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Abstract 1 

Objective: The neuromuscular quickness capacity can be assessed calculating the rate of 2 

torque development (RTD) during ballistic contractions of maximal (RTDmaximal) or 3 

submaximal (RTDsubmaximal) amplitudes. In a series of ballistic contractions of submaximal 4 

amplitudes, RTD scaling factor (RTD-SF) represents the slope of the linear regression 5 

between achieved peak torques and the corresponding RTD. We firstly investigated if the 6 

RTD-SF contributes to predict, together with maximal voluntary torques (MVT), the 7 

RTDmaximal. Then, we evaluated the agreement between the z-scores of RTDmaximal and 8 

RTDsubmaximal. 9 

Approach: MVT of quadriceps and hamstrings muscles were obtained in 22 elite young 10 

soccer players. RTD-SF was quantified in a series of ballistic contractions of submaximal and 11 

maximal amplitudes. RTDsubmaximal was estimated from the regression relationship between 12 

the peak torques and the corresponding RTD.  13 

Main results: MVT, RTD-SF and y-intercept accounted all together for 76.9 and 61.2% of 14 

the variance in RTDmaximal in quadriceps and hamstrings, respectively. Specifically, RTD-SF 15 

accounted for 13.7% and 18.7% of the variance in RTDmaximal respectively. Generally, the 16 

agreement between the z-scores of RTDmaximal and RTDsubmaximal was poor both in quadriceps 17 

and hamstrings. 18 

Significance: These results suggest that RTD-SF may have a functional relevance in the 19 

relationship between MVT and RTDmaximal and influence the amount of torque that can be 20 

achieved in a quick muscle contraction. Moreover, evaluating the RTDsubmaximal does not 21 

provide interchangeable results with RTDmaximal. Thus, evaluating the RTD across the whole 22 

range of torque could provide additional meaningful information about neuromuscular 23 

quickness. 24 

 25 
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Introduction 27 

Maximal voluntary torque (MVT) is typically measured adopting a 5-s maximum 28 

contraction at a specified joint angle against an unyielding resistance and represents an easy, 29 

reliable, and valid method to quantify muscular function in a variety of research settings 30 

(Wilson and Murphy, 1996). However, MTV does not reflect the muscle abilities necessary 31 

in everyday life (e.g., walking, climbing, going down stair) as well as in sport activities 32 

(Aalund et al., 2013; Maffiuletti et al., 2016). Indeed, peak torque typically occurs at 300ms 33 

or more after the onset of isometric contraction (Rodríguez-Rosell et al., 2017), while in sport 34 

context the time available for torque development is often limited to 50-250 ms (Tillin et al., 35 

2010; Andersen and Aagaard, 2006). Thus, the ability to rapidly exert high levels of muscle 36 

torque is a fundamental quality to maximize sport performance (Maffiuletti et al., 2016). This 37 

ability can be measured through the rate of torque development (RTD).  38 

RTD is often calculated as the maximum of the torque–time curves derivative 39 

(Aagaard et al., 2002; Maffiuletti et al., 2016; Rodríguez-Rosell et al., 2017; Djordjevic and 40 

Uygur, 2017) and is considered an important aspect of neuromuscular function where time 41 

for torque development is limited, as in running, jumping, sprinting or kicking (Buckthorpe 42 

and Roi, 2017; Tillin et al., 2010; Aagaard et al., 2002; Chang et al., 2015; Boccia et al., 43 

2018b). Compared to MVT, RTD ability seems to be more sensitive to adaptations in the 44 

neuromuscular system (Peltonen et al., 2018; Penailillo et al., 2015; Jenkins et al., 2014; 45 

Mirkov et al., 2017). For example, RTD has been considered a more specific and sensitive 46 

indirect marker of muscle damage than MVT (Penailillo et al., 2015). Moreover, RTD has 47 

suggested to be a factor involved in non-contact injury mechanisms (Mirkov et al., 2017) as 48 

well as an informative measure to safely decide the return to sport (Angelozzi et al., 2012). 49 

For these reasons, RTD has been recently proposed to be incorporated during the 50 

rehabilitation process after sport injuries (Buckthorpe and Roi, 2017). 51 
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To evaluate the RTD, the most widely adopted method is to ask participants to 52 

isometrically contract their muscles as fast and hard as possible against an unyielding 53 

resistance (Sahaly et al., 2001). Throughout the manuscript we will refer to the RTD 54 

extracted with this procedure as RTDmaximal. However, the RTD can also be evaluated asking 55 

the participants to (roughly) reach submaximal torques as quick as possible, thus performing 56 

a ballistic contraction of submaximal amplitude (Bellumori et al., 2011; Djordjevic and 57 

Uygur, 2017; Casartelli et al., 2014; Bellumori et al., 2013; Haberland and Uygur, 2017). 58 

Throughout the manuscript we will refer to the RTD extracted with this procedure as 59 

RTDsubmaximal.  60 

In a series of ballistic contractions of submaximal amplitude a higher target torque 61 

yields a higher RTD produced by the subject (Bellumori et al., 2011, 2013; Casartelli et al., 62 

2014; Djordjevic and Uygur, 2017). In particular, a robust positive linear relationship has 63 

been observed between the peak torque and RTD of the corresponding contraction (Bellumori 64 

et al., 2011, 2013; Casartelli et al., 2014; Djordjevic and Uygur, 2017; Haberland and Uygur, 65 

2017). The slope of this regression is named RTD scaling factor (RTD-SF) and quantifies the 66 

scaling of the RTD with the amplitude of contraction. Moreover, the obtained R2 provides the 67 

consistency in performing rapid muscular contractions with the magnitude of the produced 68 

force (Haberland and Uygur, 2017; Bellumori et al., 2011). A high scaling factor, along with 69 

R2 values close to 1, provides a relative invariance in the time required to reach peak torque 70 

regardless of contraction amplitude (Bellumori et al., 2013; Haberland and Uygur, 2017; 71 

Mathern et al., 2018). Differently to MVT and RTDmaximal, RTD-SF is similar in both 72 

genders, relatively constant across muscles with different strength, and independent from 73 

muscle fatigue (Bellumori et al., 2011; Haberland and Uygur, 2017; Maloney, 2018; Boccia 74 

et al., 2018b). Consequently RTD-SF may facilitate comparisons among different 75 

populations (Bellumori et al., 2011; Haberland and Uygur, 2017; Chou et al., 2013).  76 
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Despite the inherent differences, there is an association between MVT and RTDmaximal. 77 

The strength of this association depends on the time instant in which the RTD is calculated 78 

from the onset of the contraction. The early phase of RTD, i.e. the first 50 ms of a muscle 79 

contraction, is poorly correlated to MVT, while the late phase of RTD, i.e. later than 100 ms, 80 

is strongly correlated to MVT (Folland et al., 2014; Andersen and Aagaard, 2006). 81 

Specifically, MVT explains from 30 to 60% of the variance in RTDmaximal (usually reached at 82 

70-100 ms after the onset of a contraction) (Folland et al., 2014; Andersen and Aagaard, 83 

2006). Although RTD-SF is independent of MVT, it is plausible that it could influence the 84 

amount of achievable torque in a quick muscle contraction. Indeed, the RTD-SF regulates the 85 

quickness of ballistic contraction across the whole range of torque amplitudes. Consequently, 86 

we can hypothesize that RTD-SF may contribute, together with MVT, to explain variance of 87 

RTDmaximal. Nevertheless, to date this hypothesis has never been tested. To test this 88 

hypothesis, it may be interesting to understand the functional relevance of the RTD-SF to 89 

explain the variance in RTDmaximal. 90 

The RTD-SF protocol provides the possibility to assess the ability for quickly 91 

producing torque of submaximal amplitude (Bellumori et al., 2011; Djordjevic and Uygur, 92 

2017; Casartelli et al., 2014; Bellumori et al., 2013). As previously suggested (Haberland and 93 

Uygur, 2017; Bellumori et al., 2017; Park and Stelmach, 2007; Gordon and Ghez, 1987), this 94 

may be particularly relevant for many daily life activities and sports where a quick production 95 

of submaximal torque is crucial for object manipulation or body propulsion. However, it is 96 

important to understand if the information that can be gathered in this protocol is related to 97 

what can be obtained through the classical method for measuring RTDmaximal, i.e. producing a 98 

muscle contraction as fast and hard as possible. For this reason, it seems important to 99 

quantify the level of agreement between the RTDmaximal (the classical method) and the 100 

RTDsubmaximal obtained with RTD-SF protocol (the herein proposed method).  101 
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To fill the above-mentioned gaps in the literature, we wanted to provide more data 102 

about the relationship between the capacity to produce ballistic contractions of maximal 103 

compared to submaximal amplitude. Thus, the experimental questions were the following: 1) 104 

to delineate the importance of RTD-SF in predicting RTDmaximal in quadriceps and hamstrings 105 

muscles; 2) to evaluate the level of agreement between the RTDmaximal and RTDsubmaximal at 106 

different submaximal amplitudes. Moreover, as exploratory analysis, we wanted to 107 

investigate the relationship between RTD-SF and normalized RTDmaximal (i.e., 108 

RTDmaximal/MVT). Indeed, similarly to RTD-SF, normalized RTDmaximal is a measure of 109 

neuromuscular quickness independent to MVT. For this reason, it would be interesting to 110 

understand the extent of association between these two measures. 111 

 112 

Material and Methods 113 

Participants 114 

This study was a further analysis of the data collected for a previously published study 115 

(Boccia et al., 2018a). Here we maintained the same experimental footprint, but with 116 

different research questions. Twenty-two elite young soccer players (age 17 ± 1 years, range: 117 

16-18 years; body mass 72 ± 9 kg; height 1.82 ± 0.08 m) participated in this study. The 118 

participants joined under-17 and under-19 teams competing in the Italian soccer 119 

championship. All the participants were healthy, without cardiac or pulmonary diseases, as 120 

certified by the club’s medical staff. If players suffered knee, ankle or hip injury on one or 121 

both legs in the previous six months, the involved leg was excluded from the present 122 

investigation. The study was performed during the pre-season. 123 

All participants provided their written informed consent before the experiments. 124 

Written parental/legal guardian consent was also obtained for participants younger than 18 125 
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years old. The study was approved by the local Ethical Committee and performed in 126 

accordance with the Declaration of Helsinki. 127 

Data acquisition 128 

Measurements were conducted using an isokinetic dynamometer (BIODEX System 3 129 

Biodex Medical System, NY USA). The device was calibrated and the gravity correction 130 

executed according to the manufacturer’s procedures. The participants were seated with their 131 

trunk reclined 85° and knee joints were at approximately 90° of flexion and secured by 132 

seatbelts (i.e., across the chest, pelvis) to minimize body movements during the trials 133 

(Maffiuletti et al., 2007). Mid-thigh and tibia were secured using non-elastic straps and knee 134 

joints were aligned with the centre of rotation of the dynamometer. The padding from the arm 135 

was removed to provide virtually isometric conditions and minimize baseline noise (Bozic et 136 

al., 2013; Maffiuletti et al., 2016). Data were recorded for quadriceps and hamstrings of both 137 

dominant and non-dominant limbs. We pooled the results of the two limbs because each limb 138 

was considered as a separate case. Thus, we included in the analysis a total of 41 and 42 cases 139 

for quadriceps and hamstrings respectively. The limb order was randomized, while 140 

quadriceps was always tested before hamstrings. For all trials a real-time visual feedback of 141 

the torque output (display as vertical bar graph) as a percentage of maximal force (% MVT) 142 

was provided on a computer screen placed at eye level (Bellumori et al., 2017). 143 

Procedure 144 

Each participant completed the test session, including 1) maximal voluntary isometric 145 

contractions and 2) RTD-SF protocol in one day. The same investigators conducted the test 146 

session. The warm up consisted of 10 minutes of cycling at 75 W and 10 submaximal 147 

isometric contractions (at intensities from 20 to 60% of perceived maximum contraction) for 148 

quadriceps and hamstrings.  149 
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To measure the MVT, participants performed two 3-s maximal voluntary isometric 150 

contractions interspersed by 60-s rest. Participants were verbally encouraged to contract at 151 

maximal torque. 152 

The RTD-SF protocol started one minute after the last maximal voluntary contraction. 153 

The RTD-SF relationship was computed from sets of several pulses (i.e., ballistic isometric 154 

contractions) performed across a full range of amplitudes (Freund and Budingen, 1978; 155 

Wierzbicka et al., 1991; Klass et al., 2008). Participants were instructed to perform four to 156 

six ballistic isometric contractions at five approximate amplitudes presented in an ascending 157 

order (20, 40, 60, 80, and 100% calculated with respect to the highest recorded MVT). The 158 

rest interval between contractions was 4 s (Fig. 1a). According to Bellumori and colleagues 159 

(2011, 2013), participants were explicitly instructed to produce each isometric torque pulse as 160 

quickly as possible and then relax instantly. During the execution of the protocol the 161 

emphasis was on the quickness of the contraction rather than on the accurateness (Boccia et 162 

al., 2018b). Thus to avoid slowing down the rate of product torque, an explicit instruction, 163 

not to focus on the required strength levels, was given (Gordon and Ghez, 1987). For this 164 

reason, participants were explicitly instructed to contract as fast as possible so that the peak 165 

torques could approximately reach a 10% range around the given torque target (black 166 

horizontal lines) displayed on the online visual feedback of computer screen. Before starting 167 

the RTD-SF protocol, participants practiced a familiarization session until they felt 168 

comfortable with the task and could perform discrete ballistic contractions as instructed 169 

(Casartelli et al., 2014; Bellumori et al., 2013, 2011; Boccia et al., 2018b).  170 

Data analysis 171 

Mechanical signals 172 

All data were analysed by custom-written software in MATLAB R2017a 173 

(Mathworks, Natick, Massachusetts). The torque signal was sampled at 2048 Hz, converted 174 
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to digital data with a 12-bit A/D converter (EMG-USB2+, OT Bioelettronica, Turin, Italy), 175 

and filtered by using a low-pass filter with a cut off frequency of 50-Hz. The MVT was 176 

calculated as the maximum of torque signal recorded during the two 3-s maximal voluntary 177 

contractions. The first derivative of the torque signal was computed to obtain the RTD signal 178 

(Nm∙s-1, see Fig. 1b) and filtered using an overlapping moving window of 0.1 s (Boccia et al., 179 

2018b). If any countermovement was evident (i.e., a visible drop in torque), the contraction 180 

was rejected from the analysis. For each subject and all pulses, peak torque and peak RTD 181 

(which is local maximum of the RTD signal) were computed. RTDmaximal was considered as 182 

the RTD recorded during the contraction presenting the highest RTD. 183 

The linear regression parameters between peak torque and peak RTD (slope, R2, y-184 

intercept) were calculated for each participant. The Fig. 1c provides a representative example 185 

of linear regression. Outliers were detected and removed using the Cook distance 186 

methodology (Cook, 2000). The slope of linear regression (i.e., the RTD-SF) quantifying the 187 

ability to scale RTD with contraction amplitude was considered as the main outcome 188 

(Bellumori et al., 2011; Mathern et al., 2018). Secondary outcomes were the R2 and the y-189 

intercept. 190 

Each linear relationship between peak torque and peak RTD was checked for the 191 

whole contraction range. As previously reported (Boccia et al., 2018b; Casartelli et al., 192 

2014), some participants may not show a linear relationship across the whole contraction 193 

range. Rather, the relationship may be linear from 0 to about 70-90% of the maximal torque 194 

and then show a logarithmic behaviour from about 70-90% to the maximum. If a biphasic 195 

regression showed more variations between torque and RTD than a linear regression, the 196 

breakpoint for this interrupted regression was calculated and the coefficients for the first part 197 

of linear regression were considered (Linden, 2015). The average number of pulses to 198 

calculate the regression was 21±2 for quadriceps and 21±2 for hamstring. 199 
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Statistical analysis 200 

To answer the first experimental question of the study, i.e. to assess the impact of 201 

RTD-SF and y-intercept, together with MVT, in predicting the RTDmaximal, we separately 202 

conducted hierarchical multiple regression analyses. We used RTDmaximal as a dependent 203 

variable and MVT, RTD-SF and y-intercept as independent factors. Independent factors 204 

entered three steps, inside the regression model following this order: MVT in the Step 1, 205 

RTD-SF in the Step 2 and y-intercept in the Step 3. Moreover, as exploratory analysis, we 206 

investigated the relationship between RTD-SF and normalized RTDmaximal (RTDmaximal/MVT) 207 

using Pearson correlation coefficient r. 208 

To answer the second experimental question of the study, we estimated RTDsubmaximal 209 

at different torque levels using the linear regression calculated between RTD and peak torque 210 

(i.e., based on the slope and y-intercept of the RFD-SF). In this way we were able to obtain 211 

comparable results among subjects since it is unlikely to have isometric contractions with the 212 

same amplitude among subjects. Thus, we used the linear regression of the RTD-SF to 213 

estimate what would be the RTD for a specific level of peak torque. For example, to calculate 214 

the RTD in a ballistic contraction of 40 Nm amplitude we evaluated the linear regression 215 

RTD = RTD-SF∙x + y-intercept, using as x the value of 40 Nm. For each muscle group, we 216 

evaluated the RTD at approximately 20%, 40%, 60%, 80% of the average MVT. Specifically, 217 

for quadriceps we considered the following absolute values: 50 Nm (RTD50Nm), 100 Nm 218 

(RTD100Nm), 150 Nm (RTD150Nm) and 200 Nm (RTD200Nm). For hamstrings we considered the 219 

following values: 20 Nm (RTD20Nm), 40 Nm (RTD40Nm), 60 Nm (RTD60Nm) and 80 Nm 220 

(RTD80Nm). 221 

Afterward, z-scores were computed for both RTDmaximal and RTDsubmaximal. Bland–222 

Altman plots (1986) with 95% limits of agreement (i.e., mean difference ±1.96 SD) were 223 

determined to assess systematic variation between the data corresponding to z-score of 224 
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RTDmaximal and RTDsubmaximal. Using z-scores, which provide the value of an observation 225 

expressed in standard deviation units, we were able to compare the individual values 226 

measured under two different conditions (i.e., RTDmaximal obtained with the classical method 227 

and the RTDsubmaximal obtained with RTD-SF protocol). In other words, the Bland-Altman 228 

plots inform about the difference between RTDmaximal and RTDsubmaximal values expressed as 229 

standard deviation of the group distribution. As previously suggested (Rona et al., 2011) we 230 

considered wide limits of agreement 2 z-scores or more, between 1.5–1.99 z-scores as fairly 231 

wide, and less than 1.5 z-scores as reasonable agreement. A Pearson product-moment 232 

correlation coefficient (r) was calculated between RTDmaximal and RTDsubmaximal. All the above 233 

analyses were separately performed for quadriceps and hamstrings.  234 

Data are presented as mean ± standard deviation. The significance level was set at p ≤ 235 

0.05. The MATLAB R2017a (Mathworks, Natick, Massachusetts) was used for all statistical 236 

analyses. 237 

Results 238 

Table 1 displays the mean scores and SDs of recorded data (i.e., MVT, RTDmaximal, RTD-SF, 239 

R2 and y-intercept) for both quadriceps and hamstrings. In 28 occasions out of 83 the 240 

relationship between peak torque and peak RTD was not linear for the whole contraction 241 

range and thus the coefficients for the linear part of regression were reported (i.e. up to 70-242 

90% of maximal torque). 243 

<Insert Table 1 about here> 244 

Determinants of maximal RTD 245 

Results of hierarchical multiple regression analyses for both quadriceps and 246 

hamstrings muscles are provided in Table 2. Briefly, in quadriceps in the Step 1 of the 247 

regression model MVT accounted for 60.0% of the variance in RTDmaximal. The addition of 248 

RTD-SF (Step 2 of the regression model) accounted for 13.7% of the variance in RTDmaximal 249 
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while the addition of y-intercept (Step 3 of the regression model) accounted for 3.2% of the 250 

variance in RTDmaximal. MVT, RTD-SF and y-intercept accounted all together for 76.9 % of 251 

the variance in RTDmaximal (F3,37 = 41.026, p < 0.001). In hamstrings, in the Step 1 of the 252 

regression model MVT accounted for 38.1% of the variance in RTDmaximal. The addition of 253 

RTD-SF (Step 2 of the regression model) accounted for 18.7% of the variance in RTDmaximal 254 

while the addition of y-intercept (Step 3 of the regression model) accounted for 4.5% of the 255 

variance in RTDmaximal. MVT, RTD-SF and y-intercept accounted all together for 61.2 % of 256 

the variance in RTDmaximal (F3,38 = 20.013, p < 0.001). 257 

<Insert Table 2 about here> 258 

Correlation analysis showed a moderate relationship between RTD-SF and 259 

normalized RTDmaximal in both quadriceps (r = 0.62, p < 0.001) and hamstrings (r = 0.52, p < 260 

0.001).  261 

Agreement between RTD in contractions of maximal and submaximal amplitude 262 

Quadriceps The Figure 2 shows the Bland–Altman plots between the z-score of 263 

RTDmaximal and RTDsubmaximal for quadriceps respectively. According to z-score calculations, 264 

the mean differences were centered (mean differences = 0 z-points). The limits of agreement 265 

were the following: ± 2.4 z-points between RTDmaximal and RTD50Nm (Fig. 2a); ± 2.1 z-points 266 

between RTDmaximal and RTD100Nm (Fig. 2b); ± 1.5 z-points between RTDmaximal and 267 

RTD150Nm (Fig. 2c); ± 0.9 z-points between RTDmaximal and RTD200Nm (Fig. 2d). The absolute 268 

values chosen for calculating the relative RTDsubmaximal were not reached by 8 and 20 subjects 269 

for RTD150Nm and RTD200Nm respectively. Thus it was not possible to determinate the data 270 

points in Bland–Altman plots for these subjects (see Fig. 2c and Fig. 2d). 271 

RTDmaximal was found to be correlated with RTD100Nm (r = 0.435; p = 0.004), 272 

RTD150Nm (r = 0.729; p < 0.001), RTD200Nm (r = 0.906; p < 0.001), but not with RTD50Nm (r = 273 

0.261; p = 0.098). 274 

https://www.sciencedirect.com/topics/medicine-and-dentistry/bland-altman-plot
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<Insert Figure 2 about here> 275 

Hamstrings The Figure 3 shows the Bland–Altman plots between the z-score of 276 

RTDmaximal and RTDsubmaximal for hamstrings. According to z-score calculations, the mean 277 

differences were centered (mean differences = 0 z-points). The limits of agreement were the 278 

following: ± 2.7 z-points between RTDmaximal and RTD20Nm (Fig. 3a); ± 2.4 z-points between 279 

RTDmaximal and RTD40Nm (Fig. 3b); ± 2.2 z-points between RTDmaximal and RTD60Nm (Fig. 3c); 280 

± 1.5 z-points between RTDmaximal and RTD80Nm (Fig. 3d). The absolute values chosen for 281 

calculating the relative RTDsubmaximal were not reached by 1 and 11 subjects for RTD60Nm and 282 

RTD80Nm respectively. Thus it was not possible to determinate the data points in Bland–283 

Altman plots for these subjects (see Fig. 3c and Fig. 3d). 284 

RTDmaximal was found to be correlated with RTD60Nm (r = 0.389; p = 0.012) and 285 

RTD80Nm (r = 0.692; p < 0.001), but not with RTD20Nm (r = 0.017; p = 0.913) and RTD40Nm (r 286 

= 0.235; p = 0.133). 287 

<Insert Figure 3 about here> 288 

Discussion 289 

The aim of the study was to explore the relationship between the neuromuscular 290 

quickness in ballistic contractions of maximal compared to submaximal amplitudes. To do 291 

that, we measured the RTD in a series of ballistic contractions of either submaximal 292 

(RTDsubmaximal) or maximal (RTDmaximal) amplitudes in both quadriceps and hamstrings of 293 

young soccer players. This allowed to determine the RTD-SF, which quantifies how much 294 

RTD scales with the amplitude of a ballistic contraction. We found that: 1) RTD-SF 295 

explained about the 14% and 19% of variance in RTDmaximal in quadriceps and hamstrings, 296 

respectively; 2) the RTD achieved in ballistic contractions of submaximal amplitudes 297 

(RTDsubmaximal) was weakly associated to RTDmaximal. 298 

Determinants of maximal RTD 299 

https://www.sciencedirect.com/topics/medicine-and-dentistry/bland-altman-plot
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The ability to develop MVT and RTDmaximal depends on partially different features of 300 

neuromuscular system (McGuigan et al., 2010; Prebeg et al., 2013). Broadly speaking, the 301 

RTD in first 50 ms strongly depends on the level of agonist activation (Maffiuletti et al., 302 

2016). Indeed, the muscle activation in the early phase of a ballistic contraction is usually 303 

suboptimal (on average 40% of maximum activation as measured through electromyography) 304 

and shows a large inter-subject variability (from 10 to 80%) (Folland et al., 2014). 305 

Consequently, the capacity to rapidly increase muscle activation from the onset of the 306 

contraction is crucial to produce high RTD in the early phase of an explosive contraction. The 307 

fact that the neural factors profoundly influence the early phase of contraction may reside on 308 

the fact the motor units firing rate required to achieve maximal RTD are higher than those 309 

usually observed during a sustained maximal voluntary contraction (100-200 Hz vs 30-50 310 

Hz) (Maffiuletti et al., 2016; Rodríguez-Rosell et al., 2017). Differently, the muscle 311 

contractile properties tend to be more associated with the late phase of RTD and with MVT 312 

(Folland et al., 2014). For these reasons, while RTDmaximal and MVT are closely linked 313 

(Andersen and Aagaard, 2006; Mirkov et al., 2004), the between-subjects differences in 314 

MVT cannot fully explain the differences in RTDmaximal. For example, trained participants 315 

showed a two-fold absolute RTD compared with untrained participants, while showing only 316 

little differences (≈ 28%) in MVT (Tillin et al., 2010). Regarding quadriceps, which is the 317 

most investigated muscle in this topic, herein findings show that MVT alone accounts for 318 

60% of RTDmaximal (Table 2), which is line with previous investigations (Andersen and 319 

Aagaard, 2006; Mirkov et al., 2004). The novelty of this study is that, when adding the RTD-320 

SF to the regression model, the variance explained increased by ≈14%. Regarding 321 

hamstrings, which is a muscle of increasing interest in the sports-related literature because of 322 

its proneness to injuries (Opar et al., 2012), the trend was similar compared to quadriceps. 323 

Indeed, the inclusion of RTD-SF in the regression model to predict RTDmaximal, increased the 324 



16 

 

explained variance accounted by ≈ 19%. These results suggest that RTD-SF may have a 325 

functional relevance in the relationship between MVT and RTDmaximal. Since RTD-SF 326 

quantifies the ability to scale the RTD with the amplitude of ballistic contraction (Freund and 327 

Budingen, 1978), it is therefore possible to speculate that RTD-SF influences the amount of 328 

torque that can be achievable in a quick muscle contraction. 329 

Moreover, when the y-intercept of the RTD-SF regression was added to the model, 330 

the explained variance increased by 3 and 4%, in quadriceps and hamstrings, respectively. 331 

Even if this parameter is commonly neglected as a variable of interest (e.g., Bellumori et al., 332 

2011; Djordjevic and Uygur, 2017; Haberland and Uygur, 2017) our results showed that the 333 

potentially shift upward or downward of the RTD-SF regression might affect the RTDmaximal.  334 

In the exploratory part of this study, we found a moderate correlation between RTD-335 

SF and normalized RTDmaximal. RTD-SF and normalized RTDmaximal have in common that are 336 

features related to neuromuscular quickness and physiologically distinct from MVT. Even if 337 

this is outside the aims of this study, this is a novel result that deserves to be studied in future 338 

investigations. 339 

 340 

Agreement between RTD in contractions of maximal and submaximal amplitude 341 

To describe agreement between RTDmaximal and RTDsubmaximal we evaluated the limits 342 

of agreement between the z-scores of each variable, provided by the Bland–Altman plots. We 343 

observed that the limits of agreement were wide when considering RTDsubmaximal in ballistic 344 

contraction of small amplitudes (e.g., 50 and 100 Nm in quadriceps and 20, 40 and 60 Nm in 345 

hamstrings, see Figure 2 and 3). Narrower, but still large, limits of agreement were observed 346 

between RTDmaximal and RTDsubmaximal when targeting higher level of torque (e.g., 150 and 347 

200 Nm in quadriceps and 80 Nm in hamstrings, see Figure 2 and 3). However, a number of 348 

subjects were not able to reach, in the ballistic contractions, the highest torque levels (i.e. 200 349 
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Nm for quadriceps and 80 Nm for hamstring) set to calculate the agreement between 350 

RTDmaximal and RTDsubmaximal (see Fig 2d and 3d). This was because the highest torques were 351 

too close or even higher than the maximal torque of these participants. Consequently, the 352 

conclusions drawn for high torque levels should be taken more carefully.  353 

The fact that the limits of agreement were overall wide means that the agreement 354 

between RTDmaximal and RTDsubmaximal was poor. Thus, evaluating RTDmaximal cannot be used 355 

as surrogate measure of RTDsubmaximal and vice-versa. Practically, to adopt ballistic 356 

contraction of sub-maximal amplitude (RTDsubmaximal) may produce very different findings in 357 

RTD assessment, compared to ballistic contraction targeting (near-)maximal torque 358 

(RTDmaximal), as usually performed. The present finding allows to advocate the usefulness of 359 

evaluating the RTD when performing ballistic contractions across the whole range of torque 360 

levels, not only targeting maximal torques as usually performed. Since we suggested that the 361 

capacity to quickly produce submaximal torques could be as relevant as quickly produce 362 

maximal torque, we guess that adopting the herein protocol may be incorporated in the 363 

routine evaluation of neuromuscular quickness. Furthermore, since the association between 364 

RTDmaximal and RTDsubmaximal was markedly weak when RTDsubmaximal was evaluated at low 365 

torque levels (e.g. lower than 50% of MVT), we speculate that this information could be even 366 

more important in context where the production of maximal torque is unlikely, e.g. ageing, 367 

injuries, daily life activities. 368 

 369 

Limitations of the study 370 

Some limitations should be underlined. First, this study involved young soccer players 371 

(range age 17-19) and the findings of this study may have been affected by biological 372 

maturations of the participants and thus should not be applied to different populations.  373 
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Moreover, the values of quadriceps RTD-SF found in this study (Table 1) were lower 374 

than those reported in previous studies (Bozic et al., 2013; Bellumori et al., 2011; Bellumori 375 

et al., 2017). This underestimation in our results was likely to be caused by differences in 376 

dynamometers. Indeed, it has been suggested that the commercially available dynamometer 377 

adopted in this study tends to provide excessive compliance with respect to the custom-built 378 

dynamometers adopted in other studies. Even if we tried to minimize the compliance, this 379 

feature might have, at some extent, affected our results. Moreover, while 50 contractions 380 

were suggested to maximize the reliability of the RTD-SF (Bellumori et al., 2011; Mathern et 381 

al., 2018), we calculated the RTD-SF from fewer contractions (≈21) because of time 382 

constrains. Despite this, the consistency of the RTD-SF regression line was acceptably high 383 

(see Figure 1 for a representative example), indeed the R2 obtained for both quadriceps and 384 

hamstring were ≈ 0.94.  385 

 386 

Conclusions  387 

The RTD scaling factor is a measure of the scaling of quickness with the magnitude of 388 

a contraction. Together with maximal voluntary torque, the RTD scaling factor was 389 

associated with the maximal RTD. This may suggest that the RTD scaling factor influences 390 

the amount of torque that can be achievable in a quick muscle contraction of maximal 391 

amplitude. Moreover, we suggest that estimating the RTD across the whole range of torque 392 

may provide additional meaningful information about the quickness capacity of quadriceps 393 

and hamstrings muscles. Indeed, our findings showed that the RTD recorded in ballistic 394 

contractions of either maximal or submaximal amplitude did not provide interchangeable 395 

results. 396 
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Figure caption 

Figure 1 

 

Representative example of a set of ballistic contractions performed across a range of 

submaximal amplitudes during hamstrings contractions. A) Torque signals recorded during 5 

or 6 ballistic contraction for each force level; B) RFD signals (first derivative of force); C) 

each point represents the peak RFD (y value) and the peak torque (x value) achieved in each 

ballistic contraction.  
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Figure 2 

Bland-Altman plots of agreement between RTDmaximal and RTD when targeting submaximal 

torques in quadriceps (RTDsubmaximal). (a) RFD when targeting at 50 Nm (RTD50Nm), (b) RFD 

when targeting at 100 Nm (RTD100Nm), (c) RFD when targeting at 150 Nm (RTD150Nm) and 

(d) RFD when targeting at 200 Nm (RTD200Nm).  

Solid lines represent mean bias differences; Dashed lines represent the limits of agreement 

(i.e., mean difference ± 1.96 SD). 
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Figure 3 

Bland-Altman plots of agreement between RTDmaximal and RTD when targeting submaximal 

torques in hamstrings (RTDsubmaximal). (a) RFD when targeting at 20 Nm (RTD20Nm), (b) RTD 

when targeting at 40 Nm (RTD40Nm), (c) RTD when targeting at 60 Nm (RTD60Nm) and (d) 

RTD when targeting at 80 Nm (RTD80Nm).  

Solid lines represent mean bias differences; Dashed lines represent the limits of agreement 

(i.e., mean difference ± 1.96 SD). 
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Table 1  

 Experimental results for both quadriceps and hamstrings. 

 Quadriceps Hamstrings 

MVT (Nm) 251.6 ± 54.6 106.7 ± 23.0 

RTDmaximal (Nm s-1) 1446.6 ± 322.4 830.2 ± 223.6 

RTD-SF  6.9 ± 1.6 8.5 ± 1.6 

y-intercept 193.9 ± 155.4 32.0 ± 92.0 

R2 0.94 ± 0.05  0.94 ± 0.04 

Mean ± standard deviation. MVT, maximal voluntary torque; RTDmaximal, peak of rate of 

torque development; RTD-SF, rate of torque development scaling factor; y-intercept, 

intercept at y axis; R2, R-squared of the regression. 
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Table 2 - Summary of hierarchical regression analyses for both quadriceps and hamstrings.  

Measure Independent variables R2 ΔR2 β partial r p 

Quadriceps       

RTDmaximal       

Step 1 MVT  0.600  0.775 0.775 <0.001 

Step 2 MVT  0.737 0.137 0.784 0.837 <0.001 

RTD-SF   0.370 0.585 <0.001 

Step 3 MVT 0.769 0.032 0.751 0.838 <0.001 

RTD-SF    0.508 0.641 <0.001 

 y-intercept   0.228 0.347 0.031 

Hamstrings       

RTDmaximal       

Step 1 MVT  0.381  0.617 0.617 <0.001 

Step 2 MVT  0.567 0.187 0.587 0.665 <0.001 

RTD-SF   0.433 0.549 <0.001 

Step 3 MVT  0.612 0.045 0.592 0.688 <0.001 

RTD-SF    0.611 0.601 <0.001 

y-intercept   0.278 0.323 0.042 

Notes: R2, proportion of variance accounted for variance in independent variables; ΔR2, change in R2; β, standardized regression coefficient; partial r, partial 

correlation controlling for the other independent variables; MVT, maximal voluntary torque; RTDmaximal, peak of rate of torque development; RTD-SF, rate of 

torque development scaling factor; y-intercept, intercept at y axis. 

 


