware of the purpose of the study and may develop biased responses when assessing 

94 similarities or differences between the various conditions compared to real-world scenarios when 

95 the focus is on the training itself (the Hawthorne effect). This raises questions about the ecological 

96 validity of the available literature on the topic. An alternative approach is to collect mean velocity 

97 and pRIR data from consecutive real-life training sessions that vary in load intensity and proximity 

98 to failure.

99 This study explored how exercise type (bench press and squat), load intensity (% of 1RM), velocity 

100 loss thresholds, number of sets, and sex influence the relationship between objectively measured 

101 bar mean velocity and pRIR across multiple strength training sessions in well-trained individuals.

102 We recognize both VBST and pRIR as potentially valuable tools for managing exercise effort and 

103 training specificity, and our results may offer clearer insights into how these tools can be applied by 

104 individuals involved in strength training. 

105

106 Methods

107 Participants

108 Nineteen well-trained young adults participated in this study (Table 1). Participants were classified 

109 as �advanced� to �highly advanced� resistance-trained individuals according to Santos et al. (2021). 

110 One male trained only the squat exercise, and one male trained only the bench press exercise due to 

111 shoulder and knee pains, respectively.

112 The inclusion criteria required volunteers to be young adults (< 40 years of age), have at least one 

113 year of consistent bench press and squat practice � including the past year, and demonstrate a 

114 minimum 1RM of 0.6 (females) or 1.0 (males) in the bench press and 1.0 (females) or 1.2 (males) in 

115 the squat.  

116 After receiving written and oral information, all participants volunteered to take part in the study 

117 by signing an informed consent. The study was approved by the local ethical committee at the 

118 Norwegian School of Sport Sciences (103-290819). 

119

120 *** Table 1. near here ***

121

122 Study design

123 The present study was based on data from a 6-week strength training period (18 sessions). The 

124 participants trained the bench press and the squat exercises in the same session. The mean velocity 

125 was tracked for all lifts. For the purpose of this study, we analyzed only the velocity of the last 

126 repetition in each set, along with the pRIR, which was recorded after each set.  

127 After a 1RM test in bench press and squat, the participants were allocated to one of two groups. One 

128 group trained with a �low� velocity loss threshold (LVL), while the other group trained with a �high� 

129 velocity loss threshold (HVL). The training adaptations, such as changes in 1RM and local 

130 hypertrophy, to the LVL and HVL interventions are published elsewhere (Myrholt et al., 2023).
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131 Of the 19 participants, four completed both the LVL and the HVL program, hence, seven males and 

132 four females completed the LVL program, and seven males and five females completed the HVL 

133 program. We used a Generalized Linear Mixed Model (GLMM) that allows for individual differences 

134 in the number of data points, ensuring that each participant's contribution is appropriately 

135 weighted in the analysis. Note that this study includes three more participants than those analyzed 

136 in Myrholt et al. (2023), and the raw data is available for download.

137

138 Rationale for the velocity thresholds and training volume

139 The LVL group trained with 20% and 30% mean velocity loss thresholds in squat and bench press, 

140 respectively (Table 2). The HVL group trained with 40% and 60% velocity loss thresholds in squat 

141 and bench press, respectively. These thresholds, which determined set termination once the 

142 velocity dropped below the specified percentage, were chosen based on previous studies (Pareja-

143 Blanco et al., 2017; Pareja0Blanco et al., 2020; Sanchez-Medina & González-Badillo, 2011) and 

144 extensive pilot testing to ensure that the number of repetitions with the LVL program resulted in 

145 about half the number of repetitions per set as the HVL program (Table 2). 

146 The training volume (total number of reps) between groups was matched, as the HVL trained with 

147 ~3 sets and the LVL trained with ~6 sets per exercise (Table 2). To achieve this, the HVL group was 

148 always three sessions ahead of the LVL group so that the LVL group's training volume could be 

149 adjusted weekly. Hence, we adjusted the number of sets per session for the LVL group to achieve 

150 approximately the same total number of repetitions as the HVL group. 

151

152 Measuring mean velocity of the bar

153 A linear encoder tracked the duration (time, in seconds) and displacement (in meters) of the bar in 

154 all lifts (Musclelab, Ergotest; 200-Hz sampling rate and 0.019-mm resolution). The encoder was 

155 attached to the powerlifting bar on the right-hand side (10 cm outside the knurl mark). Care was 

156 taken to position the encoder to measure the vertical bar displacement. This was inspected in all 

157 sessions, and individual marks (tape) on the floor were used to ensure similar foot positioning from 

158 set to set in the squat. Similarly, the shoulder positioning and the placement of the encoder were 

159 individually adjusted in the bench press. A slight horizontal bar movement in the bench press is 

160 unavoidable, but care was taken to ensure the setup was similar for all sets at the individual level. 

161 All velocities are given as the mean velocity of the lifting (ascending) phase (calculated by 

162 Musclelab�s proprietary software Ergotest, version 10.200.90.5097). The braking (descending) 

163 phase was not included in this study. Compared to 3D kinematic analyses of free-weight squats 

164 (Qualisys, sampled at 300 Hz), the coefficient of variation (CV) for mean velocity measurements is 

165 1.9% (unpublished data from our laboratory).

166

167 Perceived repetitions in reserve

168 Prior to the training period, the participants were informed about the concept of RIR and pRIR. 

169 They were instructed to verbally express their pRIR immediately after each set. The researchers 

170 recorded the pRIR alongside the mean velocity of the last repetition.

171

172 Training

173 Strength training sessions were conducted using free-weight Eleiko equipment. 

174 As a general warm-up, five minutes of stationary cycling at 80-120 W (Keiser M3i Lite, Keiser 

175 Sport) was followed by 5-10 minutes of dynamic shoulder mobility.
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176 The individual training loads for the training sessions were determined by pre-planned target 

177 velocities (Table 2). Loads (kg) were adjusted to achieve the pre-planned mean velocity with a 

178 maximal deviation of 0.03 ms-1. This was typically achieved by 1-3 single repetition sets with 

179 maximal effort in the ascending phase. To exemplify, if the target velocity was 0.53 ms-1 a load (kg), 

180 a velocity of 0.50-0.56 was acceptable. Based on pre-set velocities, the velocity thresholds for set 

181 termination were determined (this was thus different for the LVL and HVL groups). Both groups 

182 conducted the same training sessions, with three sessions per week featuring �low,� �moderate,� 

183 and �heavy� loads (Table 2).  

184 Both the bench press and the squat exercise were executed in accordance with the rules of 

185 powerlifting (www.powerlifting.sport), and stance and grip width and range of motion were 

186 individually standardized across the 18 training sessions. All sessions were supervised to ensure 

187 proper lifting techniques, and real-time feedback was given to participants. Sets were terminated if 

188 improper techniques were observed. An experienced spotter was present to ensure the lifter's 

189 safety, but the spotter did not interfere with the lifts unless unexpected failure or perceived risk of 

190 injury. Interrupted sets were rare and not included in the data material presented.  

191

192 Statistics 

193 All analyses and presentations are done with pRIRs from 0 to 4 to ensure sufficient statistical 

194 power at each pRIR value. 145 measurements with pRIR >4 were excluded (4.7% of the total data 

195 points). The excluded pRIR data points ranged from 5 to 12, and when divided by group, session 

196 (load), and sex, the number of data points per pRIR (5-12) was very low.  

197 Pearson's r was used to calculate correlations between variables. The association between mean 

198 velocity and pRIR was calculated for each participant and then averaged for grouped values.

199 Effect sizes (ES) were estimated using Cohen�s d, and the following scale was used: <0.2 trivial, 0.2-

200 0.6 small, 0.6-1.2 moderate, 1.2-2.0 large, 2.0-4.0 very large. For correlations, the following scale 

201 was used: 0.1-0.3 small, 0.3-0.5 moderate, 0.5-0.7 large, 0.7-0.9 very large (Hopkins et al., 2009). 

202 A Generalized Linear Mixed Model (GLMM) was employed to assess the relationship between mean 

203 velocity and pRIR, accounting for repeated measurements and individual variability. The model 

204 included fixed effects for exercise type (bench press, squat), velocity group (LVL, HVL), load, sets 

205 per session, sex (female, male), and training week. Additionally, interaction terms between exercise 

206 type and velocity group were included to evaluate whether the relationship between velocity and 

207 pRIR varied by exercise type. To capture between-subject variability, the model incorporated 

208 random intercepts and random slopes for each participant. The random intercepts accounted for 

209 individual differences in baseline pRIR, while random slopes for mean velocity allowed individuals 

210 to vary in their response to velocity. The correlation between random intercepts and slopes was 

211 estimated to assess whether participants with higher baseline pRIR responded differently to 

212 changes in velocity. Residual variance accounted for within-subject fluctuations, representing 

213 variation in pRIR that the fixed or random effects did not explain. The model was estimated using 

214 Restricted Maximum Likelihood (REML), ensuring appropriate weighting of individuals 

215 contributing varying numbers of data points while preventing bias. Model estimates were reported 

216 with 95% confidence intervals, and statistical significance was set at p < 0.05.

217 The data was organized and analyzed using Python (version 3.11) with Panda's package (version 

218 2.2.2). Plots and visualizations were created using Matplotlib (version 3.9.2) and Seaborn (version 

219 0.13.2). The GLMM was implemented in R (version 4.4.2) using the lme4 package.

220
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221 Results
222 A total of 2972 mean velocity and pRIR combinations were analyzed. Table 2 presents a summary 

223 of the number of lifts differentiated by exercise, velocity loss group (LVL and HVL), sex (male and 

224 female), and type of session (low, moderate, or high loads).

225

226 *** Table 2 and Figure 1 near here ***

227

228 The individual regression lines in Figure 1 depict the relationship between mean velocity and pRIR 

229 (measured per set) for each participant. For the squat exercise, the correlation coefficients (r-

230 values) between mean velocity and pRIR ranged from 0.3 to 0.9, with an average correlation of 0.6 

231 ± 0.2 (mean ± standard deviation) across participants. For the bench press, the individual 

232 correlations ranged from 0.1 to 0.9, with an average correlation of 0.6 ± 0.2.

233 In Figures 2-8, pRIR is plotted as a function of mean velocity. The data is differentiated on exercise, 

234 velocity group (LVL vs. HVL), type of session (low, moderate, and high load), and sex. Table 3 gives 

235 an overview of the number of data points for the different plots.

236

237 *** Figure 2-8 near here ***

238 *** Table 3. near here ***

239

240 The GLMM analysis (Table 4) revealed that the mean velocity was strongly associated with pRIR (³ 

241 = 6.99, p < 0.001), indicating that faster movements correspond with higher pRIR values. Group 

242 (LVL vs. HVL) was the second strongest predictor (³ = 0.94, p < 0.001), suggesting that individuals 

243 in the HVL group tend to report higher pRIR. Exercise type demonstrated a negative effect (³ = �

244 0.67, p < 0.001), meaning that the bench press was associated with lower pRIR values than the 

245 squat. The interaction between group and exercise type was significant and negative (³ = �0.33, p < 

246 0.001), which suggests that the difference in pRIR between squat and bench press was smaller in 

247 the HVL group than in the LVL group. Additionally, the number of sets per session was inversely 

248 related to pRIR (³ = �0.11, p < 0.001). Weeks of training (³ = �0.01, p = 0.27) and sex (³ = 0.35, p = 

249 0.26) did not significantly affect pRIR. The random effects revealed considerable between-subject 

250 variability, with a standard deviation of 0.96 for the intercept and 2.25 for the slope of mean 

251 velocity and a strong negative correlation (r = �0.73) between these random components. The 

252 within-subject residual variability was 0.69. 

253

254 *** Table 4. here near ***

255

256 Discussion

257 This study explored the relationship between mean velocity of the bar and pRIR across a 6-week 

258 training period, analyzing nearly 3000 data points. The key findings were: 1) The mean velocity was 

259 strongly associated with pRIR but with individual differences from trivial to very large correlations. 

260 2) The type of exercise, i.e., bench press and squat, the pre-set velocity loss thresholds (LVL or 

261 HVL), the session load (% of 1RM), and the number of sets influenced the relationships between bar 
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262 velocity and pRIR. 3) The pRIR was not appreciably influenced by sex and the number of training 

263 weeks.

264 Perceived or predicted RIR (pRIR) is a subjective variable with inherent biases (Hackett et al., 2017; 

265 Hackett et al., 2012; Helms, Brown, et al., 2017). Hackett et al. (2012) observed that the participants 

266 tended to underestimate actual RIRs in the first sets (sets 1 and 2) but more accurately predicted 

267 RIR in the later sets (sets 3 and 4). Hackett et al. (2017) reported an accuracy of ~1 repetition when 

268 the actual RIR was 0-5, while the inaccuracy increased to >2 repetitions with an actual RIR of 7-10. 

269 These observations were supported by Zourdos et al. (2021). In our study, pRIRs were <5, 

270 suggesting that participants likely demonstrated acceptable RIR estimation accuracy. In support of 

271 this, the GLMM analysis showed a within-subject residual variability of 0.69, indicating that the 

272 participants� reported pRIR values, on average, deviated from the model�s predictions by less than 

273 one repetition.

274 All participants reported lower pRIR for a given mean velocity in the squat than in the bench press. 

275 This aligns with observations that 1RM is achieved with a significantly lower mean velocity in the 

276 bench press than in the squat (Gonzalez-Badillo & Sanchez-Medina, 2010; Helms, Storey, et al., 

277 2017; Iglesias-Soler et al., 2019; Zourdos et al., 2016). Consequently, the bar velocity-repetition 

278 maximum (RM) relationship and, in turn, the velocity-pRIR relationship for squats are shifted to 

279 higher mean velocities than for bench press (Iglesias-Soler et al., 2019). The greater range of 

280 motion and bar displacement, combined with the sticking point occurring earlier in the lift 

281 (ascending phase) of the squat compared to the bench press (Kompf & Arandjelovi�, 2017), may 

282 cause a higher mean velocity for a given percentage of 1RM.

283 In the present study, about half of the participants trained with low bar velocity loss thresholds 

284 (LVL) for terminating each set (i.e., 20% for squat and 30% for bench press), while the other half 

285 trained with high bar velocity loss thresholds (HVL: 40% in the squat and 60% in the bench press) 

286 � i.e., close to contraction failure in each set. Visual inspection of Figures 3 and 4 shows that the HVL 

287 group reported higher pRIR values for a given mean velocity than the LVL group, which was most 

288 pronounced for the bench press exercise. This finding was confirmed by the GLMM, which detected 

289 a significant group effect of about one pRIR and an interaction effect between exercise type and 

290 velocity group. By design, the LVL group terminated the sets at higher mean velocities than the HVL 

291 group, meaning the LVL group was likely to underestimate the RIR. This suggestion aligns with 

292 observations from previous studies (Hackett et al., 2012; Zourdos et al., 2019), which have shown 

293 systematically more accurate RIR prediction closer to failure. Nonetheless, it remains possible that 

294 the HVL group overestimated their RIR. 

295 Our participants conducted three different sessions per week, consisting of low-, medium-, and 

296 high-load sessions (Table 2). We observed a clear load effect on pRIR, with low and moderate loads 

297 resulting in lower pRIR values at a given mean velocity compared to heavy loads. This was evident 

298 for both exercises, especially for the squat (Figures 7 and 8). Interestingly, the sensation and 

299 experience of effort and exertion seem to depend on several factors, including neural drive from the 

300 motor cortex, which increases with higher muscle force requirements, and neuromuscular fatigue 

301 (Pageaux, 2016). Heavy loads challenge the lifter�s maximal capacity, where even minimal fatigue 

302 can lead to failure. In contrast, lighter loads allow for continued repetitions despite severe 

303 neuromuscular fatigue (Behm et al., 2002). Thus, the sensation of muscle fatigue and discomfort 

304 (Pollak et al., 2014) might lead to an underestimation of RIR with lower loads. Alternatively, the 

305 participants were overly optimistic in their RIR predictions with heavy loads due to low muscular 

306 fatigue and discomfort, �it just feels heavy�. In correspondence with this, Mansfield et al. (2023) 

307 observed an effect of load (60% vs. 80% of 1RM) in the prediction (estimates) of RIR in the bench 

308 press, where the mean velocity at 0-3 RIR was higher with 60% of 1RM load than with 80% of 1RM. 

309 Physiologically, this suggests that neuromuscular fatigue during low loads, probably due to more 
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310 repetitions, causes a steeper decline in mean velocity during the final repetitions of a set compared 

311 to heavier loads with fewer total repetitions (maybe there is a non-linear drop in velocity).

312 Mansfield et al. (2023) observed that RIR decreased with each successive set. We found the same; 

313 for a given mean velocity, the pRIR was lower in, for example, the third set compared to the first. In 

314 other words, as neuromuscular fatigue accumulated over the sets, the participants became less 

315 optimistic about their RIR�s for a given mean velocity. However, this effect was rather small, 

316 accounting for about -0.1 RIR per set (according to the GLMM analysis). 

317 We observed that the correlations between mean velocity and pRIR varied considerably at the 

318 individual level, but no systematic improvements (changes) in the relationship between the mean 

319 velocity and the pRIR occurred during the 6-week training period, inferring that the participants 

320 did not improve (or worsen) their RIR prediction accuracy. This finding is in agreement with recent 

321 studies (Halperin et al., 2021; Jukic et al., 2024; Remmert et al., 2023) that revealed no apparent 

322 effects of training status (experience) on the accuracy of RIR prediction. However, it would be 

323 intriguing to see if individuals with poor correlations between bar velocity and pRIR could improve 

324 by deliberate practice � as no feedback was given during the training period in the current study. 

325 Subjective assessments of effort and exertion (such as RPE and RIR) are reported to be practically 

326 similar between sexes across different modes of exercise and exertion (Losnegard et al., 2021; 

327 Morishita et al., 2018; Naclerio & Larumbe-Zabala, 2017a, 2017b). This is in line with our 

328 observations; the effect of sex was not significant in the GLMM analysis. From visual inspection of 

329 Figures 5 and 6, we can, however, see a trend where the females recorded higher pRIR values at a 

330 given bar velocity. Accordingly, Odgers et al. (2021) observed lower bar velocities in females than 

331 males at 7-9 RPE (corresponding to 1-3 RIR) in the front squat exercise but not in the hexagonal bar 

332 deadlift exercise. Moreover, Naclerio and Larumbe-Zabala (2017b) observed no sex difference in 

333 squats in strength-trained athletes. Generally, females demonstrate similar or better 

334 neuromuscular endurance than males, which might, at least partly, be related to absolute lower 

335 strength and an on average higher distribution of type I fiber in females than males (Hunter, 2009). 

336 Note, however, that we had a limited number of participants (both females and males), causing a 

337 risk of missing a potential sex effect.

338 The main limitation of the present study was that we did not measure the actual RIR at any point, 

339 only pRIR. Thus, we cannot know how precise the participants were in their RIR estimations. 

340 Moreover, our participants rarely reported more than 4 RIR, meaning that our study was restricted 

341 to this number of pRIR (0-4). Nevertheless, together with observations of others (Hackett et al., 

342 2012; Zourdos et al., 2019), it seems reasonable to suggest that the limit for accurate RIR 

343 estimations is around five. A caveat is that we assume that the relationship between bar velocity 

344 and RIR is linear, which is probably not universally applicable across individuals (Jukic et al., 2024).

345 Another potential limitation is that we used the mean velocity. It could be that mean propulsion 

346 velocity (the mean velocity of the accelerations phase) and/or the lowest/minimum velocity had 

347 resulted in different results and should be further investigated; however, with the loads used in the 

348 present study (þ77-89% of 1RM), the differences between mean propulsion and mean velocities of 

349 the whole movement should be very small or neglectable (Sanchez-Medina et al., 2017; Sanchez-

350 Medina et al., 2010). 

351 Despite its limitations, the present study has high ecological validity by virtue of an extensive data 

352 set from actual training sessions conducted by well-strength-trained individuals. Moreover, all 

353 sessions were supervised. The inclusion of both sexes and different pre-set velocity loss targets 

354 (low and high), as well as sessions with different loads (low, medium, and heavy) in both bench 

355 press and squat (an upper and a lower body exercise), provided us with several interesting 
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356 observations that allude to important nuances to be aware of when applying VBST and pRIR in 

357 training.

358

359 Practical implications

360 Different strength exercises, e.g., bench press and squat, exhibit distinct velocity-RIR profiles at the 

361 individual level. Mean velocity and pRIR are complementary but not interchangeable methods, as 

362 also noted by Mansfield et al. (2023). Consequently, training sessions managed by VBST or pRIR 

363 may differ, even when the intended session goal is the same. However, we do not assert that one 

364 method is superior to the other, as both have advantages and limitations. For power development 

365 and maximal strength training, VBST offers a key advantage over pRIR, as higher RIR values can 

366 compromise estimation accuracy, and bar velocity is directly relevant for assessing performance 

367 and training quality via biofeedback (Weakley et al., 2021). In contrast, pRIR may be equally 

368 effective or even preferable for hypertrophy-focused training, particularly when working within 0�

369 2 RIR (Grgic et al., 2022; Halperin et al., 2021; Suchomel et al., 2021). Combining both methods may 

370 provide optimal benefits for high-level athletes, whereas RIR alone is likely sufficient for beginners, 

371 recreational lifters, and non-athlete populations, such as patients (Bastos et al., 2024; Maroto-

372 Izquierdo et al., 2022). Further research across diverse populations is needed to better evaluate the 

373 advantages of VBST compared to or in combination with pRIR, given that pRIR is cost-free and easy 

374 to implement.

375

376 Conclusion

377 In this study, we investigated the relationship between mean velocity of the bar and pRIR during 

378 multiple exercise sessions. We conclude that type of exercise (bench press and squat), load (in 

379 %RM), the number of sets, and the proximity to failure (velocity loss threshold), but not sex and the 

380 number of training weeks, influenced the relationships between mean bar velocity (of the 

381 ascending phase) and pRIR. Both mean velocity and pRIR can be used to manage strength training, 

382 but these metrics may not be used interchangeably. We recommend using VBST in conjunction with 

383 pRIR for optimal control during strength training.

384
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Figure 1
Individual regression lines for the correlation between average concentric velocity for
each reported value of perceived repetitions in reserve.

Individual regression lines for the correlation between average concentric velocity (m·s-1) for
each reported value of perceived repetitions in reserve (pRIR). The blue lines represent the
bench press, and the orange represents the squat. The thick lines represent the mean of the
individual lines for each exercise.
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Figure 2
Average concentric velocity and perceived repetitions in reserve for the bench press
and the squat.

Kernel density estimation plots of average concentric velocity (m·s-1) for each reported value
of perceived repetitions in reserve (pRIR). Comparison of exercise; bench press (blue) vs.
squat (orange). Error bars are 95% conûdence intervals around the mean. d = Cohen9s d,
eûect size for the diûerence.
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Figure 3
Average concentric velocity and perceived repetitions in reserve in the bench press for
the low- and high-velocity-loss group.

Kernel density estimation plots of average concentric velocity (m·s-1) for each reported value
of perceived repetitions in reserve (pRIR) in bench press. Comparison of pre-set velocity
loss threshold group; low-velocity-loss group (blue) vs. high-velocity-loss group (orange).
Error bars are 95% conûdence intervals around the mean. d = Cohen9s d, eûect size for the
diûerence.
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Figure 4
Average concentric velocity and perceived repetitions in reserve in the squat for the
low- and high-velocity-loss group.

Kernel density estimation plots of average concentric velocity (m·s-1) for each reported value
of perceived repetitions in reserve (pRIR) in squat. Comparison of pre-set velocity loss
threshold group; low-velocity-loss group (blue) vs. high-velocity-loss group (orange). Error
bars are 95% conûdence intervals around the mean. d = Cohen9s d, eûect size for the
diûerence.
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Figure 5
Average concentric velocity and perceived repetitions in reserve for the bench press in
males and females.

Kernel density estimation plots of average concentric velocity (m·s-1) for each reported value
of perceived repetitions in reserve (pRIR) in bench press. Comparison of sex; males (blue)
vs. females (orange). Error bars are 95% conûdence intervals around the mean. d = Cohen9s
d, eûect size for the diûerence.
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Figure 6
Average concentric velocity and perceived repetitions in reserve for the squat in males
and females.

Kernel density estimation plots of average concentric velocity (m·s-1) for each reported value
of perceived repetitions in reserve (pRIR) in squat. Comparison of sex; males (blue) vs.
females (orange). Error bars are 95% conûdence intervals around the mean. d = Cohen9s d,
eûect size for the diûerence.
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Figure 7
Average concentric velocity and perceived repetitions in reserve in the bench press with
diûerent training loads.

Box plots showing median, lower, and upper quartiles of average concentric velocity (m·s-1)
for each reported value of perceived repetitions in reserve (pRIR) in bench press.
Comparison of loads in % of 1 repetition maximum; low (79% = 0.53 m/s, blue), moderate
(0.45 m/s, orange), and high (0.38 m/s, green). Error bars are 95% conûdence intervals
around the mean.
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Figure 8
Average concentric velocity and perceived repetitions in reserve in the squat with
diûerent training loads.

Box plots showing median, lower, and upper quartiles of average concentric velocity (m·s-1)
for each reported value of perceived repetitions in reserve (pRIR) in squat. Comparison of
loads in % of 1 repetition maximum; low (79% = 0.70 m/s, blue), moderate (84% = 0.45 m/s,
orange) and high (89% = 0.38 m/s, green). Error bars are 95% conûdence intervals around
the mean.
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Table 1(on next page)

Baseline data.

Baseline data.
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1

2

3

4

5

6

7

8

9

10

11

12

13

14

15 1RM: 1 repetition maximum; SD: standard deviation

16

Females (n=9) Males (n=10)

Mean ± SD Mean ± SD

Age (years) 26 ± 5 26 ± 3

Height (cm) 169 ± 6 178 ± 6

Body weight (kg) 67 ± 7 81 ± 5

Squat 1RM (kg) 86 ± 18 141 ± 16

Bench press 1RM (kg) 51 ± 7 114 ± 11
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Table 2(on next page)

Descriptive data of the training sessions.

Descriptive data of the training sessions. Data are presented for the bench press and squat.
The columns represent the three sessions conducted with diûerent loads deûned by bar
velocity. The rows represent the two groups that trained with either low- or high-velocity-loss
thresholds (LVL: bench press 30% and squat 20%; HVL: bench press 60% and squat 40%).
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1

2

3

4

5

6

7

Bench press Squat

Low load

0.53 ms-1

þ77% of 1RM

Moderate 

load

0.45 ms-1

þ82% of 1RM

Heavy load

0.38 ms-1

þ87% of 1RM

Low load

0.70 ms-1

þ79% of 1RM

Moderate 

load

0.60 ms-1

þ84% of 1RM

Heavy load

0.49 ms-1

þ89% of 1RM

Number of reps 

per set

LVL

HVL

4.7 ± 1.6

9.5 ± 3.2

3.9 ± 1.5

7.9 ± 3.1

2.7 ± 1.2

6.0 ± 2.4

4.2 ± 2.0

9.5 ± 4.2

3.2 ± 1.5

7.0 ± 3.2

2.1 ± 1.2

5.1 ± 2.4

Number of sets 

per session

LVL

HVL

6.0 ± 1.1

3.0 ± 0.2

5.3 ± 1.1

3.1 ± 0.3

5.3 ± 1.6

2.9 ± 0.4

5.9 ± 2.4

2.9 ± 0.3

5.4 ± 1.8

3.0 ± 0.3

5.5 ± 1.8

3.0 ± 0.3

pRIR

LVL

HVL

2.6 ± 1.0

1.6 ± 0.9

2.2 ± 1.0

1.3 ± 0.9

1.5 ± 1.0

1.2 ± 0.9

2.6 ± 1.0

2.2 ± 1.0

2.0 ± 1.0

1.9 ± 1.0

1.4 ± 0.9

1.2 ± 1.0

Velocity loss (%)

LVL

HVL

31.3 ± 7.4

61.5 ± 7.5

31.8 ± 8.5

59.5 ± 8.4

31.2 ± 10.9

55.8 ± 10.7

21.2 ± 5.2

41.3 ± 6.5

22.0 ± 6.3

40.3 ± 6.0

21.3 ± 8.0

39.6 ± 8.2

Velocity (ms-1)

LVL

HVL

0.36 ± 0.04

0.20 ± 0.04

0.31 ± 0.04

0.18 ± 0.04

0.27 ± 0.04

0.17 ± 0.04

0.55 ± 0.04

0.40 ± 0.05

0.48 ± 0.04

0.36 ± 0.04

0.40 ± 0.04

0.30 ± 0.04

81RM: 1 repetition maximum; HVL: high-velocity-loss threshold group; LVL: low-velocity-loss threshold group; pRIR: 

9perceived repetitions in reserve

10

11
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Table 3(on next page)

Overview of correlation analyses.

Overview of correlation analyses presented in Figure 2-8. The x-axis is either absolute
velocity ( ms -1 ) in the ûnal repetition of the set or the percentage (%) loss in velocity. The
data are ûltered for exercise, sex, group (LVL, HVL), and session (low, moderate, or high
loads).
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1

2

3

4

5

6

7

8

9 N: number of data points; HVL: high-velocity-loss threshold group; LVL: low-velocity-loss threshold group; 

10 RIR: repetitions in reserve.

11

Figur

e

Exercise Filter X-axis Y-axis N

2 Both Exercise; bench press vs. squat Mean velocity 

(ms-1)

RIR; 0-4 1476 vs. 1496

3 Bench Press Velocity group; LVL vs. HVL Mean velocity 

(ms-1)

RIR; 0-4 853 vs. 623

4 Squat Velocity group; LVL vs. HVL Mean velocity 

(ms-1)

RIR; 0-4 921 vs. 575

5 Bench Press Sex; female vs. male Mean velocity 

(ms-1)

RIR; 0-4 835 vs. 641

6 Squat Sex; female vs. male Mean velocity 

(ms-1)

RIR; 0-4 881 vs. 615

7 Bench Press Session loads; low (0.53 ms-1) vs. 

moderate (0.45 ms-1) vs. high (0.38 ms-

1)

Mean velocity 

(ms-1)

RIR; 0-4 490 vs. 484 vs. 502

8 Squat Session loads; low (0.70 ms-1) vs. 

moderate (0.60 ms-1) vs. high (0.49 ms-

1)

Mean velocity 

(ms-1)

RIR; 0-4 465 vs. 512 vs. 519
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Table 4(on next page)

Generalized Linear Mixed Model analysis.

Generalized Linear Mixed Models with perceived repetitions in reserve (pRIR) as the
dependent variable.
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1

2

3

4

5

6

Predictor of pRIR Effects Coefficient 

(³)
Std. 

erro

r

z-value p-value 95% 

Confidence 

interval

Intercept (i.e., when mean 

velocity is 0)
Fixed -0.59 0.27 -2.2 0.04 [-1.15, -0.03]

Mean velocity (ms-1) Fixed 6.99 0.59 11.8 0.00 [5.77, 8.21]

Group (LVL vs. HVL) Fixed 0.94 0.07 14.2 0.00 [0.81, 1.07]

Exercise (squat vs. bench 

press)
Fixed -0.67 0.07 -9.8 0.00 [-0.80, -0.53]

Sex (female vs. male) Fixed 0.35 0.30 1.2 0.26 [-0.29, 0.99]

Load (low vs. high) Fixed 0.35 0.04 8.3 0.00 [0.27, 0.43]

Interaction: LVL vs. HVL x 

squat vs. bench press
Fixed -0.33 0.07 -4.9 0.00 [-0.46, -0.19]

Load (moderate vs. high) Fixed 0.23 0.03 6.8 0.00 [0.17, 0.30]

Sets (number of sets for 

each exercise per session)
Fixed -0.11 0.01 -14.1 0.00 [-0.12, -0.09]

Week (1-6 of the training 

period)
Fixed -0.01 0.01 -1.1 0.27 [-0.02, 0.01]

SD of the intercept (mean 

velocity)

Random 

(betwee

n-

subject)

0.96

Correlation between the 

intercept and mean 

velocity

Random 

(betwee

n-

subject)

-0.73

SD of the random slope of 

mean velocity

Random 

(betwee

n-

subject)

2.25

SD of the residual 

variability

Random 

(within-

subjects

)

0.69

7 Group: HVL and LVL; HVL: high-velocity-loss threshold group; LVL: low-velocity-loss threshold group. Load = 

8 session loads (squat: low = 0.70 ms-1, moderate = 0.60 ms-1, and high =0.49 ms-1; bench press: session loads 

9 (squat: low = 0.53 ms-1, moderate = 0.45 ms-1, and high =0.38 ms-1). SD: Standard deviation.

10
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