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 Unique Neural Mechanisms Underlying Speed Control  
of Low-Force Ballistic Contractions 

by 
Joongsuk J. Kim 1, Stefan Delmas 1, Yoon Jin Choi 1, Jessica C. Hubbard 1,  

Michelle Weintraub 1, Fotini Arabatzi 2, Basma Yacoubi 1,  
Evangelos A. Christou 1,3,* 

According to the speed-control hypothesis, the rate of force development (RFD) during ballistic contractions is 
dictated by force amplitude because time to peak force (TPF) remains constant regardless of changes in force amplitude. 
However, this hypothesis has not been tested at force levels below 20% of an individual’s maximum voluntary contraction 
(MVC). Here, we examined the relationship between the RFD and force amplitude from 2 to 85% MVC and the 
underlying structure of muscle activity in 18 young adults. Participants exerted ballistic index finger abductions for 50 
trials in each of seven randomly assigned force levels (2, 5, 15, 30, 50, 70, and 85% MVC). We quantified TPF, RFD, 
and various EMG burst characteristics. Contrary to the speed-control hypothesis, we found that TPF was not constant, 
but significantly varied from 2 to 85% MVC. Specifically, the RFD slope from 2 to 15% MVC was greater than the RFD 
slope from 30 to 85% MVC. Longer TPF at low force levels was associated with the variability of EMG burst duration, 
whereas longer TPF with higher force levels was associated with the EMG burst integral. Contrary to the speed-control 
hypothesis, we found that the regulation of TPF for low and high force levels was different, suggesting that neuronal 
variability is critical for force levels below 30% MVC and neuronal amplitude for force levels above 30% MVC. These 
findings present compelling new evidence highlighting the limitations of the speed-control hypothesis underscoring the 
need for a new theoretical framework.  
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Introduction 

Voluntary contractions performed with 
maximal velocity and short muscle contraction 
times are termed ballistic contractions (Desmedt 
and Godaux, 1977; Freund, 1983; Zehr and Sale, 
1994). The current belief, originated by Freund and 
Büdingen (1978), is that the rate of force 
development (RFD; force amplitude with respect 
to time) during ballistic contractions is primarily 
affected by the force amplitude. The RFD is 
quantified as the slope of the force-time curve, 
which shows the contraction speed from the force 
onset to peak force (Freund and Büdingen, 1978; 
Maffiuletti et al., 2016; Mirkov et al., 2004). It has 
been shown that duration from the force onset to  

 
peak force (termed time to peak force; TPF) 
remains constant with changes in force amplitude 
during ballistic contractions, resulting in a linear 
relationship between the RFD and force amplitude 
(Freund and Büdingen, 1978; Maffiuletti et al., 
2016; Mirkov et al., 2004). According to the speed-
control hypothesis, TPF and electromyography 
(EMG) burst duration remain approximately 
constant during ballistic contractions across 
varying force levels (Freund and Büdingen, 1978). 
This suggests that the central nervous system 
regulates the amplitude of force during ballistic 
contractions to control the speed of force 
generation. Based on their findings, Freund and  
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Büdingen (1978) proposed the speed-control  
hypothesis, which has been tested and supported 
by other studies (Bellumori et al., 2011; Boccia et al., 
2018; Enoka, 1983; Kozinc et al., 2022). A significant 
limitation of all these studies, however, is the 
omission of contraction force levels below 20% of 
maximum. Thus, the relationship between the RFD 
and the whole range of force levels during ballistic 
contractions remains unclear. Here, we tested the 
speed-control hypothesis with ballistic 
contractions ranging in force levels from 2 to 85% 
MVC and examined the underlying muscle activity 
of these ballistic contractions. 

Over the last 30 years, the primary interest 
has been the muscle activity which regulates TPF 
and the RFD at different force levels (Aagaard et 
al., 2002; Haff et al., 1997; Kozinc et al., 2022; 
Paasuke et al., 2001). There is evidence that ballistic 
contractions with a greater RFD have a faster 
discharge rate of motor units and very brief 
interspike intervals (<10 ms) in the initial 
discharges (Desmedt and Godaux, 1977; 
Duchateau and Baudry, 2014; Miles et al., 2005; 
Van Cutsem and Duchateau, 2005). There is also 
evidence that the RFD of ballistic contractions 
relates to neural oscillations. For example, a greater 
RFD is associated with greater whole muscle 
activity oscillations from 30 to 60 Hz (Alegre et al., 
2004; Joundi et al., 2012) and greater cortical 
oscillations from 30 to 60 Hz assessed with 
electroencephalographic recording (EEG) methods 
(Crone et al., 1998; Engel and Fries, 2010; Jensen 
and Mazaheri, 2010). Although we know that a 
greater RFD is associated with an altered neural 
drive to the motor neuron pool, we are currently 
unaware of how muscle activity explains the RFD 
at low force levels.  
 In this study, we examined the 
relationship between the RFD and force levels 
ranging from 2 to 85% MVC using abduction of the 
index finger as a movement model, which is 
controlled by a single muscle (First Dorsal 
Interosseous muscle; FDI). This experimental 
paradigm, therefore, allowed us to better study the 
underlying muscle activity that generates the RFD 
at each force level. We hypothesized that both TPF 
and RFD would show distinct profiles at low force 
levels and ballistic contractions at low force levels 
would be modulated by distinct neuromuscular 
activity. 

 
Methods 
Participants 

 Eighteen young adults (26.3 ± 6.4 years, 9 
women) volunteered to participate in this study. 
All participants reported being healthy with no 
evidence of neurological or musculoskeletal 
disease. Participants were all right-handed in 
accordance with the Edinburgh Handedness 
Inventory (Oldfield, 1971). The Institutional 
Review Board at the University of Florida 
approved the procedures of this study (approval 
code: IRB201901681; approval date: 23 July 2019), 
and all the participants signed an informed consent 
form before the initiation of the experiment. 

Measures 

Each participant sat comfortably in an 
upright position, facing a 30-inch monitor (HP 
ZR30w, Hewlett-Packard Development Company, 
Houston, TX, USA) located 1.43 m away at the eye 
level. Participants flexed the left shoulder to ~45° 
and the left elbow to ~90°. The left forearm was 
pronated and immobilized by straps on a 
customized metal plate. Only the index finger was 
free to move. This arrangement allowed to 
measure the force of the abduction of the index 
finger in the horizontal plane, which was produced 
almost exclusively by the contraction of FDI 
muscle (Figure 1A). All participants performed the 
ballistic contraction tasks with their non-dominant 
hand to introduce greater novelty to the task. 

The isometric force produced by the 
abduction of the index finger was measured by a 
one-dimensional force transducer (model 41, 50 lbs 
capacity, Honeywell Sensotec Inc., Columbus, OH, 
USA). The force signals were sampled at 1,000 Hz 
with a Power 1401 A/D board (Cambridge 
Electronic Design, Cambridge, UK) and a NI-DAQ 
card (model USB6210, National Instruments, 
Austin, TX, USA). The FDI muscle activity was 
measured by a surface EMG electrode (Trigno 
EMG sensor, Delsys Inc., Boston, MA, USA) that 
was placed in line with the muscle fibers. The EMG 
signals were sampled at 1,000 Hz with a Power 
1401 A/D board and a NI-DAQ card.  

We measured the maximal voluntary 
contraction (MVC) for index finger abduction force 
before the ballistic contraction tasks. Participants 
increased their index finger abduction force to their 
maximum as fast as possible and maintained it for  
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three seconds. Participants performed three to five 
MVC trials until two MVC values were within 5% 
of each other. One minute of rest was given 
between trials.  

Design and Procedures  

We instructed participants to increase their 
index finger abduction force within a targeted 
force area as fast as possible. Participants received 
visual feedback of their performance after each 
trial. There were two green lines on the monitor 
which indicated ±10% from each targeted force 
(Figure 1B) for each of seven randomly assigned 
effort levels (2, 5, 15, 30, 50, 70, and 85% MVC). We 
displayed the target area as two green lines and the 
force produced by the participant as a blue line. 
The order of the effort levels was randomized 
(block randomization). Participants performed 50 
trials in a row (one block) for each effort level and 
had three-minute rest after each block. Participants 
performed one testing session in about two hours. 
Each participant performed the following 
procedures: 1) familiarization of the experimental 
procedure that included a verbal explanation and 
practice trials of the ballistic contraction tasks 
using the left index finger abduction, 2) maximal 
voluntary contraction (MVC) tasks with index 
finger abduction, and 3) 50 trials of ballistic 
contraction tasks at each of seven randomly 
assigned effort levels. 

Data Analysis 

 The force signals were recorded and 
analyzed using a custom-written program in 
Matlab (MathWorks, Natick, MA). EMG signals 
were acquired with EMG-works Software (Delsys) 
and analyzed using a custom-written program in 
Matlab. We low-pass filtered the raw force signal 
at 6 Hz with a fourth-order Butterworth filter. The 
raw EMG signal was rectified and low-pass filtered 
at 6 Hz with a fourth-order Butterworth filter. We 
quantified TPF and the RFD from the low-pass 
filtered force signal. The force onset was identified 
as the local minima in the detrended force signal 
before peak force (PF). TPF of each trial was 
identified as the duration between the force onset 
to PF. The RFD of each trial was calculated as PF 
divided by TPF (Figure 1D). 
 We quantified Time to Peak EMG (TP-
EMG), EMG Duration, the Rate of EMG 
Development (RED), and integrated EMG (iEMG)  
 

 
from the rectified and low-pass filtered EMG signal 
(Figure 1E). The EMG onset and offset were 
identified as the local minima of the filtered and 
detrended EMG signal before Peak EMG and after 
Peak EMG, respectively. TP-EMG of each trial was 
identified as the duration between the EMG onset 
to Peak EMG. EMG Duration of each trial was 
identified as the duration between the EMG onset 
to the EMG offset. The RED of each trial was 
calculated as Peak EMG divided by TP-EMG. We 
used a sigmoidal function to fit the raw data and 
identify the corresponding trendline of the RED 
(Figure 2D). iEMG of each trial was calculated as 
the area under the curve of the rectified and filtered 
EMG (Figure 1E). Additionally, integrated EMG 
until TP-EMG (iEMG-TP) of each trial was 
calculated as the area under the curve of the 
rectified and filtered EMG from the EMG onset to 
TP-EMG. 
 Within the RFD curve (Figure 2B), we 
quantified the inflection point (IP) using the 8th-
order polynomial curve fitting to find the 
corresponding trendline of the RFD. We filtered 
the RFD under 80% MVC to minimize the drift of 
the trendline due to the relatively large standard 
deviation over 80% MVC. The first RFD slope 
before the IP location was termed the initial slope 
and the second RFD slope after the IP location was 
termed the terminal slope (Figure 2B). The RFD 
slope from 2% to 80% MVC was termed the overall 
slope. We noticed that there were two distinct RFD 
slope profiles in the initial slope, thus we 
performed a K-means cluster analysis for grouping 
participants (N = 18) into two distinct profiles to 
examine if the modulation of muscle activity 
differed for these two groups. The RFD slopes were 
clustered based on a common nearest mean (a 
cluster center). The group with slow rates for the 
initial RFD slope was termed Slow Initial and the 
group with fast rates for the initial RFD slope was 
termed Fast Initial (Figure 7A). A K-means cluster 
analysis was performed with the SPSS Statistics 27 
(IBM, Armonk, NY). 
 We analyzed a wavelet transform from the 
full EMG signal to quantify the neural activity of 
the FDI muscle (Figure 3). A wavelet analysis can 
provide evidence about the relationship between 
motor output and EMG modulation (Neto et al., 
2010). First, we cut the wavelet spectra of the full 
EMG signal ranging from 20 to 400 Hz and 
quantified an integral with respect to frequency.  
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The wavelet integral was expressed in power 
versus time (EMG modulation profile). We 
conducted the wavelet transform from this new 
signal to quantify the modulation of EMG. Our 
focus was on the frequency ranging from 4 to 100 
Hz in five different frequency bands (4–8, 8–13, 13–
30, 30–60, and 60–100 Hz). To compare the power 
between participants, we quantified the 
normalized power of each frequency band relative 
to the total power from 4 to 100 Hz. 

Statistical Analysis 

 The outcomes (dependent variables) for 
each contraction were the mean, standard 
deviation, and the coefficient of variation (CV) of 
TPF, PF, RFD, TP-EMG, EMG Duration, Peak 
EMG, RED, iEMG, iEMG-TP, and EMG 
modulation power. The normality of the data was 
examined using the Kolmogorov-Smirnov test and 
sphericity violations were adjusted using the 
Greenhouse-Geisser correction. A repeated 
measures one-way ANOVA or the Friedman test 
was used to examine the differences in the 
outcomes between the seven levels of force 
amplitude (independent variable). A post-hoc 
analysis was conducted with the Benjamini-
Hochberg procedure to control for a false 
discovery rate (FDR) at the level of significance, α 
= 0.05 (Benjamini et al., 2006). We used a stepwise 
multiple linear regression model to establish 
statistical models to predict: 1) the increase in TPF 
from EMG at low effort levels (from 2 to 15% 
MVC), 2) the increase in TPF from EMG at high 
effort levels (from 30 to 85% MVC), 3) the increase 
in PF from EMG at low effort levels, and 4) the 
increase in PF from EMG at high effort levels. The 
goodness-of-fit for the linear regression model was 
given by the coefficient of determination (R2) and 
Durbin-Watson statistic (DW). A K-means cluster 
analysis was used for grouping two distinct 
profiles in the initial RFD slope. A repeated 
measures two-way ANOVA was used to examine 
the differences in the EMG outcomes at four levels 
of low force amplitude below 30% MVC between 
two clustering groups. Furthermore, an 
independent t-test was used to determine the 
differences in the modulation of EMG in each of the 
frequency bands between two clustering groups. 
All statistical analyses were performed with the 
SPSS Statistics 27 (IBM, Armonk, NY). Data are 
presented as means ± standard errors (SE) in 
figures.  

 
Results 
TPF and RFD  

TPF significantly varied (F(2,34) = 17.6, p < 
0.001, η2 = 0.5) with the effort level (Figure 4A). Our 
most important finding was that TPF was 
significantly longer (p = 0.015; Figure 4A, Table 1) 
at 2% MVC (184.6 ms) than at 15% MVC (164.6 ms). 
The RFD varied significantly (F(2,25) = 155.2, p < 
0.001, η2 = 0.9) with the effort level (Figure 4B, Table 
1). We found an inflection point (IP) on the RFD 
curve as a function of effort. Figure 4C shows the 
IP location for each participant. The average IP 
location was 28.1% MVC. This IP demonstrates 
that the RFD increase with effort was slower after 
~30% MVC. The RFD slope was significantly 
steeper (p < 0.001; Figure 4B) at 2–15% MVC 
(2.3×10−3 N∙ms−1/%MVC) than at 30–85% MVC 
(1.5×10−3 N∙ms−1/%MVC). There was no significant 
correlation between the IP location and FDI 
strength (R2 = 0.15, p = 0.12). 

EMG Burst  

TP-EMG (χ2(6) = 83.4, p < 0.001, W = 0.8) 
and EMG Duration (χ2(6) = 76.2, p < 0.001, W = 0.7) 
varied significantly with the effort level (Figure 5A 
& 5B). Moreover, the RED (χ2(6) = 86.7, p < 0.001, W 
= 0.8) and Peak EMG (χ2(6) = 99.1, p < 0.001, W = 0.9) 
varied significantly with the effort level (Figure 5C 
& 5D). The statistical differences of TP-EMG, EMG 
Duration, RED, and Peak EMG among different 
effort levels are shown in Table 1. 

TPF and RFD Associations with EMG  

Using a stepwise multiple linear 
regression model (Figure 6), we found that 
lengthened TPF  at 2% MVC relative to 15% MVC 
significantly associated (R2 = 0.72, DW = 1.76, p < 
0.05) with lengthened TP-EMG (part r = 0.63) and 
the increase in the variability (CV) of EMG 
Duration (part r = −0.33). However, the increase in 
TPF at 85% MVC relative to 30% MVC significantly 
associated (R2 =  0.84, DW = 1.60, p < 0.01) with the 
increase in TP-EMG (part r = 0.47) and the increase 
in iEMG (part r = 0.32). For PF, the increase in PF 
from 2 to 15% MVC significantly associated (R2 = 
0.24, DW = 2.75, p < 0.05) with the increase in the 
variability (CV) of iEMG (part r = 0.49). However, 
the increase in PF from 30 to 85% MVC 
significantly associated (R2 = 0.31, DW = 2.40,  
p<0.05) with the increase in iEMG-TP (part r = 0.56).  
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Clustering  

The RFD slope up to the IP (initial slope) 
varied across our 18 participants (Figure 4C). A K-
means cluster analysis identified two distinct 
groups (Figure 7A). Half of the participants (N = 9) 
exhibited slow rates for the initial RFD slope 
(termed Slow Initial) and the other half of the 
participants (N = 9) exhibited fast rates for the 
initial RFD slope (termed Fast Initial). We found 
that the overall RFD slope was significantly 
correlated with the initial RFD slope (R2 = 0.77, p < 
0.001; Figure 7B) and the terminal RFD slope (R2 = 
0.71, p < 0.001), suggesting that the RFD at effort 
levels below 30% MVC can predict the whole RFD 
slope.  

FDI Muscle Activity 

The repeated measures two-way ANOVA 
showed that there was a main effect on the CV of  

 
 
 

 
iEMG (Figure 7C) between two clustering groups,  
Slow Initial and Fast Initial, at four low effort levels 
(2, 5, 15, and 30% MVC). We found that the CV of 
iEMG was significantly greater (F(1,16) = 7.3, p < 
0.05, η2 = 0.3) for the Fast Initial group (28.1%) than 
the Slow Initial group (15.0%). Participants in the 
Fast Initial group exhibited a significantly greater 
CV of iEMG suggesting greater variability of iEMG 
in that group. The independent t-test showed that 
there was a difference in the EMG modulation 
between Slow Initial and Fast Initial groups. We 
observed that the 13–30:30–60 Hz normalized 
power ratio was significantly lower (t(16) = 2.2, p < 
0.05, Cohen’s d = 0.9) for the Fast Initial group (ratio 
= 2.0) than the Slow Initial group (ratio = 2.9). 
Participants in the Fast Initial group exhibited a 
significantly lower ratio suggesting lesser power 
from 13–30 Hz relative to 30–60 Hz. 

 

 

 

 
Figure 1. Experimental setup and the protocol for the ballistic contraction task. (A) Top view 
of the experimental set up for testing ballistic abduction of the left index finger. Participants 
performed index finger abductions as fast as possible with one EMG sensor on the FDI 
muscle. (B) There were two green lines on the monitor which indicated ±10% from each 
targeted force for each of the seven randomly assigned effort levels. (C) Rectified EMG (grey 
lines) and filtered EMG (solid black line) at 6 Hz with a fourth-order Butterworth filter are 
shown. (D) We identified Time to Peak Force (TPF), Peak Force (PF), and the Rate of Force 
Development (RFD) of each trial in the low-pass filtered force signal. (E) We identified Time 
to Peak EMG (TP-EMG), EMG duration, Peak EMG, the Rate of EMG Development (RED), 
integrated EMG (iEMG), and integrated EMG until TP-EMG (iEMG-TP) of each trial in the 
low-pass filtered EMG signal. 
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Figure 2. Representative example of variables for a single participant for all trials. (A) 
Representative example of Time to Peak Force (TPF) for a single participant for all trials 
(orange dots). (B) Representative example of the Rate of Force Development (RFD) for a single 
participant for all trials (gray dots). The inflection point (IP) for the RFD data indicates the first 
instance that the RFD slope slows down with effort. The RFD slope before the IP (termed initial 
slope; red line) and the RFD slope after the IP (termed terminal slope; green line). The RFD 
slope from 2 to 80% MVC was termed the overall slope (black dotted line). (C) Representative 
example of Time to Peak EMG (TP-EMG) for a single participant for all trials (orange dots). 
(D) Representative example of the Rate of EMG Development (RED) for a single participant 
for all trials (gray dots). We used the sigmoidal function fitting (black line) to find the 
corresponding trendline of RED.  

 

 
 

Figure 3. Quantification of EMG modulation. The raw EMG signal of the FDI muscle (A) 
was wavelet transformed (B). From the wavelet transformed EMG, we summed the power 
from 20 to 400 Hz with respect to frequency and the summation of power in EMG from 20 
to 400 Hz was expressed in power versus time (red line in B). (C) Next, we wavelet 
transformed the summed signal and quantified the power from 4–8, 8–13, 13–30, 30–60, and 
60–100 Hz.  
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Figure 4. Time to Peak Force (TPF) and the Rate of Force Development (RFD) as a function 
of the effort level. Inflection point (IP) of each participant. (A) TPF with the effort level 
(%MVC) of all participants. TPF was not constant but varied with effort. The shortest TPF 
occurred at 15% MVC. TPF at 2% MVC was longer than TPF at 15% MVC. (B) The RFD with 
the effort level (%MVC) of all participants. The RFD increase was faster at the effort level 
below 15% MVC. (C) The average IP of all participants was 28.1% MVC (red line).  
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Figure 5. Time to Peak EMG (TP-EMG), EMG Duration, the Rate of EMG Development 
(RED), and Peak EMG as a function of the effort level. (A) TP-EMG with the effort level 
(%MVC) of all participants. (B) EMG Duration with the effort level (%MVC) of all 
participants was identified as the time difference between the EMG onset to the EMG offset. 
TP-EMG and EMG Duration were not constant but varied with effort. (C) The RED with the 
effort level (%MVC) of all participants. The RED was calculated as Peak EMG (D) divided 
by TP-EMG. The relationship between the RED and the effort level was non-linear.  

 
Figure 6. Stepwise multiple linear regression model of Time to Peak Force (TPF) and Peak 
Force (PF) predicted from EMG at low (from 2 to 15% MVC) and high (from 30 to 85% MVC) 
effort levels. (A) The lengthening in TPF at 2% MVC relative to the 15% MVC effort level 
was associated with Time to Peak EMG (TP-EMG) and variability (CV) of EMG Duration (R2 
= 0.72). (B) The increase in TPF at 85% MVC relative to the 30% MVC effort level was 
associated with TP-EMG and integrated EMG (iEMG) (R2 = 0.84). (C) The increase in PF at 
the low effort level was associated with the variability (CV) of iEMG (R2 = 0.24). (D) The 
increase in PF at the high effort level was associated with iEMG until TP-EMG (iEMG-TP) 
(R2 = 0.31). 
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Figure 7. Cluster analysis within the initial slope of the RFD curve and the relationship 
between the initial slope and the overall slope of the RFD curve. Comparison of FDI muscle 
activity between two clustering groups (Slow Initial & Fast Initial) within the initial slope of 
the RFD curve. (A) The 18 participants were clustered into two groups (fast and slow) based 
on the rate of the initial slope of the RFD curve. Each group contained 9 participants (blue for 
fast and red for slow). (B) The overall slope of the RFD curve strongly correlated with the 
initial slope. It suggests that the RFD profiles at the low effort level were highly predictable 
index to anticipate the whole RFD profile. (C) The variability (CV) of integrated EMG (iEMG) 
at four low effort levels (2, 5, 15, and 30% MVC) for the participants with the slow RFD initial 
slope (Slow Initial) and the fast RFD initial slope (Fast Initial). Participants in the Fast Initial 
group exhibited significantly greater variability (CV) of iEMG. (D) We examined the 
normalized power of FDI EMG modulation for participants in the Slow Initial group and the 
Fast Initial group in five different frequency bands (4–8, 8–13, 13–30, 30–60, and 60–100 Hz) 
and participants in the Fast Initial group exhibited a significantly lower ratio in the normalized 
power of 13–30 Hz (beta) to 30–60 Hz (gamma). 
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Table 1. Variables as a function of effort. 
%MVC Variable 2 5 15 30 50 70 85 

2 

TPF 

- 

p = 0.051 p = 0.015* p = 0.222 p = 0.364 p = 0.051 p = 0.020* 
RFD p < 0.001* p < 0.001* p < 0.001* p < 0.001* p < 0.001* p < 0.001* 
TP-EMGa p = 0.147 p = 0.147 p = 0.001* p < 0.001* p < 0.001* p < 0.001* 
EMG Durationa p = 0.715 p = 0.811 p = 0.003* p = 0.002* p < 0.001* p < 0.001* 
REDa p < 0.001* p < 0.001* p < 0.001* p < 0.001* p < 0.001* p < 0.001* 
Peak EMGa p < 0.001* p < 0.001* p < 0.001* p < 0.001* p < 0.001* p < 0.001* 

5 

TPF p = 0.051 

- 

p = 0.148 p = 0.132 p < 0.001* p < 0.001* p < 0.001* 
RFD p < 0.001* p < 0.001* p < 0.001* p < 0.001* p < 0.001* p < 0.001* 
TP-EMGa p = 0.147 p = 0.711 p = 0.014* p = 0.001* p < 0.001* p < 0.001* 
EMG Durationa p = 0.715 p = 0.811 p = 0.003* p < 0.001* p < 0.001* p < 0.001* 
REDa p < 0.001* p < 0.001* p < 0.001* p < 0.001* p < 0.001* p < 0.001* 
Peak EMGa p < 0.001* p < 0.001* p < 0.001* p < 0.001* p < 0.001* p < 0.001* 

15 

TPF p = 0.015* p = 0.148 

- 

p < 0.001* p < 0.001* p < 0.001* p < 0.001* 
RFD p < 0.001* p < 0.001* p < 0.001* p < 0.001* p < 0.001* p < 0.001* 
TP-EMGa p = 0.147 p = 0.711 p < 0.001* p < 0.001* p < 0.001* p < 0.001* 
EMG Durationa p = 0.811 p = 0.811 p = 0.005* p < 0.001* p < 0.001* p < 0.001* 
REDa p < 0.001* p < 0.001* p = 0.008* p < 0.001* p < 0.001* p < 0.001* 
Peak EMGa p < 0.001* p < 0.001* p < 0.001* p < 0.001* p < 0.001* p < 0.001* 

30 

TPF p = 0.222 p = 0.132 p < 0.001* 

- 

p < 0.001* p < 0.001* p < 0.001* 
RFD p < 0.001* p < 0.001* p < 0.001* p < 0.001* p < 0.001* p < 0.001* 
TP-EMGa p = 0.001* p = 0.014* p < 0.001* p = 0.003* p < 0.001* p < 0.001* 
EMG Durationa p = 0.003* p = 0.003* p = 0.005* p = 0.232 p = 0.007* p < 0.001* 
REDa p < 0.001* p < 0.001* p = 0.008* p = 0.280 p = 0.008* p = 0.015* 
Peak EMGa p < 0.001* p < 0.001* p < 0.001* p = 0.011* p < 0.001* p < 0.001* 

50 

TPF p = 0.364 p < 0.001* p < 0.001* p < 0.001* 

- 

p = 0.014* p = 0.002* 
RFD p < 0.001* p < 0.001* p < 0.001* p < 0.001* p < 0.001* p < 0.001* 
TP-EMGa p < 0.001* p = 0.001* p < 0.001* p = 0.003* p = 0.001* p < 0.001* 
EMG Durationa p = 0.002* p < 0.001* p < 0.001* p = 0.232 p = 0.011* p = 0.003* 
REDa p < 0.001* p < 0.001* p < 0.001* p = 0.280 p = 0.039* p = 0.026* 
Peak EMGa p < 0.001* p < 0.001* p < 0.001* p = 0.011* p = 0.002* p < 0.001* 

70 

TPF p = 0.051 p < 0.001* p < 0.001* p < 0.001* p = 0.014* 

- 

p = 0.051 
RFD p < 0.001* p < 0.001* p < 0.001* p < 0.001* p < 0.001* p = 0.008* 
TP-EMGa p < 0.001* p < 0.001* p < 0.001* p < 0.001* p = 0.001* p = 0.496 
EMG Durationa p < 0.001* p < 0.001* p < 0.001* p = 0.007* p = 0.011* p = 0.043* 
REDa p < 0.001* p < 0.001* p < 0.001* p = 0.008* p = 0.039* p = 0.286 
Peak EMGa p < 0.001* p < 0.001* p < 0.001* p < 0.001* p = 0.002* p = 0.811 

85 

TPF p = 0.020* p < 0.001* p < 0.001* p < 0.001* p = 0.002* p = 0.051 

- 

RFD p < 0.001* p < 0.001* p < 0.001* p < 0.001* p < 0.001* p = 0.008* 

TP-EMGa p < 0.001* p < 0.001* p < 0.001* p < 0.001* p < 0.001* p = 0.496 

EMG Durationa p < 0.001* p < 0.001* p < 0.001* p < 0.001* p = 0.003* p = 0.043* 

REDa p < 0.001* p < 0.001* p < 0.001* p = 0.015* p = 0.026* p = 0.286 

Peak EMGa p < 0.001* p < 0.001* p < 0.001* p < 0.001* p < 0.001* p = 0.811 

Note. Benjamini-Hochberg procedure was used to control the false discovery rate (FDR) at the level 
of significance, α = 0.05. a Wilcoxon Signed-Rank Tests. 
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Discussion 

The purpose of this study was to test the 
speed-control hypothesis during ballistic 
contractions by examining effort levels from 2 to 
85% MVC. For the first time in the literature, we 
tested the speed-control hypothesis during ballistic 
contractions with effort levels below 20% MVC and 
showed that low effort levels had distinct profiles. 
In contrast to the assumption by the speed-control 
hypothesis of  constant TPF with effort, we found 
that TPF varied (non-linearly) with effort. The 
shortest TPF occurred at 15% MVC. TPF at 2% 
MVC was longer than TPF at 15% MVC. 
Furthermore, we found that the RFD increase with 
effort was faster below 30% MVC (initial slope) 
than at effort levels ranging from 30 to 85% MVC. 
The muscle activity findings showed that the RFD 
at low effort levels was influenced by neuronal 
variability, whereas the RFD at moderate-to-high 
effort levels was influenced by neuronal 
amplitude. We found that there were two distinct 
groups of participants in terms of their RFD. Half 
exhibited a faster slope of the increase in the RFD 
to 30% MVC, and also exhibited significantly lower 
13–30:30–60 Hz EMG power. These findings 
challenge the speed-control hypothesis and 
provide evidence that ballistic contractions with 
effort levels below 30% MVC have distinct RFD 
profiles and muscle activity suggesting unique 
neural mechanisms controlling them.  

Speed of Ballistic Contractions at Low Effort 
Levels  

The speed-control hypothesis developed 
by Freund and Büdingen (1978) proposes that the 
rate of force development (RFD) during ballistic 
contractions is dictated by the force amplitude. 
Although this hypothesis is supported by many 
studies, it is limited by testing effort levels above 
20% MVC. For example, there was a strong linear 
relationship between peak force and the 
corresponding RFD during a set of rapid isometric 
muscular contractions above 20% MVC (Bellumori 
et al., 2011). This linear relationship was 
accompanied by the consistent times to reach peak 
force between 20 and 100% MVC (Kozinc et al., 
2022). However, to our knowledge, no study has 
tested the speed-control hypothesis at low effort 
levels, which are characterized by unique motor 
control. In the past 40 years, there has been robust 
evidence that low effort ballistic contractions are  
 

more variable than moderate and high effort 
ballistic contractions (Newell and Carlton, 1985). 
This finding has been shown in young and older 
adults (Christou and Carlton, 2001, 2002; Enoka et 
al., 2003), as well as for the upper and the lower 
limb (Christou et al., 2010; Kwon et al., 2011; Ofori 
et al., 2018), suggesting unique neural control of 
low effort levels. Here, we provide novel evidence 
challenging the speed-control hypothesis, which 
proposes constant TPF, constant EMG duration, 
and a constant increase in the RFD with the effort 
level. Below, we provide findings that contrast the 
tenets of the speed-control hypothesis. 

TPF Is Not Constant but Varies with Effort  

According to the speed-control 
hypothesis, TPF remains approximately constant 
with the effort level (Bellumori et al., 2011; Boccia 
et al., 2018; Freund and Büdingen, 1978; Kozinc et 
al., 2022). In contrast, we found that the 
relationship between TPF and the effort level was 
a non-linear U-shape and TPF was minimum at 
15% MVC (Figure 4A). At effort levels above 15% 
MVC, TPF increased with the effort level. 
Lengthened TPF at 2% MVC relative to 15% MVC 
was associated with increased variability of EMG 
Duration, while the increase in TPF from 30 to 85% 
MVC was associated with increases in iEMG. 
Given the increased muscle activity variability 
associated with longer TPF at low effort levels, the 
speed of low-effort ballistic contractions may be 
influenced by the inherently greater trial-to-trial 
variability of the neural drive. In contrast, the 
lengthening of TPF with the effort level above 30% 
MVC was associated with the amplitude of the 
neural drive. These findings do not support the 
speed-control hypothesis for effort levels below 
30% MVC. 

RFD Increases at a Faster Rate across Low Effort 
Levels  

A major assumption of the speed-control 
hypothesis is that the RFD during ballistic 
contractions increases consistently with the effort 
level (Bellumori et al., 2011; Boccia et al., 2018; 
Freund and Büdingen, 1978). Although we found 
that the RFD increased with the effort level (Figure 
4B, Table 1), there is a clear inflection point (IP) on 
the RFD curve (28.1% MVC) that indicated two 
distinct slopes (Figure 2B). The first slope, which is 
faster, occurred from 2 to 30% MVC, and the 
second (slower) slope occurred from 30 to 85%  
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MVC (Figure 4). These findings are further 
supported by our EMG measures showing a 
unique neural activation of muscle controlling the 
force output for the two slopes. Specifically, the 
RFD below 30% MVC was associated with 
neuronal variability (CV of EMG), whereas the 
RFD above 30% MVC was associated with the 
neuronal amplitude (EMG impulse). We found 
that increased variability of the iEMG and 
increased variability of EMG Duration contributed 
to the increased RFD at low effort levels, however, 
the increment of the RFD at high effort levels was 
modulated by the increase in impulse of EMG. This 
finding suggests that the RFD at low effort levels is 
influenced by neuronal variability, whereas the 
RFD at higher effort levels is influenced by 
neuronal amplitude.  

RFD Slope at Low Effort Levels Is Informative  

All previous studies focused on the RFD 
using effort levels above 20% MVC. Here, we used 
effort levels ranging from 2 to 85% MVC and found 
that the RFD increased at a greater rate for effort 
levels below 30% MVC. First, we found that the 
slope of the RFD at low effort levels could predict 
the total slope (Figure 7B). The overall RFD slope 
correlated more strongly with the initial RFD slope 
(R2 = 0.77) than the terminal RFD slope (R2 = 0.71). 
The RFD slope at effort levels below 30% can be an 
indicator to anticipate the whole RFD profile. 
Second, we found that there were two distinct 
types of participants in terms of the RFD slope 
(Fast Initial and Slow Initial), who were identified 
based on their RFD below 30% MVC (Figure 7A). 
There was greater variability (CV) of iEMG in the 
Fast Initial group than the Slow Initial group 
(Figure 7C), which indicates that the variability of 
iEMG is a factor that modulates the RFD slope 
during low-effort ballistic contractions.  

Neuronal Activity Is Unique at Low Effort Levels  

We demonstrated different neural 
oscillations between faster and slower participants, 
highlighting unique neuronal activity during low-
effort ballistic contractions. Faster participants 
exhibited a reduced ratio of normalized power in 
beta (13–30 Hz) to gamma (30–60 Hz) oscillations 
(Figure 7D). This finding provides evidence that 
the ratio of beta and gamma oscillation has speed-
related modulations. Beta oscillations are 
associated with an anti-kinetic function such as 
movement inhibition and steadiness in voluntary  

 
movements (Brown, 2000; Delmas et al., 2018; 
Engel and Fries, 2010; Neto et al., 2010). However, 
the independent function of beta oscillations and 
the characteristics of ballistic contractions were not 
compatible, as participants were instructed to exert 
targeted force in a brief time (< 220 ms) without any 
chance of motion inhibition or steadiness. Our 
results align with previous evidence showing that 
the duration and speed of ballistic finger 
contractions were not related to the independent 
power of beta oscillations (Pfurtscheller et al., 
1998). Gamma oscillations reflect the level of 
sensorimotor processing and execution (Aoki et al., 
1999; Jensen and Mazaheri, 2010), increasing in 
accordance with targeted force amplitude. During 
ballistic contractions, the independent function of 
gamma oscillations and the force amplitude 
remain compatible across the entire effort level 
range. Consequently, participants with a faster 
RFD slope may exhibit relatively decreased beta 
oscillation and increased gamma oscillation, 
resulting in a lower beta:gamma ratio in muscle 
activity during low-effort ballistic contractions. 
Participants with a slower RFD initial slope might 
prioritize precise control to minimize the 
variability, while those with a faster RFD initial 
slope might focus more on speed generation, 
reflecting distinct organization of neural 
command. These findings imply that EMG 
modulation during low-effort ballistic contractions 
involves a distinct structure of the neural 
oscillation to simultaneously achieve two inherent 
goals of ballistic contractions, force amplitude and 
time. 

Limitations 
This research presents several limitations 

to be considered. This study is limited to measures 
from a single-joint movement. Future studies 
should measure the speed-related modulation of 
low-force ballistic contractions using multiple-joint 
movements to generalize our findings. Another 
limitation is that our findings cannot be 
generalized to other age groups or individuals 
with movement disorders. Finally, future studies 
should record activity from higher centers using 
electroencephalographic recording (EEG) or 
magnetic resonance imaging (MRI), and examine 
how these measures differ during low-force 
ballistic contractions from moderate-to-high force 
levels of ballistic contractions. 
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Conclusions 

 For the first time in the literature, 
the speed-control hypothesis was tested at very 
low effort levels below 20% MVC. The findings 
from this study challenge the speed-control 
hypothesis and provide that the RFD below 30% 
MVC is influenced primarily from neuronal 
variability, whereas the RFD above 30% MVC is  

 
primarily influenced by the amplitude of the 
neural drive. Our findings suggest that the 
regulation of speed control for low and high effort 
levels was clearly different, emphasizing the 
necessity for a new or a revised theoretical 
framework to understand the whole effort range of 
ballistic contractions. 

 

 

Authors Contributions: Conceptualization: J.J.K., S.D., Y.J.C., F.A., B.Y. and E.A.C.; methodology: J.J.K., S.D., 
Y.J.C., J.C.H., M.W., F.A., B.Y. and E.A.C.; software: J.J.K., S.D., Y.J.C. and J.C.H.; validation: F.A., B.Y. and 
E.A.C.; formal analysis: J.J.K. and S.D.; investigation: J.J.K., F.A., B.Y. and E.A.C.; resources: E.A.C.; data 
curation: J.K., S.D., Y.J.C., J.C.H. and M.W.; writing—original draft preparation: J.J.K. and E.A.C.; writing—
review & editing: J.J.K., S.D., Y.J.C., J.C.H. and E.A.C.; visualization: J.J.K.; supervision: S.D., Y.J.C., F.A. and 
B.Y.; project administration: E.A.C.; funding acquisition: E.A.C. All authors have read and agreed to the 
published version of the manuscript. 

ORDIC iD:  

Joongsuk J. Kim: 0000-0002-9630-7925 

Stefan Delmas: 0000-0002-0054-3908 

Yoon Jin Choi: 0000-0003-3982-3728 

Jessica C. Hubbard: 0009-0004-1235-7290 

Basma Yacoubi: 0000-0002-1929-4817 

Evangelos A. Christou: 0000-0003-4890-4706 

Funding Information: This research received no external funding. 

Institutional Review Board Statement: This study was conducted following the principles of the Declaration 
of Helsinki, and approved by the Institutional Review Board at the University of Florida (approval code: 
IRB201901681; approval date: 23 July 2019). 

Informed Consent: Informed consent was obtained from all participants included in the study. 

Conflicts of Interest: The authors declare no conflict of interest. 

Received: 31 August 2023 

Accepted: 20 January 2024 

 

References 
Aagaard, P., Simonsen, E. B., Andersen, J. L., Magnusson, P., & Dyhre-Poulsen, P. (2002). Increased rate of 

force development and neural drive of human skeletal muscle following resistance training. Journal of 
Applied Physiology, 93(4), 1318–1326. https://doi.org/10.1152/japplphysiol.00283.2002 

Alegre, M., De Gurtubay, I. G., Labarga, A., Iriarte, J., Malanda, A., & Artieda, J. (2004). Alpha and beta 
oscillatory activity during a sequence of two movements. Clinical Neurophysiology, 115(1), 124–130. 
https://doi.org/10.1016/S1388-2457(03)00311-0 

Aoki, F., Fetz, E., Shupe, L., Lettich, E., & Ojemann, G. (1999). Increased gamma-range activity in human 
sensorimotor cortex during performance of visuomotor tasks. Clinical Neurophysiology, 110(3), 524–537. 
https://doi.org/10.1016/S1388-2457(98)00064-9 

 



 by Joongsuk J. Kim et al. 43 

Articles published in the Journal of Human Kinetics are licensed under an open access Creative Commons CC BY 4.0 
license. 

 
Bellumori, M., Jaric, S., & Knight, C. A. (2011). The rate of force development scaling factor (RFD-SF): Protocol, 

reliability, and muscle comparisons. Experimental Brain Research, 212(3), 359–369. 
https://doi.org/10.1007/S00221-011-2735-7 

Benjamini, Y., Krieger, A., & Yekutieli, D. (2006). Adaptive linear step-up procedures that control the false 
discovery rate. Biometrika, 93(3), 491–507. https://doi.org/10.1093/biomet/93.3.491Boccia, G., Dardanello, 
D., Brustio, P. R., Tarperi, C., Festa, L., Zoppirolli, C., Pellegrini, B., Schena, F., & Rainoldi, A. (2018). 
Neuromuscular fatigue does not impair the rate of force development in ballistic contractions of 
submaximal amplitudes. Frontiers in Physiology, 9(OCT), 1503. https://doi.org/10.3389/fphys.2018.01503 

Brown, P. (2000). Cortical drives to human muscle: the Piper and related rhythms. Progress in Neurobiology, 
60(1), 97–108. https://doi.org/10.1016/S0301-0082(99)00029-5 

Christou, E. A., & Carlton, L. G. (2001). Old adults exhibit greater motor output variability than young adults 
only during rapid discrete isometric contractions. The Journals of Gerontology. Series A, Biological Sciences 
and Medical Sciences, 56(12), B524–32. https://doi.org/10.1093/gerona/56.12.b524 

Christou, E. A., & Carlton, L. G. (2002). Age and contraction type influence motor output variability in rapid 
discrete tasks. Journal of Applied Physiology (Bethesda, Md. : 1985), 93(2), 489–498. 
https://doi.org/10.1152/japplphysiol.00335.2001 

Christou, E. A., Zelent, M., & Carlton, L. G. (2010). Force Control Is Greater in the Upper Compared With the 
Lower Extremity. Journal of Motor Behavior, 35(4), 322–324. https://doi.org/10.1080/00222890309603153 

Crone, N. E., Miglioretti, D. L., Gordon, B., & Lesser, R. P. (1998). Functional mapping of human sensorimotor 
cortex with electrocorticographic spectral analysis. II. Event-related synchronization in the gamma 
band. Brain: A Journal of Neurology, 121(12), 2301–2315. https://doi.org/10.1093/brain/121.12.2301 

Delmas, S., Casamento-Moran, A., Park, S. H., Yacoubi, B., & Christou, E. A. (2018). Motor planning 
perturbation: Muscle activation and reaction time. Journal of Neurophysiology, 120(4), 2059–2065. 
https://doi.org/10.1152/JN.00323.2018 

Desmedt, J. E., & Godaux, E. (1977). Ballistic contractions in man: characteristic recruitment pattern of single 
motor units of the tibialis anterior muscle. Journal of Physiology, 264(3), 673–693. 
https://doi.org/10.1113/jphysiol.1977.sp011689 

Duchateau, J., & Baudry, S. (2014). Maximal discharge rate of motor units determines the maximal rate of 
force development during ballistic contractions in human. Frontiers in Human Neuroscience, 8(1 APR), 
81059. https://doi.org/10.3389/FNHUM.2014.00234 

Engel, A. K., & Fries, P. (2010). Beta-band oscillations — signalling the status quo? Current Opinion in 
Neurobiology, 20(2), 156–165. https://doi.org/10.1016/J.CONB.2010.02.015 

Enoka, R. M. (1983). Muscular control of a learned movement: The speed control system hypothesis. 
Experimental Brain Research, 51(1), 135–145. https://doi.org/10.1007/BF00236811 

Enoka, R. M., Christou, E. A., Hunter, S. K., Kornatz, K. W., Semmler, J. G., Taylor, A. M., & Tracy, B. L. (2003). 
Mechanisms that contribute to differences in motor performance between young and old adults. Journal 
of Electromyography and Kinesiology, 13(1), 1–12. https://doi.org/10.1016/S1050-6411(02)00084-6 

Freund, H. (1983). Motor unit and muscle activity in voluntary motor control. Physiological Reviews, 63(2), 
387–436. https://doi.org/10.1152/physrev.1983.63.2.387 

Freund, H., & Büdingen, H. (1978). The relationship between speed and amplitude of the fastest voluntary 
contractions of human arm muscles. Experimental Brain Research, 31(1), 1–12. 
https://doi.org/10.1007/BF00235800 

Haff, G., Stone, M., O’Bryant, H., Harman, E., Dinan, C., Johnson, R., & Han, K. (1997). Force-time dependent 
characteristics of dynamic and isometric muscle actions. Journal of Strength & Conditioning Research, 
11(4), 269–272. https://doi.org/10.1519/00124278-199711000-00014 

Jensen, O., & Mazaheri, A. (2010). Shaping functional architecture by oscillatory alpha activity: Gating by 
inhibition. Frontiers in Human Neuroscience, 4. https://doi.org/10.3389/fnhum.2010.00186 

Joundi, R. A., Jenkinson, N., Brittain, J. S., Aziz, T. Z., & Brown, P. (2012). Driving Oscillatory Activity in the 
Human Cortex Enhances Motor Performance. Current Biology, 22(5), 403–407. 
https://doi.org/10.1016/j.cub.2012.01.024 

 
 



44  Unique neural mechanisms underlying speed control of low-force ballistic contractions 

Journal of Human Kinetics, volume 90/2024 http://www.johk.pl 

 
Kozinc, Ž., Smajla, D., & Šarabon, N. (2022). The rate of force development scaling factor: a review of 

underlying factors, assessment methods and potential for practical applications. European Journal of 
Applied Physiology, 122(4), 861–873. https://doi.org/10.1007/S00421-022-04889-4 

Kwon, M., Baweja, H. S., & Christou, E. A. (2011). Age-Associated Differences in Positional Variability Are 
Greater With the Lower Limb. Journal of Motor Behavior, 43(5), 357–360. 
https://doi.org/10.1080/00222895.2011.598893 

Maffiuletti, N. A., Aagaard, P., Blazevich, A. J., Folland, J., Tillin, N., & Duchateau, J. (2016). Rate of force 
development: physiological and methodological considerations. European Journal of Applied Physiology 
2016 116:6, 116(6), 1091–1116. https://doi.org/10.1007/S00421-016-3346-6 

Miles, G., Dai, Y., physiology, R. B.-T. J. of, & 2005, undefined. (2005). Mechanisms underlying the early phase 
of spike frequency adaptation in mouse spinal motoneurones. Wiley Online Library, 566(2), 519–532. 
https://doi.org/10.1113/jphysiol.2005.086033 

Mirkov, D. M., Nedeljkovic, A., Milanovic, S., & Jaric, S. (2004). Muscle strength testing: Evaluation of tests 
of explosive force production. European Journal of Applied Physiology, 91(2–3), 147–154. 
https://doi.org/10.1007/S00421-003-0946-8 

Neto, O., Baweja, H., & Christou, E. (2010). Increased voluntary drive is associated with changes in common 
oscillations from 13 to 60 Hz of interference but not rectified electromyography. Muscle & Nerve, 42(3), 
348–354. https://doi.org/10.1002/mus.21687 

Newell, K. M., & Carlton, L. G. (1985). On the relationship between peak force and peak force variability in 
isometric tasks. Journal of Motor Behavior, 17(2), 230–241. https://doi.org/10.1080/00222895.1985.10735346 

Ofori, E., Shim, J., & Sosnoff, J. J. (2018). The influence of lower leg configurations on muscle force variability. 
Journal of Biomechanics, 71, 111–118. https://doi.org/10.1016/j.jbiomech.2018.01.032 

Oldfield, R. C. (1971). The assessment and analysis of handedness: The Edinburgh inventory. 
Neuropsychologia, 9(1), 97–113. https://doi.org/10.1016/0028-3932(71)90067-4 

Paasuke, M., Ereline, J., & Gapeyeva, H. (2001). Knee extension strength and vertical jumping performance 
in nordic combined athletes. Journal of Sports Medicine and Physical Fitness, 41(3), 354. 
https://pubmed.ncbi.nlm.nih.gov/11533567/ 

Pfurtscheller, G., Zalaudek, K., & Neuper, C. (1998). Event-related beta synchronization after wrist, finger 
and thumb movement. Electroencephalography and Clinical Neurophysiology/Electromyography and Motor 
Control, 109(2), 154–160. https://doi.org/10.1016/S0924-980X(97)00070-2 

Van Cutsem, M., & Duchateau, J. (2005). Preceding muscle activity influences motor unit discharge and rate 
of torque development during ballistic contractions in humans. Journal of Physiology, 562(2), 635–644. 
https://doi.org/10.1113/jphysiol.2004.074567 
Zehr, E. P., & Sale, D. G. (1994). Ballistic Movement: Muscle Activation and Neuromuscular 
Adaptation. Canadian Journal of Applied Physiology, 19(4), 363–378. https://doi.org/10.1139/H94-030 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


