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Background and Purpose    
Individuals following anterior cruciate ligament reconstruction (ACLR) are at increased 
risk for subsequent anterior cruciate ligament (ACL) injury, with quadriceps strength 
deficits being a risk factor. While early measures of quadriceps strength can predict 
strength in the later stages of rehabilitation, it remains unclear whether isometric rate of 
torque development (RTD) is related to later outcomes. The purpose of this study was to 
examine the correlation between quadriceps RTD values at four months post-ACLR and 
quadriceps isokinetic peak torque values at six months post-ACLR. It was hypothesized 
that isometric RTD at four months would be significantly correlated with isokinetic peak 
torque at six months post-ACLR. A secondary hypothesis was that the involved limb RT 
would be significantly slower than the uninvolved limb at four months post-operative. 

Study Design   
Retrospective case series 

Methods  
Forty-seven patients (22 males and 25 females) who had undergone ACLR performed 
isometric testing at four months and isokinetic testing at six months post-operatively. 
Isometric testing was utilized to measure torque from 0-100ms (RTD100) and from 
100-200ms (RTD200), and isometric peak torque. Isokinetic testing was utilized to 
measure peak torque at 60°/sec and 180°/sec. Correlations between isometric and 
isokinetic measures were evaluated using Spearman’s rho. RTD was compared between 
the involved and uninvolved limbs. 

Results  
The four-month measures of RTD100 (r=.55, r=.45), RTD200 (r=.63, r=.52), and peak 
isometric torque (r=.77, r=.64) were all significantly correlated with 60°/sec and 180°/sec 
isokinetic peak torque (p≤0.001), respectively. The involved limb rate of torque 
development was slower, and strength was lower than the uninvolved limb (p<0.001). 

Conclusions  
The hypotheses were supported as four-month isometric measures were moderately to 
strongly correlated to six-month isokinetic peak torque measures and the involved limb 
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RTD was slower than the uninvolved limb. Incorporation of interventions focusing on 
development of force quickly is encouraged during rehabilitation. 

Level of Evidence    
3b 

BACKGROUND 

Reinjury rates of up to 28% after primary anterior cruciate 
ligament reconstruction (ACLR) have been reported among 
individuals returning to high levels of physical activity and 
sports.1,2 Quadriceps weakness is associated with an in
creased risk of second ACL injury,3‑5 altered gait and bio
mechanics,6‑10 poor self-reported outcomes,4,11‑15 and car
tilage degeneration.16‑18 Consequently, restoring 
quadriceps strength is a focal point of ACLR rehabilitation, 
but presents a significant rehabilitative challenge as ev
idenced by continued quadriceps weakness at six to 12 
months post-ACLR. In a review of 37 studies, Lepley et al. 
reported an average quadriceps strength deficit of 23% ± 8% 
at six months, and 14% ± 6% at 12 months, with only five 
studies meeting clinical recommendations for strength at 
six months, and only nine studies meeting clinical recom
mendations for strength at 12 months.13 Therefore, iden
tification of early post-operative measures of quadriceps 
muscle performance that can predict quadriceps strength 
and functional outcomes in the late stages of rehabilitation 
is of clinical importance. This can facilitate targeted clinical 
interventions in the early stages of rehabilitation and bet
ter inform return to sport (RTS) decision making. 
Maximum quadriceps strength is the most often quanti

fied measure of neuromuscular function after ACLR,19 and 
in addition to hop testing, is also the most cited objective 
test utilized in RTS testing.20 Early measures of quadriceps 
isometric and isokinetic performance are also moderately 
correlated with quadriceps strength in the late stages of re
habilitation. McHugh et al. found that isometric quadriceps 
strength measured at 30° flexion at five weeks post-ACLR 
was moderately correlated with residual isometric quadri
ceps weakness at six months post-ACLR.21 Giampetruzzi 
et al. examined adolescents post-ACLR and identified that 
three-month post-operative isometric quadriceps peak 
torque predicted 37% of the variance of isokinetic quadri
ceps peak torque at six months.22 A moderate positive cor
relation between the limb symmetry index (LSI) of isoki
netic knee extension at three and six months post-ACLR 
in subjects with hamstring grafts has also been reported.23 

The LSI defined as the ratio of the isokinetic knee extension 
strength of the operated limb to that of the non-operated 
limb, expressed as a percentage.23 Hannon et al. reported 
isokinetic quadriceps strength at three months accounted 
for 47% of the variance in quadriceps strength at time of re
turn to sport in adolescent patients.24 Given this context, 
early strength measures have historically explained only a 
limited amount of the variance in quadriceps strength dur
ing the late rehabilitation stages. Furthermore, despite on
going efforts to develop quadriceps strength in the early 
stages of rehabilitation, deficits persist in the later stages. 
This suggests the potential for incorporating other train

able measures during early rehabilitation that may also im
pact late-stage quadriceps strength. 
Maximum strength or peak torque alone does not pro

vide a complete understanding of muscular performance. 
Rate of torque development (RTD) has been proposed as 
an assessment to evaluate quadriceps strength after 
ACLR.25‑30 RTD is force production per unit time, which re
flects the torque generated by a muscle during the initial 
phase of muscle contraction.31 Quadriceps RTD is crucial 
because functional sporting movements like sprinting, 
kicking, cutting, and jumping require shorter contraction 
times than maximal quadriceps peak torque, which takes 
more than 300ms to develop.32 Similar to quadriceps weak
ness, authors have shown that RTD is also reduced at three 
months,26 six months,27,28,33 and nine to12 months post-
ACLR.30 

Early measures of quadriceps RTD have been shown to 
predict functional measures used for RTS decisions in the 
late stages of rehabilitation.26,34,35 RTD and quadriceps 
strength are highly correlated at six weeks post-ACLR and 
are complementary but distinct predictors of hopping and 
jumping performance at six months post-ACLR, with RTD 
more strongly associated with vertical jump height and ver
tical ground reaction force.34 Quadriceps RTD limb symme
try index during serial testing at four, six, and nine months 
post ACLR was more strongly associated with the recovery 
of knee biomechanics during running than strength at two 
years after surgery.36 Early RTD measures may predict late-
stage quadriceps strength, given that RTD is distinct yet re
lated to quadriceps peak torque,35,37‑40 is associated with 
late rehabilitation functional measures, and is trainable 
early in rehab. However, it is currently unknown whether 
early measures of quadriceps isometric RTD post-ACLR cor
relate with quadriceps isokinetic peak torque measures in 
the late stages of rehabilitation. 
Therefore, the purpose of this study was to examine the 

correlation between quadriceps RTD values at four months 
post-ACLR and quadriceps isokinetic peak torque values 
at six months post-ACLR. Identification of clinically mod
ifiable predictors of quadriceps strength during the early 
phases of rehabilitation could improve treatment out
comes. It was hypothesized that isometric RTD at four 
months would be significantly correlated with isokinetic 
peak torque at six months post-ACLR. A secondary hypoth
esis was that the involved limb RTD would be significantly 
slower than the uninvolved limb at four months post-oper
ative. 
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METHODS 

PARTICIPANTS 

This retrospective case series was approved by the uni
versity’s institutional review board. The electronic medical 
records of patients who underwent unilateral ACL recon
struction and subsequent post-operative rehabilitation at 
one center from September 15th, 2018 to December 30, 
2020 were searched. Patients were included if they were 
13-55 years old, underwent unilateral ACL reconstruction 
with or without concurrent meniscus repair/meniscectomy 
at one institution, and received subsequent post-operative 
rehabilitation at the same institution’s rehabilitation clinic. 
Patients were excluded if they did not undergo both post 
operative isometric and isokinetic quadriceps strength test
ing. All patients went through a post-operative rehabil
itation program that included controlled weight bearing 
based on post-operative weightbearing restrictions, knee 
range of motion, lower extremity motor control training 
and progressive strength training with emphasis on quadri
ceps strength, and neuromuscular training. The informa
tion collected included patient’s age, height, mass, date of 
surgery, surgeon, sport activity, and operative report surgi
cal details. The research team determined if there was com
plete patient testing data and if the patient met the inclu
sion criteria for the study. 

PROCEDURES 

Quadriceps RTD, peak isometric torque at four months, and 
quadriceps isokinetic peak torque at six months were as
sessed using a single HUMACNORM (CSMi, Stoughton MA) 
isokinetic testing machine. Patients were tested in a seated 
position with hips at 90° flexion with straps placed across 
their chest, waist, and distal femur for stability. The pad of 
the testing apparatus was set anteriorly on the distal tib
ial just proximal to the malleoli. Isometric testing was per
formed in either 60° (n=19) or 90° (n=28) of knee flexion, 
based on therapist preference. Rate of torque development 
and isometric peak torque values for the injured side for 
these two positions were not found to be significantly dif
ferent, so the data were used from both positions. A 10-sec
ond effort was recorded to capture both rate of torque de
velopment and peak torque per clinic protocol. One 
submaximal trial followed by two 10-second maximal iso
metric knee extensions were completed as per clinical pro
tocol. Subjects were familiar with this isometric activation 
approach on the HUMACNORM device as isometric training 
was used in the same way as testing during their formal re
habilitation before testing. Therefore, it was felt that one 
submaximal trial was enough for familiarization to the test
ing procedure. Patients were instructed to extend their 
knee as quickly and forcefully as possible with strong verbal 
encouragement provided during testing to capture rate of 
torque development measures. Real time feedback via a 
force time curve was available for patients to view during 
the test to give further motivational feedback. Subjects 
were given 30 seconds of recovery between maximal trials. 

Isokinetic testing was performed through an arc of motion 
90°-10° from full extension with the same instructions as 
isometric testing. Four submaximal repetition warmups at 
both 60°/sec and 180°/sec followed by the performance of 
maximal isokinetic knee extensions at 60°/sec (5 reps) and 
180°/sec. (15 reps). 

DATA PROCESSING 

The isometric torque raw data was collected at 100Hz from 
the Humac software and was exported into .csv files. A 
template was developed in Excel (Microsoft, Redmond, WA) 
to analyze the data using the slope function to calculate 
“early” rate of torque development from 0-100ms (RTD100) 
during knee extension. The zero time point was indicated 
when the torque curve exceeded 1 Nm. The same function 
was used to calculate “late” rate of torque development 
from 100-200ms (RTD200) during knee extension. RTD100 
and RTD200 were selected as peak RTD has been shown 
to occur during the first 200ms of muscular contraction.34 

RTD from these time windows also reflects the demand of 
most explosive sport specific tasks and captures the pri
mary contributions to rapid force production.35 Further, 
these physiologic contributors to rapid force production 
have been shown to have different levels of influence on 
early vs. late RTD.31,37,41‑46 Several studies examining sim
ilar constructs have also utilized the same timeframes.27,29,
35,37 The average of the two trials was used and the units 
of RTD was Nm/second. The max function in excel was 
used to determine the peak knee extension isometric force 
reached during the 10 seconds of data collection. The av
erage peak torque of the two trials were recorded in New
ton-meters. Isometric measures occurred at approximately 
four months post-surgery. Isokinetic knee extension peak 
torque at 60°/sec and 180°/sec was recorded from the sum
mary report into an Excel database created for this study. 
Isokinetic testing occurred at approximately six months 
post-surgery. 

DATA ANALYSIS 

All analysis was performed using SPSS version 27. Data 
were evaluated for normal distribution using a Shapiro-
Wilk test and found not to be normally distributed. There
fore, median and interquartile ranges were calculated to de
scribe the data for rate of torque development, isometric 
and isokinetic peak torque values. Data that is not normally 
distributed is presented in this manner to describe the 
skewed data more accurately. As the data did not meet cri
teria for normal distribution, Spearman’s rho correlations 
were utilized to determine the level of correlation between 
the injured limbs’ four-month isometric RTD100, RTD200, 
and peak isometric torque to the injured limb’s six-month 
isokinetic peak torque at 60°/sec and 180°/sec. Effect sizes 
were classified as < 0.3 (weak), ≥ 0.3 to < 0.5 (moderate), and 
≥ 0.5 (strong).47 Wilcoxon Signed Rank paired comparison 
was used for RTD100 and RTD200 between limbs with signif
icance set at p ≤ 0.05. 
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Table 1. Demographic information of patients (mean ± standard deviation), surgical procedures and sport             
involvement counts are detailed by gender.       

Demographics Males Females Total 

Number of Subjects 25 22 47 

Age (years) 21 ± 6 22 ± 8 21 ± 7 

Height (centimeters) 180 ± 11 167 ± 7 174 ± 11 

Mass (kilograms) 82 ± 13 64 ± 9 74 ± 14 

Body Mass Index 25 ± 3 23 ± 3 24± 3 

Side L=15, R=10 L=10, R=12 

Surgical Procedure 

ACL BPTB Autograft with Meniscus Repair 18 15 33 

ACL BPTB Autograft with Meniscus Repair and Collateral Ligament Repair 1 0 1 

ACL BPTB Autograft only 3 3 6 

ACL BPTB Allograft with Meniscus Repair 1 1 2 

ACL BPTB Allograft with Collateral Ligament Repair 1 0 1 

ACL Hamstring Autograft 0 1 1 

ACL Hamstring Autograft with Meniscus Repair 1 2 3 

Sport Participation 

Soccer Athlete 6 8 14 

Recreational Athlete 9 4 13 

Basketball Athlete 4 2 6 

Football Athlete 6 0 6 

Non-Athlete 0 3 3 

Volleyball Athlete 0 2 2 

Softball Athlete 0 1 1 

Tennis Athlete 0 1 1 

Lacrosse Athlete 0 1 1 

ACL – Anterior Cruciate Ligament Reconstruction 
BPTB – Bone Patellar Tendon Bone 

RESULTS 

The final sample of patients included 47 patients out of 
a possible 87 patients that were screened, and the demo
graphic information, surgical procedures, and sport in
volvement are described in Table 1. The patient’s mean 
Tegner activity scale score was 6.5 ± 1.6, with the majority 
of patients involved in interscholastic cutting sports. The 
patient’s average time to isometric testing was 4.0 ± 1.1 
months. The patient’s average time to isokinetic testing 
was 6.7 ± 1.5 months. 
The descriptive data for all strength measures, presented 

as median and interquartile values, is provided in Table 2. 
The Spearman rho correlations revealed significant corre
lations (p ≤ 0.001) between the isometric four-month mea
sures and the isokinetic measures at six-months (Table 3). 
RTD100 demonstrated a strong positive correlation with 
isokinetic peak torque at 60°/sec (ρ = 0.54) and a moderate 
positive correlation at 180°/sec (ρ = 0.45). RTD200 demon
strated strong positive correlations with isokinetic peak 
torque at both 60°/sec (ρ = 0.63) and 180°/sec (ρ = 0.52). 
The RTD100 of the uninvolved limb median (interquartile 
range) was 235.3 Nm/s (148.3, 347.4) compared to the in
volved limb 136.5 Nm/s (74.9, 237.2) at four months (p <0 

.001). The RTD200 uninvolved limb was 238.6 Nm/s (166.9, 
443.7) compared to the involved limb 132.6 Nm/s (63.3, 
185.4) at four months (p< 0.001). An example of one sub
ject’s differences in force time curves between legs is repre
sented in Figure 1. 

DISCUSSION 

To the authors’ knowledge, this is the first study to demon
strate a moderate to strong correlation between quadriceps 
isometric RTD at four-months post-ACLR and quadriceps 
isokinetic peak torque at six months post-ACLR. All mea
sures of quadriceps RTD at the four-month visit post-ACLR 
were significantly correlated with the six-month measure 
of quadriceps isokinetic peak torque at both 60°/sec and 
180°/sec, with stronger correlations seen at 60°/sec. This 
suggests that early measures of quadriceps isometric RTD 
can serve as a partial predictive marker for later quadriceps 
strength outcomes. The secondary hypothesis was sup
ported as all four-month measures involved in lower ex
tremity RTD were at least 40% lower than the uninvolved 
lower extremity. 
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Table 2. Descriptive data for all dependent measures is displayed as median (interquartile ranges)             

Median Interquartile Range 

Four months post-operative 

RTD100 involved leg (Nm/sec) 136.5 (74.9, 237.2) 

RTD100 uninvolved leg (Nm/sec) 235.3 (148.3, 347.4) 

RTD200involved leg (Nm/sec) 132.6 (63.3, 185.4) 

RTD200 uninvolved leg (Nm/sec) 238.6 (166.9, 443.7) 

Isometric Peak Torque involved leg (Nm) 110.6 (87.3, 153.5) 

Isometric Peak Torque uninvolved leg (Nm) 162.8 (127.4, 240.1) 

Six months post-operative 

Peak Torque at 60 involved leg (Nm) 88.4 (74.8, 118.3) 

Peak Torque at 60 uninvolved leg (Nm) 133.3 (114.24, 189.0) 

Peak Torque at 180 involved leg (Nm) 61.2 (43.52, 87.0) 

Peak Torque at 180 uninvolved leg (Nm) 84.3 (59.84, 102.0) 

Table 3. Spearman’ rho correlations (ρ) and significance (p) values between 4-month isometric measures and              
6-month isokinetic measures of the injured leg.        

RTD100 Development RTD200 Development Peak isometric Torque 

Isokinetic Peak Torque at 60°/sec ρ = 0.54* ρ = 0.63* ρ = 0.77* 

Isokinetic Peak Torque at 180°/sec ρ = 0.45** ρ = 0.52* ρ = 0.64* 

* p ≤ 0.001 
** p = 0.001 

Figure 1. Illustration of a subject’s rate of torque development comparing the uninvolved lower extremity to the                
involved lower extremity. RTD   100  represents the end time point for measuring the rate of torque development             
from 0 to 100ms. RTD    200  represents the end time point for measuring the rate of torque development from 100 to                
200ms.  

The best predictors of isokinetic peak torque were found 
to be four-month peak torque and RTD200. Isometric peak 
torque demonstrated a strong positive correlation with iso

kinetic peak torque at 60°/sec (ρ = 0.771), with RTD200 also 
demonstrating a strong positive correlation at 60°/sec (ρ 
= 0.629). These findings lend further support to the exis
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tence of a positive relationship between maximum strength 
and the ability to rapidly generate force.37,39 They also have 
implications on early phase rehabilitation strategies de
signed to mitigate quadriceps weakness in the later stages 
of rehabilitation. At both isokinetic peak torque speeds, 
RTD200 was more strongly correlated to six-month peak 
torque than RTD100. The difference in correlation strength 
is expected when examining the specific physiological fac
tors responsible for RTD at these time intervals and their 
associations with maximum strength. RTD100 has been 
shown to be primarily affected by muscle fiber type and 
neural factors including motor unit recruitment, firing fre
quency, and neural drive.31,37,41‑46 In contrast, RTD200 is 
more affected by maximum volitional contraction force, 
muscle size, and muscle tendon complex stiffness.37,41 Ad
ditionally, the factors influencing RTD200 have stronger as
sociations with maximum strength compared to those af
fecting RTD100. Both RTD200 and maximum strength are 
affected by muscle cross sectional area and efferent motor 
outflow. Anderson et al. found that maximal muscle 
strength accounted for 80% of the variance in volitional 
rate of force development (RFD) during contraction time 
intervals of 150-250ms, while RFD during early time in
tervals (< 50ms) was only moderately related to evoked 
muscle contractile properties and maximal volitional con
traction.37 Anderson37 measured RFD, which is the rate at 
which an individual can generate linear force, as opposed 
to RTD, which measures rotational force. However, strong 
correlations have been shown between RFD and RTD, sup
porting the influence of muscular strength on torque appli
cation.48,49 

Quadriceps RTD of the involved lower extremity was 
40-42% slower than the uninvolved lower extremity at four 
months. This finding supports the second hypothesis and 
adds to the growing evidence of reduced quadriceps RTD 
during early post-operative ACLR rehabilitation from three 
to six months.26‑28,33,35 Additionally, the current study 
identified that at four months RTD LSI deficits in all mea
sures were greater than peak torque deficits; RTD100 LSI 
was 58 % and RTD200 was 55.6%, while peak torque LSI 
was 67.9%. These findings are consistent with Knezevic et 
al. who noted greater asymmetries in isometric RTD at four 
months post-ACLR with similar LSI values of 58% for 
RTD50 and RTD150, 57% for RTD250, and 68% for peak 
torque.28 This suggests that at four months post-ACLR, the 
ability to rapidly generate force is more impaired than the 
ability to generate maximal force.28 Further, the results of 
the current study indicate significant reductions in both 
early and late phase RTD, which is also in agreement with 
studies showing reductions in both phases of RTD (RTD50, 
RTD100, RTD150, RTD200, RTD250) at similar post-operative 
ACLR timepoints of three to five months.26,28,35 These re
ductions at both time intervals indicate that ACLR neg
atively impacts neural-mediated mechanisms, as well as 
muscular composition and contractile properties, with 
these reductions being particularly evident in the early 
stages of rehabilitation. 
Clinically, the significant correlation between quadriceps 

isometric RTD in the early phases of rehabilitation and later 

isokinetic peak torque underscores the potential for early 
intervention strategies to enhance quadriceps strength and 
rehabilitation outcomes. Quantification of quadriceps 
strength deficits early in rehabilitation followed by targeted 
interventions are paramount in ACLR rehabilitation. Tradi
tional strength training utilizing heavy loads >/= 75% of a 
one-repetition maximum have been shown to be effective 
in improvements in both RTD and maximum strength31 and 
are utilized in ACLR rehabilitation. However, utilization of 
such a training intensity is not feasible to drive quadri
ceps strength in the early stages of rehabilitation. Consid
ering that the current study has demonstrated that RTD is 
reduced following ACLR and is related to future strength, 
and given that other studies have identified methods be
yond progressive overload to enhance RTD, it may be clini
cally advisable to focus on improving RTD early in rehabil
itation to improve quadriceps strength. Evidence suggests 
that maximal intentional force development during exer
cise is the most efficient training modality, regardless of the 
training load used, to maximize gains in force production 
rate and muscle activation at contraction onset.50 Further, 
strong relationships have been shown in RFD/RTDpeak, 
RFD/RTD0–100, and RFD/RTD0–200, and indicate that the 
ability to develop force or torque rapidly (i.e., RFD/RTD) 
was transferable when measured during knee extension, 
isometric mid-thigh pull (IMTP), or sprint cycling.48,49 It 
therefore appears plausible to incorporate intentional rate-
based training into exercises commonly completed in early 
stages of ACLR rehabilitation once initial exercise form and 
technique are mastered and prior to resistance training us
ing heavier loads. Quadriceps isometric exercises such as 
seated knee extension or IMTP completed in a fast man
ner, or completion of early closed chain exercises such as 
squats, step ups, or step downs with the intent to move fast 
during concentric or eccentric quadricep activation phases 
all serve as viable clinical examples. The key is that the pa
tient must intend to activate the muscle or move as fast as 
possible as this is more important than the actual move
ment velocity or focusing on the force achieved.51‑54 

This study has several limitations. Quadriceps muscle 
performance testing was completed at four months and six 
months post-ACLR and results at different time points may 
have altered results. Further, all subjects completed post-
operative rehabilitation in the same sports clinic utilizing 
the same rehabilitation protocols and thus different proto
cols could lead to different results. Finally, this was a retro
spective study in which two knee flexion angles of 60° and 
90° were utilized during isometric quadriceps testing based 
on therapist preference, which could affect comparison of 
findings between subjects. However, studies have shown 
that both knee flexion angles of 60°22,54,55 and 90°13,14,
25,27,36,56,57 have consistently been utilized in isometric 
quadriceps strength and RTD assessment in subjects post-
ACLR. Furthermore, in healthy subjects, studies have re
vealed that peak extensor torque values were similar in 
magnitude at 60° and 90° of knee flexion and that side-to-
side knee extensor torque ratios at 60° and 90° of knee flex
ion were not significantly different, suggesting that testing 
at either of these respective angles is defendable.58,59 Con
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versely, a study by Hsiao et al. did show some differences 
in isometric quadriceps testing at 50°, 70° and 90° degrees 
at three months post-ACLR.60 However, it was not reported 
whether these differences were significant, and data were 
collected from a small number of ACLR subjects. It remains 
unclear whether RTD differences exist at these testing an
gles, given the prior studies reported on peak torque mea
surements. 

CONCLUSION 

The results of this study provide evidence supporting the 
use of quadriceps isometric RTD at four months post-ACLR 
as a partial predictor of quadriceps isokinetic peak torque 
at six months post-ACLR. These findings contribute to the 
growing body of evidence emphasizing the clinical impor
tance of early quadriceps performance measures in ACLR 
rehabilitation. Given that RTD assessments can be clinically 
challenging to complete and not fully integrated in stan

dard assessment guidelines, future research should con
tinue to explore the relationship between early RTD mea
sures and long-term functional outcomes, as well as 
investigate the effects of early rehabilitation RTD inter
ventions on quadriceps strength in late-stage rehabilitation 
and at the time of return to sport. 

CONFLICTS OF INTEREST 

The authors report no conflicts of interest related to this 
work. 

© The Author(s) 

Submitted: October 17, 2024 CDT. Accepted: February 13, 2025 
CDT. Published: April 01, 2025 CDT. 

This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International License 

(CCBY-NC-4.0). View this license’s legal deed at https://creativecommons.org/licenses/by-nc/4.0 and legal code at https://cre

ativecommons.org/licenses/by-nc/4.0/legalcode for more information. 

Early Measures of Torque Development are Related to Peak Torque at Six Months Following ACL Reconstru…

International Journal of Sports Physical Therapy



REFERENCES 

1. Paterno MV, Huang B, Thomas S, Hewett TE, 
Schmitt LC. Clinical factors that predict a second acl 
injury after ACL reconstruction and return to sport 
preliminary development of a clinical decision 
algorithm. Orthop J Sports Med. 
2017;5(12):2325967117745279. doi:10.1177/
2325967117745279 

2. Sandon A, Engstrom B, Forssblad M. High risk of 
further anterior cruciate ligament injury in a 10-year 
follow-up study of anterior cruciate ligament-
reconstructed soccer players in the Swedish National 
Knee Ligament Registry. Arthroscopy. 
2020;36(1):189-195. doi:10.1016/j.arthro.2019.05.052 

3. Grindem H, Snyder-Mackler L, Moksnes H, 
Engebretsen L, Risberg MA. Simple decision rules can 
reduce reinjury risk by 84% after ACL reconstruction: 
the Delaware-Oslo ACL cohort study. Br J Sports Med. 
2016;50(13):804-808. doi:10.1136/
bjsports-2016-096031 

4. Paterno MV, Rauh MJ, Schmitt LC, Ford KR, Hewett 
TE. Incidence of second ACL Injuries 2 years after 
primary ACL reconstruction and return to sport. Am J 
Sports Med. 2014;42(7):1567-1573. doi:10.1177/
0363546514530088 

5. Paterno MV, Rauh MJ, Thomas S, Hewett TE, 
Schmitt LC. Quadricep femoris strength at return to 
sport identifies limb at increased risk of future ACL 
injury after ACL reconstruction in young athletes. 
Orthop J Sports Med. 
2019;7:2325967119S2325900329. doi:10.1177/
2325967119S00329 

6. Blackburn JT, Pietrosimone B, Harkey MS, Luc BA, 
Pamukoff DN. Quadriceps function and gait kinetics 
after anterior cruciate ligament reconstruction. Med 
Sci Sports Exerc. 2016;48(9):1664-1670. doi:10.1249/
MSS.0000000000000963 

7. Garrison JC, Hannon J, Goto S, Giesler L, Bush C, 
Bothwell JM. Participants at three months post-
operative anterior cruciate ligament reconstruction 
(ACL-R) demonstrate differences in lower extremity 
energy absorption contribution and quadriceps 
strength compared to healthy controls. Knee. 
2018;25(5):782-789. doi:10.1016/j.knee.2018.06.014 

8. Ishida T, Samukawa M, Suzuki M, et al. 
Improvements in asymmetry in knee flexion motion 
during landing are associated with the postoperative 
period and quadriceps strength after anterior cruciate 
ligament reconstruction. Res Sports Med. 
2023;31(3):285-295. doi:10.1080/
15438627.2021.1966010 

9. Palmieri-Smith RM, Lepley LK. Quadriceps 
strength asymmetry after anterior cruciate ligament 
reconstruction alters knee joint biomechanics and 
functional performance at time of return to activity. 
Am J Sports Med. 2015;43(7):1662-1669. doi:10.1177/
0363546515578252 

10. Schmitt LC, Paterno MV, Ford KR, Myer GD, 
Hewett TE. Strength asymmetry and landing 
mechanics at return to sport after anterior cruciate 
ligament reconstruction. Med Sci Sports Exerc. 
2015;47(7):1426-1434. doi:10.1249/
mss.0000000000000560 

11. Burland JP, Kostyun RO, Kostyun KJ, Solomito M, 
Nissen C, Milewski MD. Clinical outcome measures 
and return-to-sport timing in adolescent athletes 
after anterior cruciate ligament reconstruction. J Athl 
Train. 2018;53(5):442-451. doi:10.4085/
1062-6050-302-16 

12. Hart JM, Pietrosimone B, Hertel J, Ingersoll CD. 
Quadriceps activation following knee injuries: a 
systematic review. J Ath Train. 2010;45(1):87-97. 
doi:10.4085/1062-6050-45.1.87 

13. Lepley LK. Deficits in quadriceps strength and 
patient-oriented outcomes at return to activity after 
ACL reconstruction: a review of the current 
literature. Sports Health. 2015;7(3):231-238. 
doi:10.1177/1941738115578112 

14. Pietrosimone B, Lepley AS, Harkey MS, et al. 
Quadriceps strength predicts self-reported function 
post-ACL reconstruction. Med Sci Sports Exerc. 
2016;48(9):1671-1677. doi:10.1249/
MSS.0000000000000946 

15. Zwolski C, Schmitt LC, Quatman-Yates C, Thomas 
S, Hewett TE, Paterno MV. The influence of 
quadriceps strength asymmetry on patient-reported 
function at time of return to sport after anterior 
cruciate ligament reconstruction. Am J Sports Med. 
2015;43(9):2242-2249. doi:10.1177/
0363546515591258 

16. Keays SL, Newcombe PA, Bullock-Saxton JE, 
Bullock MI, Keays AC. Factors involved in the 
development of osteoarthritis after anterior cruciate 
ligament surgery. Am J Sports Med. 
2010;38(3):455-463. doi:10.1177/0363546509350914 

17. Lohmander LS, Englund PM, Dahl LL, Roos EM. 
The long-term consequence of anterior cruciate 
ligament and meniscus injuries: osteoarthritis. Am J 
Sports Med. 2007;35(10):1756-1769. doi:10.1177/
0363546507307396 

Early Measures of Torque Development are Related to Peak Torque at Six Months Following ACL Reconstru…

International Journal of Sports Physical Therapy

https://doi.org/10.1177/2325967117745279
https://doi.org/10.1177/2325967117745279
https://doi.org/10.1016/j.arthro.2019.05.052
https://doi.org/10.1136/bjsports-2016-096031
https://doi.org/10.1136/bjsports-2016-096031
https://doi.org/10.1177/0363546514530088
https://doi.org/10.1177/0363546514530088
https://doi.org/10.1177/2325967119S00329
https://doi.org/10.1177/2325967119S00329
https://doi.org/10.1249/MSS.0000000000000963
https://doi.org/10.1249/MSS.0000000000000963
https://doi.org/10.1016/j.knee.2018.06.014
https://doi.org/10.1080/15438627.2021.1966010
https://doi.org/10.1080/15438627.2021.1966010
https://doi.org/10.1177/0363546515578252
https://doi.org/10.1177/0363546515578252
https://doi.org/10.1249/mss.0000000000000560
https://doi.org/10.1249/mss.0000000000000560
https://doi.org/10.4085/1062-6050-302-16
https://doi.org/10.4085/1062-6050-302-16
https://doi.org/10.4085/1062-6050-45.1.87
https://doi.org/10.1177/1941738115578112
https://doi.org/10.1249/MSS.0000000000000946
https://doi.org/10.1249/MSS.0000000000000946
https://doi.org/10.1177/0363546515591258
https://doi.org/10.1177/0363546515591258
https://doi.org/10.1177/0363546509350914
https://doi.org/10.1177/0363546507307396
https://doi.org/10.1177/0363546507307396


18. Lohmander LS, Ostenberg A, Englund M, Roos H. 
High prevalence of knee osteoarthritis, pain, and 
functional limitations in female soccer players twelve 
years after anterior cruciate ligament injury. Arthritis 
Rheum. 2004;50(10):3145-3152. doi:10.1002/
art.20589 

19. Tayfur B, Charuphongsa C, Morrissey D, Miller 
SC. Neuromuscular function of the knee joint 
following knee injuries: does it ever get back to 
normal? A systematic review with meta-analyses. 
Sports Med. 2021;51(2):321-338. doi:10.1007/
s40279-020-01386-6 

20. Ashigbi EYK, Banzer W, Niederer D. Return to 
sport tests’ prognostic value for reinjury risk after 
anterior cruciate ligament reconstruction: a 
systematic review. Med Sci Sports Exerc. 
2020;52(6):1263-1271. doi:10.1249/
MSS.0000000000002246 

21. McHugh MP, Tyler TF, Browne MG, Gleim GW, 
Nicholas SJ. Electromyographic predictors of residual 
quadriceps muscle weakness after anterior cruciate 
ligament reconstruction. Am J Sports Med. 
2002;30(3):334-339. doi:10.1177/
03635465020300030601 

22. Giampetruzzi N, Weaver AP, Roman DP, Cleland 
JA, Ness BM. Which tests predict 6-month isokinetic 
quadriceps strength after acl reconstruction? An 
examination of isometric quadriceps strength and 
functional tests at 3 months. Int J Sports Phys Ther. 
2023;18(6):1261-1270. doi:10.26603/001c.89263 

23. Mitomo S, Aizawa J, Hirohata K, et al. Association 
between knee extension strength at 3 and 6 months 
after anterior cruciate ligament reconstruction. J 
Sport Rehabil. 2022;32(1):76-84. doi:10.1123/
jsr.2021-0336 

24. Hannon JP, Wang-Price S, Goto S, et al. Twelve-
week quadriceps strength as a predictor of quadriceps 
strength at time of return to sport testing following 
bone-patellar tendon-bone autograft anterior 
cruciate ligament reconstruction. Int J Sports Phys 
Ther. 2021;16(3):681-688. doi:10.26603/001c.23421 

25. Davis HC, Troy Blackburn J, Ryan ED, et al. 
Quadriceps rate of torque development and disability 
in individuals with anterior cruciate ligament 
reconstruction. Clin Biomech (Bristol, Avon). 
2017;46:52-56. doi:10.1016/
j.clinbiomech.2017.04.011 

26. Hsieh CJ, Indelicato PA, Moser MW, Vandenborne 
K, Chmielewski TL. Speed, not magnitude, of knee 
extensor torque production is associated with self-
reported knee function early after anterior cruciate 
ligament reconstruction. Knee Surg Sports Traumatol 
Arthrosc. 2015;23(11):3214-3220. doi:10.1007/
s00167-014-3168-1 

27. Kline PW, Morgan KD, Johnson DL, Ireland ML, 
Noehren B. Impaired quadriceps rate of torque 
development and knee mechanics after anterior 
cruciate ligament reconstruction with patellar tendon 
autograft. Am J Sports Med. 2015;43(10):2553-2558. 
doi:10.1177/0363546515595834 

28. Knezevic OM, Mirkov DM, Kadija M, Nedeljkovic 
A, Jaric S. Asymmetries in explosive strength 
following anterior cruciate ligament reconstruction. 
Knee. 2014;21(6):1039-1045. doi:10.1016/
j.knee.2014.07.021 

29. Kuenze C, Lisee C, Birchmeier T, et al. Sex 
differences in quadriceps rate of torque development 
within 1 year of ACL reconstruction. Phys Ther Sport. 
2019;38:36-43. doi:10.1016/j.ptsp.2019.04.008 

30. Larsen JB, Farup J, Lind M, Dalgas U. Muscle 
strength and functional performance is markedly 
impaired at the recommended time point for sport 
return after anterior cruciate ligament reconstruction 
in recreational athletes. Hum Mov Sci. 2015;39:73-87. 
doi:10.1016/j.humov.2014.10.008 

31. Aagaard P, Simonsen EB, Andersen JL, Magnusson 
P, Dyhre-Poulsen P. Increased rate of force 
development and neural drive of human skeletal 
muscle following resistance training. J Appl Physiol 
(1985). 2002;93(4):1318-1326. doi:10.1152/
japplphysiol.00283.2002 

32. Thorstensson A, Karlsson J, Viitasalo JH, 
Luhtanen P, Komi PV. Effect of strength training on 
EMG of human skeletal muscle. Acta Physiol Scand. 
1976;98(2):232-236. doi:10.1111/
j.1748-1716.1976.tb00241.x 

33. Angelozzi M, Madama M, Corsica C, et al. Rate of 
force development as an adjunctive outcome measure 
for return-to-sport decisions after anterior cruciate 
ligament reconstruction. J Orthop Sports Phys Ther. 
2012;42(9):772-780. doi:10.2519/jospt.2012.3780 

34. Pua YH, Mentiplay BF, Clark RA, Ho JY. 
Associations among quadriceps strength and rate of 
torque development 6 weeks post anterior cruciate 
ligament reconstruction and future hop and vertical 
jump performance: a prospective cohort study. J 
Orthop Sports Phys Ther. 2017;47(11):845-852. 
doi:10.2519/jospt.2017.7133 

35. Tayfur B, Keneen Johnson A, Palmieri-Smith R. 
Changes in quadriceps rate of torque development 
after anterior cruciate ligament reconstruction and 
association to single-leg hop distance. Sports Health. 
Published online October 24, 2023. doi:10.1177/
19417381231205295 

Early Measures of Torque Development are Related to Peak Torque at Six Months Following ACL Reconstru…

International Journal of Sports Physical Therapy

https://doi.org/10.1002/art.20589
https://doi.org/10.1002/art.20589
https://doi.org/10.1007/s40279-020-01386-6
https://doi.org/10.1007/s40279-020-01386-6
https://doi.org/10.1249/MSS.0000000000002246
https://doi.org/10.1249/MSS.0000000000002246
https://doi.org/10.1177/03635465020300030601
https://doi.org/10.1177/03635465020300030601
https://doi.org/10.26603/001c.89263
https://doi.org/10.1123/jsr.2021-0336
https://doi.org/10.1123/jsr.2021-0336
https://doi.org/10.26603/001c.23421
https://doi.org/10.1016/j.clinbiomech.2017.04.011
https://doi.org/10.1016/j.clinbiomech.2017.04.011
https://doi.org/10.1007/s00167-014-3168-1
https://doi.org/10.1007/s00167-014-3168-1
https://doi.org/10.1177/0363546515595834
https://doi.org/10.1016/j.knee.2014.07.021
https://doi.org/10.1016/j.knee.2014.07.021
https://doi.org/10.1016/j.ptsp.2019.04.008
https://doi.org/10.1016/j.humov.2014.10.008
https://doi.org/10.1152/japplphysiol.00283.2002
https://doi.org/10.1152/japplphysiol.00283.2002
https://doi.org/10.1111/j.1748-1716.1976.tb00241.x
https://doi.org/10.1111/j.1748-1716.1976.tb00241.x
https://doi.org/10.2519/jospt.2012.3780
https://doi.org/10.2519/jospt.2017.7133
https://doi.org/10.1177/19417381231205295
https://doi.org/10.1177/19417381231205295


36. Knurr KA, Cobian DG, Kliethermes SA, Stiffler-
Joachim MR, Heiderscheit BC. The influence of 
quadriceps strength and rate of torque development 
on the recovery of knee biomechanics during running 
after anterior cruciate ligament reconstruction. Am J 
Sports Med. 2023;51(12):3171-3178. doi:10.1177/
03635465231194617 

37. Andersen LL, Aagaard P. Influence of maximal 
muscle strength and intrinsic muscle contractile 
properties on contractile rate of force development. 
Eur J Appl Physiol. 2006;96(1):46-52. doi:10.1007/
s00421-005-0070-z 

38. Bozic P, Suzovic D, Nedeljkovic A, Jaric S. 
Alternating consecutive maximum contractions as a 
test of muscle function. J Strength Cond Res. 
2011;25(6):1605-1615. doi:10.1519/
JSC.0b013e3181ddfd0a 

39. Prebeg G, Cuk I, Suzovic D, Stojiljkovic S, Mitic D, 
Jaric S. Relationships among the muscle strength 
properties as assessed through various tests and 
variables. J Electromyogr Kinesiol. 2013;23:455-461. 
doi:10.1016/j.jelekin.2012.10.020 

40. Ryushi T, Hakkinen K, Kauhanen H, Komi P. 
Muscle fiber characteristics, muscle cross-sectional 
area and force production in strength athletes, 
physically active males, and females. Scand J Sports 
Sci. 1988;10:7-15. 

41. Bojsen-Møller J, Magnusson SP, Rasmussen LR, 
Kjaer M, Aagaard P. Muscle performance during 
maximal isometric and dynamic contractions is 
influenced by the stiffness of the tendinous 
structures [published correction appears in J Appl 
Physiol. 2005 Dec;99(6):2477]. J Appl Physiol (1985). 
2005;99(3):986-994. doi:10.1152/
japplphysiol.01305.2004 

42. Del Balso C, Cafarelli E. Adaptations in the 
activation of human skeletal muscle induced by 
short-term isometric resistance training. J Appl 
Physiol (1985). 2007;103(1):402-411. doi:10.1152/
japplphysiol.00477.2006 

43. de Ruiter CJ, Kooistra RD, Paalman MI, de Haan 
A. Initial phase of maximal voluntary and electrically 
stimulated knee extension torque development at 
different knee angles. J Appl Physiol (1985). 
2004;97(5):1693-1701. doi:10.1152/
japplphysiol.00230.2004 

44. Folland JP, Buckthorpe MW, Hannah R. Human 
capacity for explosive force production: neural and 
contractile determinants. Scand J Med Sci Sports. 
2014;24(6):894-906. doi:10.1111/sms.12131 

45. Klass M, Baudry S, Duchateau J. Age-related 
decline in rate of torque development is accompanied 
by lower maximal motor unit discharge frequency 
during fast contractions. J Appl Physiol (1985). 
2008;104(3):739-746. doi:10.1152/
japplphysiol.00550.2007 

46. Van Cutsem M, Duchateau J, Hainaut K. Changes 
in single motor unit behaviour contribute to the 
increase in contraction speed after dynamic training 
in humans. J Physiol. 1998;513(Pt 1):295-305. 
doi:10.1111/j.1469-7793.1998.295by.x 

47. Cohen J. Statistical Power Analysis for the 
Behavioral Sciences. 2nd ed. Lawrence Erlbaum 
Associates; 1988. 

48. Connolly S, Peeling P, Binnie MJ, et al. Sprint 
cycling rate of torque development associates with 
strength measurement in trained cyclists. Eur J Appl 
Physiol. 2023;123(6):1215-1227. doi:10.1007/
s00421-023-05143-1 

49. Vercoe J, McGuigan MR. Relationship between 
strength and power production capacities in trained 
sprint track cyclists. Kinesiology. 2018;50(1):96-101. 

50. Maffiuletti NA, Aagaard P, Blazevich AJ, Folland J, 
Tillin N, Duchateau J. Rate of force development: 
physiological and methodological considerations. Eur 
J Appl Physiol. 2016;116(6):1091-1116. doi:10.1007/
s00421-016-3346-6 

51. Behm DG, Sale DG. Intended rather than actual 
movement velocity determines velocity-specific 
training response. J Appl Physiol. 1993;74(1):359-368. 
doi:10.1152/jappl.1993.74.1.359 

52. Sahaly R, Vandewalle H, Driss T, Monod H. 
Maximal voluntary force and rate of force 
development in humans--importance of instruction. 
Eur J Appl Physiol. 2001;85(3-4):345-350. doi:10.1007/
s004210100451 

53. Tillin NA, Pain MT, Folland JP. Short-term 
unilateral resistance training affects the agonist-
antagonist but not the force-agonist activation 
relationship. Muscle Nerve. 2011;43(3):375-384. 
doi:10.1002/mus.21885 

54. Tillin NA, Pain MT, Folland JP. Short-term 
training for explosive strength causes neural and 
mechanical adaptations. Exp Physiol. 
2012;97(5):630-641. doi:10.1113/
expphysiol.2011.063040 

Early Measures of Torque Development are Related to Peak Torque at Six Months Following ACL Reconstru…

International Journal of Sports Physical Therapy

https://doi.org/10.1177/03635465231194617
https://doi.org/10.1177/03635465231194617
https://doi.org/10.1007/s00421-005-0070-z
https://doi.org/10.1007/s00421-005-0070-z
https://doi.org/10.1519/JSC.0b013e3181ddfd0a
https://doi.org/10.1519/JSC.0b013e3181ddfd0a
https://doi.org/10.1016/j.jelekin.2012.10.020
https://doi.org/10.1152/japplphysiol.01305.2004
https://doi.org/10.1152/japplphysiol.01305.2004
https://doi.org/10.1152/japplphysiol.00477.2006
https://doi.org/10.1152/japplphysiol.00477.2006
https://doi.org/10.1152/japplphysiol.00230.2004
https://doi.org/10.1152/japplphysiol.00230.2004
https://doi.org/10.1111/sms.12131
https://doi.org/10.1152/japplphysiol.00550.2007
https://doi.org/10.1152/japplphysiol.00550.2007
https://doi.org/10.1111/j.1469-7793.1998.295by.x
https://doi.org/10.1007/s00421-023-05143-1
https://doi.org/10.1007/s00421-023-05143-1
https://doi.org/10.1007/s00421-016-3346-6
https://doi.org/10.1007/s00421-016-3346-6
https://doi.org/10.1152/jappl.1993.74.1.359
https://doi.org/10.1007/s004210100451
https://doi.org/10.1007/s004210100451
https://doi.org/10.1002/mus.21885
https://doi.org/10.1113/expphysiol.2011.063040
https://doi.org/10.1113/expphysiol.2011.063040


55. Fitzgerald GK, Piva SR, Irrgang JJ. A modified 
neuromuscular electrical stimulation protocol for 
quadriceps strength training following anterior 
cruciate ligament reconstruction. J Orthop Sports 
Phys Ther. 2003;33(9):492-501. doi:10.2519/
jospt.2003.33.9.492 

56. Graham MC, Reeves KA, Johnson DL, Noehren B. 
Relationship between quadriceps strength and knee 
joint power during jumping after ACLR. Orthop J 
Sports Med. 2023;11(3):23259671231150938. 
doi:10.1177/23259671231150938 

57. Lisee C, Birchmeier T, Yan A, Kuenze C. 
Associations between isometric quadriceps strength 
characteristics, knee flexion angles, and knee 
extension moments during single leg step down and 
landing tasks after anterior cruciate ligament 
reconstruction. Clin Biomech (Bristol, Avon). 
2019;70:231-236. doi:10.1016/
j.clinbiomech.2019.10.012 

58. Herzog W, Hasler E, Abrahamse SK. A comparison 
of knee extensor strength curves obtained 
theoretically and experimentally. Med Sci Sports 
Exerc. 1991;23(1):108-114. doi:10.1249/
00005768-199101000-00016 

59. Krishnan C, Williams GN. Effect of knee joint 
angle on side-to-side strength ratios. J Strength Cond 
Res. 2014;28(10):2981-2987. doi:10.1519/
JSC.0000000000000476 

60. Hsiao SF, Chou PH, Hsu HC, Lue YJ. Changes of 
muscle mechanics associated with anterior cruciate 
ligament deficiency and reconstruction. J Strength 
Cond Res. 2014;28(2):390-400. doi:10.1519/
JSC.0b013e3182986cc1 

Early Measures of Torque Development are Related to Peak Torque at Six Months Following ACL Reconstru…

International Journal of Sports Physical Therapy

https://doi.org/10.2519/jospt.2003.33.9.492
https://doi.org/10.2519/jospt.2003.33.9.492
https://doi.org/10.1177/23259671231150938
https://doi.org/10.1016/j.clinbiomech.2019.10.012
https://doi.org/10.1016/j.clinbiomech.2019.10.012
https://doi.org/10.1249/00005768-199101000-00016
https://doi.org/10.1249/00005768-199101000-00016
https://doi.org/10.1519/JSC.0000000000000476
https://doi.org/10.1519/JSC.0000000000000476
https://doi.org/10.1519/JSC.0b013e3182986cc1
https://doi.org/10.1519/JSC.0b013e3182986cc1

	Early Measures of Torque Development are Related to Peak Torque at Six Months Following ACL Reconstruction
	Background and Purpose
	Study Design
	Methods
	Results
	Conclusions
	Level of Evidence
	BACKGROUND
	METHODS
	Participants
	Procedures
	Data Processing
	Data Analysis

	RESULTS
	DISCUSSION
	CONCLUSION
	Conflicts of interest

	References


