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Background: The capability of an individual to produce force rapidly is important 
for performance of sporting activities and to stabilize a joint to protect against injury. 
Rate of torque development (RTD) and contractile impulse (CI) may be more 
effective than peak torque in assessing rapid torque production. The relationship 
between RTD and CI at different time intervals is unknown. Methods: Forty-seven 
individuals completed isometric strength testing for knee extension, hip extension, 
and plantarflexion. Pearson product-moment correlation coefficients were calculated 
between RTD and CI for each of the following time intervals: 0-25, 0-50, 0-100, 0-
150, 0-200, 0-250, and 0-300 ms. Results: There was a strong relationship between 
RTD and CI for all time intervals for the knee extensors and plantar flexors. There 
was a strong relationship between RTD and CI for the hip extensors for time intervals 
up to 0-200 ms and a moderate relationship for time intervals 0-250 and 0-300 ms. 
Conclusion: RTD and CI may be equally effective in characterizing explosive force 
production in the knee extensors and plantar flexors for all time intervals and in the 
hip extensors for earlier time intervals. CI may be more effective for the later time 
intervals for the hip extensors. 
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INTRODUCTION 
The capability of an individual to produce force rapidly is important for 

performance of sporting activities and to stabilize a joint to protect against injury (5, 
20). Traditionally, peak force or peak torque (PT) has been used to evaluate strength, 
performance, and risk of injury. For example, peak torque has been used to evaluate 
individuals rehabilitating injuries, such as an anterior cruciate ligament (ACL) 
reconstruction, with a focus on symmetry of PT of the quadriceps and the hamstrings 
between the injured and non-injured limbs (22). 

Given that it takes approximately 250 ms or longer to achieve PT (1, 28, 34), 
the utility of this measure to assess rapid torque production is limited. For example, 
noncontact ACL injuries typically occur within 50 ms after initial contact (1, 12, 13, 
28) and lateral ankle sprain injuries occur between 130 and 180 ms after initial 
contact (21). Hamstring strain injuries occur during a period of approximately 100 ms 
from the onset of contraction (17). Further, PT may not be able to delineate between 
individuals at risk for injury. One study reported that PT does not necessarily differ in 
elderly fallers and non-fallers (5). Due to the fact that PT does not account for the 
time it takes to produce torque, especially during time critical situations, there has 
been increased focus on measures that characterize rapid, explosive torque 
production. 

One measure of explosive force production that has been used more 
frequently is the rate of torque development (RTD), which is defined as the slope of 
the torque-time curve (2). RTD is calculated by fitting a line of best fit to the torque-
time curve over the time intervals that are most relevant to performance or injury 
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prevention. Assessment of RTD may provide valuable information for designing 
rehabilitation and resistance training programs for athletes returning from injury (10, 
34). Researchers have reported that individuals who had an ACL reconstruction had 
PT values that had been rehabilitated to nearly match pre-injury values, but RTD was 
significantly deficient compared to pre-injury values (4). Additionally, RTD, unlike 
PT, was found to be a better predictor of falls among elderly subjects (5). Overall, 
RTD appears to be a more relevant measure of dynamic knee joint stabilization than 
PT (35). 

Despite its advantages over PT, RTD may be affected by the fact that the line 
of best fit does not account for irregularities in the torque-time curve. Contractile 
impulse (CI) defined as the integrated area under the torque-time curve, ʃ torque dt (2, 
28), incorporates the aspect of contraction time (2). Although CI has not been used to 
assess injury risk, it has been utilized to evaluate the effectiveness of various training 
programs. Suetta et al. (28) reported a significant increase in both knee extensor RTD 
and CI following a power training program. A study by de Ruiter et al. (25) reported a 
significant increase in knee extensor CI from 40-100 ms following a physical training 
protocol. Overall, there are few studies that utilize CI. This could partially be 
explained by it being more difficult to calculate than RTD. However, with the 
increased use of custom programs to reduce the data, this is becoming less of a 
barrier. 

Both RTD and CI provide clear advantages over PT in terms of measuring 
functional muscle performance during time critical situations. However, there have 
been no studies comparing the two different measures, particularly in terms of 
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whether the RTD line of best fit and CI similarly describe explosive force at different 
time intervals. Therefore, the purpose of the study was to examine the relationships 
between RTD and CI at different time intervals from the onset of contraction. 
 
LITERATURE REVIEW 
Triple Extensor Muscle Group 
 The triple extensors are comprised of the knee extensors, hip extensors, and 
plantar flexors and serve an important role in determining athletic performance. 
During explosive-type movements such as running and jumping, it is necessary for 
the knee extensors, hip extensors, and plantar flexors to contract in a coordinated 
manner to propel the body forward or off the ground. Greater strength and explosive 
force capacity of the triple extensors is considered critical to joint stability and 
athletic performance. 
 
Rate of Torque Development 
 Rate of torque development (RTD) is defined  as the slope of the torque-time 
curve (Δtorque/Δtime) (2). Many studies measure rate of force development (RFD), 
but for the purpose of consistency in this paper, only RTD will be used and may 
reference either RFD or RTD. According to Aagard et al. (2), “an increase in the rate 
of [torque] development is perhaps the single most important functional benefit 
induced by resistance training.” The ability to develop force rapidly is critical to 
success in a variety of sports (30) and quality of life in elderly persons (23). It is also 
implicated in relation to injuries and the rehabilitation of individuals from injury (4). 
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Both heavy-resistance training and explosive-type strength training are known to 
result in increased RTD, but explosive-type training is the most efficient training 
modality for inducing maximal improvement in RTD (1, 16, 28). Furthermore, 
explosive-type training can be implemented at different levels across a broad 
spectrum of ages and training levels (16). Therefore, it is important to individually 
consider the importance of RTD in three different muscle groups. 
 
Knee Extensors 

The knee extensors consist of the four muscles of the quadriceps—rectus 
femoris, vastus lateralis, vastus medius, and vastus intermedius—and their primary 
function is to extend the knee joint and provide explosive force during activities such 
as sprinting and jumping. Evidence to support the use of RTD in characterizing 
explosive force is the most abundant for the knee extensors, due to the identification 
of explosive strength and functional deficits following ACL reconstruction (4, 11). 
Between-limb biomechanical differences during jump landings, during which the 
knee extensors play a critical role, are predictive of a second ACL injury (22) after an 
initial ACL reconstruction. These biomechanical differences include postural stability 
of the involved limb, frontal plane knee joint range of motion, and sagittal plane knee 
moments at initial contact. Noncontact ACL injuries typically occur within 50 ms 
after initial contact with the ground (1, 4, 13, 28), a much shorter time frame than is 
required to reach PT, which is typically between 250 and 600 ms. It is difficult to 
determine whether RTD deficits increase the risk for a first ACL injury, but 
biomechanical differences – potentially including differences in RTD and CI – 
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between limbs during actions involving the knee extensors are predictive of a second 
ACL injury (22). 

Lower RTD and CI are found in post-ACL reconstructed limbs (11), giving 
rise to the question of whether this contributes to an increased risk for future injury. A 
rare prospective study by Angelozzi et al. (4) examined PT and RTD and compared 
pre-injury and post-injury values from a sample of male professional soccer players 
who underwent ACL reconstruction. By comparing explosive force data from a 
standard evaluation procedure before the participants’ injuries occurred to post-injury 
values, they found that at 6 months after ACL reconstruction, PT values of the 
standardly rehabilitated injured limb had recovered to nearly match pre-injury values 
and non-injured limb post-reconstruction values. However, RTD values for the time 
intervals 0-30, 0-50, and 0-90 ms were still significantly deficient in players who 
were thought to be ready to return to play. 

In addition to protecting against injury, higher RTD of the knee extensors is 
critical for higher levels of performance in power sports (6). Elite rugby players with 
a higher explosive force capacity at 50 and 100 ms as measured by a force plate 
during explosive squats had faster sprint times than elite rugby players with a lower 
explosive force capacity (31).  

Beyond athletic performance, Thelen et al. (29) investigated recovery steps 
after release from a predetermined lean angle. These lean angles are significant 
because they are similar to those experienced when tripping and could occur before a 
fall, especially among elderly individuals. After comparing differences in younger 
and older age groups, the younger age group was able to recover from larger lean 
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angles than the older age group. The authors concluded that elderly individuals’ lack 
of ability to recover from large lean angles is related to deficits in the ability to move 
the lower limbs quickly. While this study did not measure explosive force directly, it 
can be surmised that the ability to move the limbs quickly would be related to 
explosive muscle strength. 

Petrella et al. (23) quantified functional performance of elderly persons in 
sixteen common tasks important for living independently. They showed that 
compared to marginally dependent elderly persons, independent elderly persons had 
significantly greater leg power (quantified with the Nottingham leg power rig) and 
functional performance, as determined with the Continuous Scale Physical Functional 
Performance test, for sixteen common tasks important for living independently. In 
fact, functional performance was an independent predictor of independence of elderly 
persons. These findings highlight the need to emphasize explosive force capacity in 
elderly persons in order to improve quality of life by preventing falls and enhancing 
functional performance. 

With the possibility for deficient RTD values in the presence of seemingly 
sufficient PT values, it is evident that it is not enough to evaluate PT alone when 
making return-to-sport decisions. Even elite athletes who had undergone ACL 
reconstruction and had completed a prescribed physical rehabilitation program that 
had been cleared to return to sport showed signs of significant RTD deficits in their 
injured limb compared to the uninjured limb (10). This highlights the need to use 
RTD to evaluate physical rehabilitation programs in order to prevent return to sport 
decisions being made to early. 
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Hip Extensors 

The primary hip extensors consist of the hamstrings (i.e., long head of the 
biceps femoris, semimembranosus, and semitendinosus) and the gluteus maximus, 
along with the secondary hip extensors of the gluteus medius and adductor magnus. 
As one of the key muscle groups involved in the biomechanics of sprinting (33), the 
hip extensors play an important role in explosive type activities associated with sport. 
Deficits in hip extensor functionality have been suggested to increase knee loading, 
therefore increasing risk for injury, particularly in women (26). 

The hip extensors are most commonly evaluated due to their importance in 
athletic and functional performance, but RTD is rarely assessed or reported. More 
commonly, low overall activation of the hip extensors has been related to chronic low 
back pain (14), and exercise programs focusing on core and gluteal strength have 
been shown to improve low back pain (19). However, there are no data to show a 
relationship between hip extensor RTD and low back pain. PT in the hip extensors 
has been reported as a partial means in determining optimal stride frequency in 
endurance runners (15), but RTD is not reported. 

Although RTD is not assessed as widely in the hip extensors as in the knee 
extensors, a study by Cronin et al. (7) showed that greater RTD in the hip extensors 
leads to better knee biomechanics that can reduce the risk of noncontact ACL injury. 
Specifically, individuals with greater hip extension RTD demonstrated lesser peak hip 
adduction and adduction displacement, as well as lesser knee valgus displacement. 
The authors evaluated hip extensor RTD isometrically and assessed lower extremity 
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biomechanics during a single-leg jump-cut task using retroreflective markers. 
Individuals with greater RTD in the hip extensors exhibited lesser peak hip adduction 
and knee valgus displacement, both of which point to lower risk of noncontact ACL 
injury. 
 
Plantar Flexors 

The primary plantar flexors are comprised of the gastrocnemius and soleus, 
and the secondary plantar flexors include the tibialis posterior, fibularis brevis and 
longus, flexor hallucis longus, flexor digitorum longus, and plantaris. Their primary 
function is to plantar flex the ankle and provide ankle stability during walking, 
running, and jumping. The plantar flexors have been shown to be important in 
explosive type activities such as jumping (32). 

PT is more commonly reported than RTD for the plantar flexors. For example, 
in the elderly, Morse et al. (18) has shown that both PT and PT normalized to muscle 
volume are significantly lower in elderly individuals than in younger individuals. 
There is less information available on PT of the plantar flexors in younger, athletic 
individuals. This information could be important, considering that lateral ankle sprain 
injuries occur between 130 and 180 ms after initial contact (21). Although the plantar 
flexors are not the primary lateral stabilizers of the ankle, we know that it usually 
takes 250 ms or more to achieve PT, so RTD may be a more effective measure to use 
than PT. When RTD is reported for the plantar flexors, it is not typically reported as 
the main finding of a study or examined for the purpose of evaluating athletic or 
functional performance. One study by Holtermann et al. (9) showed that isometric 
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plantar flexor training results in increased RTD. However, the purpose of this study 
was more related to determining the effect of the neural component on the 
contraction. It remains that there is little information on RTD of the plantar flexors. 

 
Contractile Impulse 
 Contractile impulse (CI), defined as the integrated area under the torque-time 
curve, ʃ torque dt, (2, 28), accounts for irregularities in the torque-time curve and 
incorporates the aspect of contraction time (2). Whereas RTD is the slope of a line of 
best fit from the beginning to the end of a given time interval and may not exactly 
match the torque-time curve, CI takes into account each sample within that time 
interval and does not ignore shape of the curve. Previous studies have claimed that CI 
is one of the most functionally relevant measures of explosive force capacity (16) 
because it incorporates each sample on the torque-time curve. Despite this claim and 
the knowledge that CI can be measurably improved through physical training 
programs (25, 28), there is a surprising lack of research that utilizes CI as a measure 
of explosive force capacity. 
 
Knee Extensors 

From a performance standpoint, CI has been shown to be strongly related to 
vertical jump performance when normalized to body mass in a study of collegiate 
American football players (30). Participants tested vertical jump and isometric 
contractions separately, and CI and vertical jump height were strongly correlated for 
the time intervals 0-30, 0-50, 0-100, and 0-200 ms. 
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Research involving CI in the knee extensors is limited and is mostly related to 
various types of physical training. When it is reported, there are few comparisons that 
can be made because there is little previous research involving CI. In both of the 
studies mentioned below, CI values are reported along with RTD values, a more 
widely accepted and understood measure. Aagaard et al. (2) concluded that a 14-week 
intensive heavy-resistance strength training program involving healthy young males 
resulted in significant increases in explosive force capacity of both CI and RTD. CI of 
the knee extensors significantly increased in both the very early (0-50 ms) and later 
(0-200 ms) phases of muscle contraction. 

Suetta et al. (28) tested RTD and CI in elderly persons who had undergone a 
period of long-term disuse or surgery-related hospitalization. After completing a 12-
week unilateral strength testing program, RTD and CI both significantly increased in 
both the very early (0-50 ms) and late phases (100-200 ms) of rising muscle force. 
This study indicated that neuromuscular function remains trainable and modifiable in 
elderly persons. 
 
Hip Extensors and Plantar Flexors 
 To our knowledge, there are no known studies that assess CI as a measure of 
explosive force capacity in either the hip extensors or the plantar flexors. This is 
surprising, given the tendency for the shape of the hip extensor torque-time curve to 
be somewhat irregular. 
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Problems with Explosive Force Characteristics 
RTD presents a significant advantage over PT and allows for identification of 

explosive force deficiencies that are otherwise unidentifiable through the use of PT, 
alone. The main issue with RTD, however, is that it does not account for irregularities 
in the torque-time curve. Furthermore, there is much variation in how RTD is 
calculated. Some studies measure RTD from 0-25 or 0-50 ms, the early phase of 
contraction, while other studies measure RTD from 0-150 or 0-200 ms, the late phase 
of contraction. 

On the other hand, CI is not as easy to measure. It is necessary to use custom 
built software to determine the CI values, potentially explaining why it is not as 
readily evaluated. Because CI is not as widely used in studies of explosive force 
production, data are not as easily interpreted, and there are not as many studies to 
which new data can be compared. Most of the studies that use CI involve the knee 
extensors, and there is very little information on CI for the hip extensors and plantar 
flexors. 

By taking PT, RTD, and CI all into consideration, designing rehabilitation and 
resistance training programs can be optimized for the outcomes that result in the 
highest performance levels (10). It is still unclear, however, whether RTD or CI better 
measures explosive force capacity. This paper will investigate the relationship 
between RTD and CI in the knee extensors, hip extensors, and plantar flexors during 
the time intervals 0-25, 0-50, 0-100, 0-150, 0-200, 0-250, and 0-300 ms. 
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METHODS 
Participants 

Forty-seven individuals (height 171.9 ± 9.4 cm, weight 73.4 ± 16.4 kg) from 
the local community volunteered and consented to participate in the study. The 
inclusion criteria were: 1) be between 18 and 30 years of age, 2) complete on average 
at least 150 minutes of moderate to vigorous physical activity per week, 3) be free of 
any current injuries or illnesses that limit their ability to perform their regular 
physical activity, 4) have had no lower extremity or low back injuries in the previous 
six months that limited their regular physical activity, and 5) have no history of low 
back, hip, knee or ankle surgery. Participants were recruited by posting flyers and by 
word of mouth. Interested individuals contacted the research staff in person, by 
telephone, or by email. All procedures were approved by the Institutional Review 
Board. 
 
Familiarization Session 

Participants reported to the Biomechanics Lab for a familiarization session. 
Prior to any study-related activities, participants provided informed, written consent. 
Participants then completed a health history and activity screening questionnaire to 
determine eligibility for the study. If participants were deemed eligible to participate 
in the study, they completed the Tegner Activity Scale. Participants’ leg dominance 
was then determined by the leg they used for the majority of the following three tests: 
kicking a ball, stepping up onto a step, and recovering from a small perturbation from 
behind (8). The dominant leg was used for all muscle testing in the study. 
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Participants were then oriented to the Biodex System 3 dynamometer (Biodex, 
Inc., Shirley, NY, USA). They were familiarized with the dynamometer’s padded 
attachment arm against which the individual pushed or pulled during testing. All 
participants were positioned on the machine as they would be during actual testing 
and practiced testing the three muscle groups in the same order: knee extension, 
plantar flexion, and hip extension. They were allowed to perform submaximal 
contractions to become familiarized with the testing procedures. The study was part 
of a larger study investigating the effects of a bodyweight training program, so 
participants were also familiarized to the exercises involved in the program, as well as 
a jump testing protocol. 
 
Strength Testing Session 

Participants reported back to the lab 24-72 hours, but typically 48 hours, after 
the familiarization session to complete testing. Height and weight were measured 
without shoes using a wall-mounted stadiometer and a scale, respectively. A warm-up 
was completed on a stationary bicycle at a submaximal intensity for five minutes. 
 A      B       C 

Figure 1. Participant set up for (A) knee extension, (B) hip extension, and (C) plantar 
flexion. 
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Following the warm up, participants were positioned on the dynamometer to 
complete strength testing in the following manner: 

Knee extension was measured with the participant positioned in the seated 
position on the dynamometer bench with the test knee flexed at approximately a 70° 
angle (Figure 1A). The dynamometer was aligned with the lateral epicondyle of the 
test leg. The attachment of the dynamometer was secured just above the participant’s 
ankle. The non-test leg was placed in a position of comfort. 

Hip extension was measured with the participant positioned so the trunk was 
in the prone position on the dynamometer bench, the hip of the test leg was flexed at 
approximately a 30° angle, and the knee of the test leg was flexed at approximately a 
90° angle (Figure 1B). The non-test leg was placed in a position of comfort to aid in 
support of the body. The dynamometer was aligned with the greater trochanter of the 
test leg. The attachment of the dynamometer was secured just above the participant’s 
knee. While the main tester was giving instructions to the participant, a second tester 
held the participant’s knee at a 90° angle. Just before the participant was instructed to 
contract as hard and as fast as possible, the participant was instructed to maintain the 
90° angle, and the second tester let go of the participant’s leg. 

Ankle plantarflexion was measured with the participant positioned in the 
seated position on the dynamometer bench with the test knee slightly flexed at 
approximately a 20° angle and the test ankle joint in neutral position (0°) (Figure 1C). 
The dynamometer was aligned with the lateral malleolus of the dominant leg. The 
attachment of the dynamometer was secured to the participant’s foot. The non-test leg 
was placed in a position of comfort. 
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For each muscle group, the participant was instructed to contract as hard and 
as fast as they could against the dynamometer when they saw a light stimulus. Each 
trial was approximately two seconds in length and no longer than five seconds and 
was followed by sixty seconds of rest. A maximum of ten trials per muscle group 
were collected. The order for testing of the three muscle groups was counterbalanced 
between participants. During data collection, trials were visibly inspected online for 
no visible countermovement before the onset of torque and a plateau of the torque-
time curve. Trials with a countermovement or no plateau were repeated until three 
valid trials were collected. 
 
Data Analysis 

All data were collected with the Biodex System 3 interfaced with the Motion 
Monitor data acquisition system (Innovative Sports Training, Inc., Chicago, IL, USA) 
at a sampling frequency of 1000 Hz. A custom LabVIEW (National Instruments, 
Austin, TX, USA) program was used to low pass filter the raw voltage at 10 Hz (4th 
order zero-phase lag Butterworth) and convert to torque via calibration equation. For 
each trial, peak torque was identified, and torque onset was defined as 2.5% of peak 
torque. The torque offset from zero due to the weight of the attachment arm and the 
participant’s limb was removed by subtracting the mean of 500 samples before torque 
onset from the torque-time curve. 

RTD and CI were then calculated from torque onset (0) to 25, 0-50, 0-100, 0-
150, 0-250, and 0-300 ms. Trials with a countermovement that exceeded 2.5% of PT 
were removed from analysis. The trial for each muscle group for each participant with 
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the greatest 10-ms sliding window RTD was selected for analysis. RTD and CI were 
normalized to body mass (RTD/kg) for each participant. 
 
Statistical Analysis 

Pearson product-moment correlation coefficients were calculated between 
RTD and CI for each of the time intervals 0-25, 0-50, 0-100, 0-150, 0-200, 0-250, and 
0-300 ms using RStudio (0.99.896, Boston, MA, USA). 
 
RESULTS 

For the hip extensors (Table 1), there was a strong relationship (r > 0.8) 
between RTD and CI for the time intervals 0-25, 0-50, 0-100, 0-150, and 0-200 ms 
(Figure 2). The shared variance (r2) for these time intervals ranged from 72.3% to 
98.6%. For the later time intervals, 0-250 and 0-300 ms, there was a moderate 
relationship between RTD and CI (r = 0.74 and r = 0.66, respectively) (Figure 2). The 
later time intervals, 0-250 and 0-300 ms, had shared variances of only 54.6% and 
43.9%, respectively. 
Table 1. Relationship between RTD and CI in the hip extensors. 

Time Interval (ms) r r2 P 
0-25 0.957 0.915 < 0.001 
0-50 0.991 0.982 < 0.001 

0-100 0.993 0.986 < 0.001 
0-150 0.961 0.923 < 0.001 
0-200 0.850 0.723 < 0.001 
0-250 0.739 0.546 < 0.001 
0-300 0.663 0.439 < 0.001 
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For the knee extensors (Table 2), there was a strong relationship (r > 0.8) 
between RTD and CI for all time intervals (Figure 3). The shared variance (r2) ranged 
from 70.2% to 98.4%. 
Table 2. Relationship between RTD and CI in the knee extensors. 

Time Interval (ms) r r2 P 
0-25 0.960 0.921 < 0.001 
0-50 0.988 0.977 < 0.001 

0-100 0.992 0.984 < 0.001 
0-150 0.984 0.967 < 0.001 
0-200 0.950 0.903 < 0.001 
0-250 0.889 0.789 < 0.001 
0-300 0.838 0.702 < 0.001 

 
For the plantar flexors (Table 3), there was a strong relationship between RTD 

and CI for all time intervals (Figure 4). The shared variance (r2) ranged from 91.4% 
to 98.6%. 
Table 3. Relationship between RTD and CI in the plantar flexors. 

Time Interval (ms) r r2 P 
0-25 0.947 0.897 < 0.001 
0-50 0.978 0.957 < 0.001 

0-100 0.993 0.986 < 0.001 
0-150 0.992 0.983 < 0.001 
0-200 0.982 0.964 < 0.001 
0-250 0.968 0.938 < 0.001 
0-300 0.956 0.914 < 0.001 
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A 

 B 

  
Figure 2. (A) Correlation coefficients between RTD and CI at each time interval for 
the hip extensors with 95% confidence intervals. Correlation coefficients for the time 
intervals up to 0-200 ms were greater than 0.85, indicating a strong relationship 
between RTD and CI. Correlation coefficients for 0-250 ms and 0-300 were 0.74 and 
0.66, respectively, indicating only a moderate relationship between RTD and CI. 
(B) RTD line of best fit and integrated area under the torque-time curve for an earlier 
time interval (0-50 ms) and a later time interval (0-250 ms). 
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A 

 B 

  Figure 3. (A) Correlation coefficients between RTD and CI at each time interval for 
the knee extensors with 95% confidence intervals. Correlation coefficients for all time 
intervals were greater than 0.80, indicating a strong relationship between RTD and 
CI. Although they indicate a strong relationship between RTD and CI, the correlation 
coefficients for 0-250 ms and 0-300 ms were slightly lower than for the other time 
intervals. (B) RTD line of best fit and integrated area under the torque-time curve for 
an earlier time interval (0-50 ms) and a later time interval (0-250 ms). 
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A 

 B 

  
Figure 4. (A) Correlation coefficients between RTD and CI at each time interval for 
the plantar flexors with 95% confidence intervals. Correlation coefficients for all time 
intervals were greater than 0.90, indicating a strong relationship between RTD and 
CI. (B) RTD line of best fit and integrated area under the torque-time curve for an 
earlier time interval (0-50 ms) and a later time interval (0-250 ms). 
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DISCUSSION  
The present study examined the relationship between rate of torque 

development (RTD) and contractile impulse (CI) in the triple extensor muscle groups. 
RTD and CI had strong relationships for all time intervals less than 200 ms for all 
three muscle groups. However, the strength of the relationship between the measures 
did not remain constant for later time intervals for hip extension and to some extent, 
knee extension. 

For the first time, it was shown that the relationship between RTD and CI in 
the hip extensors was relatively strong, with shared variance ranging from 72.3% to 
98.6% for time intervals up to 0-200 ms. However, the later time intervals, 0-250 and 
0-300 ms, had only a moderate relationship, with lower shared variances of 54.6% 
and 43.9%, respectively. It is not clear why the relationships between the measures 
were not the same at the later time intervals. It could have been due to the more 
irregular shape of the curve at the later time intervals. Regardless of the reason, the 
results suggest that CI may be a better measure of explosive force capacity in the hip 
extensors for the later time intervals of contraction. 

RTD and CI remained relatively strong across all time intervals for the knee 
extensors and plantar flexors. In the plantar flexors, shared variance ranged from 
89.7% to 98.6% for all time intervals. In the knee extensors, the time intervals up to 
0-200 ms had a shared variance ranging from 90.3% to 98.4%. However, the shared 
variance for 0-250 and 0-300 ms was 78.9% and 70.2%, respectively. Based on these 
results, it is likely that RTD and CI are equally effective in describing explosive force 
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capacity in the knee extensors and plantar flexors over the initial 300 ms of isometric 
contraction. 

For all three muscle groups, the shared variances were highest for the 0-100 
ms time interval: 98.6% for the hip extensors, 98.4% for the knee extensors, and 
98.6% for the plantar flexors. Shared variances were slightly lower for all three 
muscle groups for the time intervals 0-25 and 0-50 ms in the very early phase of 
contraction. Maffiuletti et al. (16) reported that the reliability of both RTD and CI is 
lower during the early phase of contraction for within-subject values. It is possible 
that this is also true for between-subject values and could partially explain the slightly 
lower correlation coefficients between RTD and CI during the 0-25 and 0-50 ms time 
intervals for all three muscle groups. 

The early time intervals up to 0-100 ms may be more related to the intrinsic 
contractile properties of the muscle, but the later time intervals may be more related 
to PT (1). Variability in PT values among participants may account for greater 
variability in the later phase of contraction and, therefore, the later time intervals. If 
explosive force characteristics are being used to describe the explosive force capacity 
of a sample population with variability in PT, it may be more effective to use CI 
instead of RTD. Because each point on the torque-time curve affects the calculation 
of CI, CI better incorporates contraction time than RTD. 

Incorporating the aspect of contraction time could be important in accounting 
for irregularities in the torque-time curve. When looking at the torque-time curve of a 
single contraction for a participant, it is often the case that torque increases rapidly 
during the very early phase of contraction and then continues to increase steadily. 
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However, for some individuals, there may be a high RTD for the very early phase of 
contraction, but torque may decrease briefly before increasing again. It is unclear 
whether this interruption in increasing torque production indicates an increased risk 
for injury. Future studies should aim to determine whether irregularities in the torque-
time curve are significant predictors of injuries. If achieving and sustaining a given 
level of torque is important in protecting against injury, then CI may be an effective 
measure of explosive force capacity because it incorporates contraction time. 

It has been shown that strength and resistance training increase RTD in the 
knee extensors (2, 3). RTD is intentionally and predictably modifiable, and knee 
extensor RTD should therefore continue to receive increasing attention with further 
research in muscle groups, such as the hip extensors and plantar flexors, that also 
contribute significantly to explosive movements. It has also been shown that power 
training for the knee extensors may be effective for enhancing functional performance 
in elderly persons (27, 28). Ribeiro et al. (24) has shown that low cost resistance band 
exercises can improve plantar flexor PT, thereby improving balance and reducing the 
risk of a fall. Further research should explore the possibility of improving plantar 
flexor RTD with similar training programs. Explosive force capacity can be improved 
in elderly individuals, as well as athletic individuals, and functional performance is an 
independent predictor of independence in elderly individuals (23). It is important to 
focus on improving quality of life by preventing falls and enhancing functional 
performance. 

The strong relationship between RTD and CI for all time intervals in the knee 
extensors is encouraging, given the recent interest in assessing RTD in the knee 
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extensors. There are more studies that are assessing RTD in addition to PT in order to 
characterize deficits in strength and explosive force capacity following ACL 
reconstruction. As RTD is more easily calculated than CI, it is promising that RTD 
may be equally effective as CI for all time intervals up to 0-300 ms for the knee 
extensors. The same is true for the plantar flexors and for the hip extensors for time 
intervals up to 0-200 ms. 

A limitation of the present study is the age group represented in the sample. 
All participants in this study were between 18 and 30 years of age, were moderately 
to vigorously active, and were free of injuries at the time of the study. The results of 
this study may not be applicable to elderly individuals or individuals in the process of 
rehabilitating an injury. Future studies should determine the relationship between 
RTD and CI in populations of different age ranges and physical capabilities. Because 
those at risk for injury include individuals with biomechanical differences between 
limbs in explosive force characteristics (22), it is important to determine the 
relationship between RTD and CI at different stages of the rehabilitation process. 

Another limitation was that the isometric exercises tested in the present study 
were completed in nonfunctional positions. Explosive-type activities are not usually 
performed in a non-weightbearing position. The positions for this study were chosen 
so as to only involve one leg during isometric exercises. If subjects had been 
standing, the other leg would have been involved in stabilization and could have 
affected the results. However, participants generally appeared to struggle with the 
positioning during hip extensor testing, as it was a novel position, and typically 
needed to perform a larger number of trials in order to reach three accepted trials. 
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CONCLUSION 
 CI may be a better measure of explosive force capacity for the hip extensors 
for the time intervals 0-250 and 0-300 ms. RTD and CI may be equally effective in 
characterizing explosive force capacity for the hip extensors for the time intervals 0-
25, 0-50, 0-100, 0-150, and 0-200 ms and for the knee extensors and plantar flexors 
for all time intervals. 
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