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Background  
Current recommendations for quadriceps and hamstring peak torque normalized to body 
mass after anterior cruciate ligament reconstruction are derived from athletes in the 
second and third decades of life. There is a paucity of literature exploring the 
relationship between sex, age, and peak torque normalized to body mass. 

Purpose  
The purpose of this study was to examine the relationship between age and isokinetic 
quadriceps and hamstring peak torque normalized to body mass, as well as the 
hamstrings-to-quadriceps ratio (H:Q ratio), and to evaluate differences between sexes, 
using the uninvolved limb from pre-ACLR testing 

Study Design   
Retrospective review of prospectively collected data. 

Methods  
Three hundred twenty-one athletes were identified in the UW Health Sports 
Rehabilitation Database that had a planned anterior cruciate ligament reconstruction and 
had undergone pre-operative isokinetic testing of their quadriceps and hamstrings at 
60°/sec on their uninvolved limb between July 2021 and January 2026. For reporting 
purposes, athletes were grouped into the following age groups: 10-14, 15-19, 20-29, 
30-39, 40-49, and 50+. Linear regression models were used to examine the relationships 
between age (continuous), sex (binary), and their interaction on quadriceps peak torque 
normalized to body mass (Nm/kg), hamstring peak torque normalized to body mass (Nm/
kg), and the H:Q ratio. 

Results  
There is a linear decrease in quadriceps (β = –0.016 Nm/kg per year, p < 0.001) and 
hamstring (β = –0.009 Nm/kg per year, p < 0.001) peak torque normalized to body mass 
with age. Males have higher mean quadriceps and hamstring peak torque normalized to 
body mass at all ages compared to females, although this difference was not statistically 
significant. Age explained 25% and 24% of the variance in normalized peak torque for the 
quadriceps and hamstrings, respectively. H:Q ratios stayed relatively the same with age 
and sex. 
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Conclusion  
As athletes age, their quadriceps and hamstrings peak torque normalized to body mass 
decreases. Clinicians should acknowledge these differences when making 
recommendations throughout anterior cruciate ligament reconstruction rehabilitation. 

Level of Evidence    
Level 3 

INTRODUCTION 

Approximately 200,000 people will injure their anterior 
cruciate ligament (ACL) in any given year.1 Many of these 
injuries occur during sporting activities, with injury rates 
peaking in the second and third decades of life.2 ACL re
construction (ACLR) is the most common treatment for ACL 
rupture. The number of reconstructions has increased over 
the last 30 years, especially in the skeletally immature and 
middle-aged populations.3‑8 Current rehabilitation pro
grams after ACLR are recommended to last 9-12+ months 
to restore normal knee function and return to sporting ac
tivities.9,10 Re-injury of the ACL is common, with re-in
jury rates as high as 30% to the ipsilateral or contralateral 
knee.11 Approximately two-thirds of individuals return to 
their pre-injury level of participation, and approximately 
three-quarters return to pivoting sports within two years 
post-ACLR.12,13 Long-term biomechanical deficits also per
sist,14 which highlights the need to improve rehabilitation 
practices. 

Neuromuscular dysfunction of the quadriceps, particu
larly arthrogenic muscle inhibition (AMI), and muscle atro
phy are common following anterior cruciate ligament injury 
and reconstruction.15,16 Persistent weakness of the quadri
ceps is associated with ACL graft rupture,17 worse patient-
reported outcome (PRO) measures,18‑20 increased risk for 
osteoarthritis,21 and altered biomechanics of the lower ex
tremity.14,22 Achieving a quadriceps limb symmetry index 
(LSI) of >90% when compared to the nonsurgical limb im
proves PROs, knee joint biomechanics during movement, 
and the likelihood of reaching a patient acceptable symp
tom state (PASS).16‑21 LSI may not provide the best bench
mark for return to sport based on age. Pediatric athletes 
undergoing physeal-sparing grafts do not have disruption 
of the extensor mechanism and tend to reach LSI targets 
more easily than older athletes,23,24 yet reinjury risks in 
younger populations remain high.25,26 On the other end of 
the spectrum, older and/or less active individuals may be 
more likely to undergo hamstring autograft or allograft op
tions,27,28 thus avoiding disruption of the extensor mecha
nism. Although specific evidence is limited, these individ
uals could theoretically meet LSI targets while maintaining 
low peak torque-to-bodyweight ratios, suggesting that nor
malized peak torque may be a better benchmark than LSI. 

Current research suggests reaching a normalized peak 
isometric torque of 3-3.1 newton-meters per kilogram of 
body mass (Nm/kg) is correlated with better PROs.29,30 A 
large number of individuals do not meet this metric even 
after ~8-12+ months of rehabilitation post-surgery.29,31,32 

Further, this metric may not reflect variation in quadriceps 

peak torque normalized to body mass across the lifespan or 
account for sex differences in strength. 

The hamstring muscle group plays an important role as 
an agonist to the ACL.33,34 Lower hamstring peak torque 
compared to quadriceps peak torque has been linked to 
a higher reinjury risk post-ACLR.17,35 Because of this re
lationship, hamstring peak torque is evaluated relative to 
quadriceps peak torque using the hamstring-to-quadriceps 
ratio (H:Q ratio). Historically, it has been suggested that 
the H:Q ratio should reach at least 60% when tested on 
an isokinetic dynamometer at 60°/second.36 Evidence indi
cates that healthy individuals do not consistently meet this 
threshold.37,38 Similar to recommendations for normalized 
quadriceps peak torque, this benchmark may not account 
for normal variation across the lifespan nor for sex differ
ences in muscle strength. 

Current evidence suggests that chronological age should 
no longer be considered a contraindication for ACLR 
surgery, therefore it is important to understand how 
quadriceps and hamstring strength change with age.39 The 
purpose of this study was to examine the relationship be
tween age and isokinetic quadriceps and hamstring peak 
torque normalized to body mass, as well as the H:Q ratio, 
and to evaluate differences between sexes, using the un
involved limb from pre-ACLR testing. It was hypothesized 
that isokinetic quadriceps and hamstring peak torque, nor
malized to body mass, would vary with age and that females 
would demonstrate lower normalized peak torque than 
males. Improved characterization of peak torque values 
across the lifespan may help inform clinical expectations 
following ACLR. 

METHODS 

STRENGTH TESTING 

Quadriceps and hamstring peak torque (a proxy for 
“strength”) was assessed using an isokinetic dynamometer 
(Biodex System 4 Pro; Biodex Medical Systems) with hips 
and knees flexed to 90°, the femoral condyles aligned with 
the axis of rotation, and the distal pad affixed to the distal 
shank about 5cm proximal to the medial malleolus. As a 
part of the UW Health post-operative protocol, pre-opera
tive testing is performed to determine an athlete’s baseline 
strength. Prior to testing, athletes are weighed on a stan
dard scale. The uninvolved limb was completed first, with 
three submaximal trials performed as a warm-up at 50%, 
75%, and maximum effort. Pre-operative testing was per
formed bilaterally if there were no contraindications to per
form testing on the involved limb. Testing was performed 
unilaterally (uninvolved only) when contraindications were 
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present on the involved limb, which included: 1) a meniscal 
root tear, 2) a bucket-handle meniscal tear, 3) significant 
pain during warm-up, and 4) if the range of motion was not 
between 0 and 120 degrees on the involved limb. Testing 
then consisted of five consecutive maximum efforts of ex
tension and flexion at 60° per second in a concentric man
ner. Participants were provided with standardized verbal 
encouragement (“Kick as hard as you can, pull as hard as 
you can”) once per rep. The peak torque normalized to body 
mass (Nm/kg) across the five repetitions on the uninvolved 
leg was determined for the quadriceps and hamstrings, and 
this was used to calculate the H:Q ratio. 

PARTICIPANTS 

Three hundred twenty-one athletes were identified in the 
UW Health Sports Rehabilitation Database who had 
planned ACLR and underwent pre-operative testing at one 
of two hospital-based locations between July of 2021 and 
January of 2026 (Figure 1). The mean time in days from 
injury to testing is reported in Table 1. Participants were 
included if they met the following criteria: 1) they had a 
documented athletic activity to return to after surgery, and 
2) they had pre-operative isokinetic testing on their unin
volved limb. Participants were excluded from data analy
sis if they met the following criteria: 1) this was not their 
primary ACL injury, and 2) they had a history of any prior 
knee surgery (involved or uninvolved). This retrospective 
records review was determined to be exempt by the Uni
versity’s Health Sciences Institutional Review Board (IRB# 
2018-1006), with a waiver of informed consent. Testing was 
performed as part of standard clinical care. The study re
ceived no external funding. 

STATISTICAL ANALYSIS 

Linear regression models were used to examine the rela
tionships between age, sex, and their interaction on three 
outcomes: extension strength (Nm/kg, quadriceps), flexion 
strength (Nm/kg, hamstring), and hamstring-to-quadriceps 
ratio (H:Q ratio). For each outcome, the model included age 
(continuous variable), sex (binary), and age by sex as pre
dictors. 

Linear regression assumptions were assessed using vi
sual and quantitative diagnostic methods. Residuals-ver
sus-fitted plots supported assumptions of linearity and ho
moscedasticity, while Q–Q plots demonstrated 
approximate normality with only minor tail deviations. In
fluence diagnostics (Cook’s distance, leverage, and studen
tized residuals) identified a small number of outlying ob
servations. Cook’s distance values remained low across all 
models (maximum = 0.087), indicating no single obser
vation exerted undue influence on model estimates. Al
though the hamstring-to-quadriceps ratio model demon
strated the greatest departure from model assumptions, 
including three observations with studentized residuals ex
ceeding the conventional ±3 threshold, diagnostic plots re
vealed no meaningful violations of regression assumptions. 
Accordingly, no observations were excluded from the pri
mary analyses. 

Potential sources of bias were also considered. Selection 
bias may be present due to the single-institution nature of 
the cohort, which consisted primarily of individuals under
going sport-related rehabilitation; therefore, findings may 
not be fully generalizable to broader or non-athletic popu
lations. Measurement bias is also possible because testing 
was conducted across multiple clinical sites. Although 
standardized protocols and equipment were used, formal 
inter-rater and inter-site reliability data were not available. 
Any resulting measurement variability is expected to be 
non-differential with respect to age and sex and would 
likely attenuate observed associations. These potential bi
ases were considered when interpreting the findings by em
phasizing effect estimates and 95% confidence intervals, 
evaluating consistency across outcomes, and recognizing 
the likely attenuating effect of non-differential measure
ment error. 

All statistical analyses were conducted in R (version 
4.5.3, R Foundation for Statistical Computing, Vienna, Aus
tria). Predicted values with 95% confidence intervals were 
generated for each outcome and visualized as smooth 
curves stratified by sex using ggplot2.40 Statistical signif
icance was set at α < 0.05. Because the primary analyses 
were pre-specified and focused on closely related biome
chanical outcomes, adjustment for multiple comparisons 
was not applied to the primary models. However, Bonfer
roni-adjusted sensitivity analyses were performed and did 
not alter the study conclusions. 

RESULTS 

Three hundred twenty-one athletes (n=171 female; 
27.5±11.2 years, n=150 male; 25.0±10.4 years) with unin
volved limb pre-ACLR testing were included in the analysis. 
Descriptive statistics were used to report demographic data 
(Table 1). Sport participation is self-reported at intake, with 
65% partaking in Level 1 sports (Figure 2).41 

EXTENSION (QUADRICEPS) STRENGTH 

Age was negatively associated with extension strength (β 
= –0.016 Nm/kg per year, 95% CI: –0.022 to –0.009, p < 
0.001), with a moderate standardized effect size (standard
ized β = –0.30). Males demonstrated higher mean strength 
than females, although the sex effect did not reach statisti
cal significance (β = 0.246 Nm/kg, 95% CI: –0.034 to 0.525, 
p = 0.085). The age-by-sex interaction was not significant 
(β = 0.008, 95% CI: –0.002 to 0.018, p = 0.113). 

This model accounted for approximately 25% of the vari
ance in extension strength (R2 = 0.253). Predicted values 
plotted across the age range demonstrated a gradual de
cline in strength for both sexes (Figure 3). 

FLEXION (HAMSTRING) STRENGTH 

Age was similarly negatively associated with flexion 
strength (β = –0.009 Nm/kg per year, 95% CI: –0.013 to 
–0.005, p < 0.001), with a moderate standardized effect 
size (standardized β = –0.32). Males demonstrated slightly 
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Figure 1. CONSORT Flow Diagram to determine which records to include in the analysis             

higher flexion strength than females, although this effect 
was not statistically significant (β = 0.116 Nm/kg, 95% CI: 
–0.043 to 0.275, p = 0.151). The age-by-sex interaction was 
also non-significant (β = 0.005, 95% CI: –0.001 to 0.010, p 
= 0.094). 

This model accounted for approximately 24% of the vari
ance in flexion strength (R2 = 0.238). Predicted curves 
showed a modest decline in flexion strength with increasing 
age across both sexes (Figure 4). 

HAMSTRING-TO-QUADRICEPS RATIO (H:Q RATIO) 

Neither age, sex, nor their interaction significantly pre
dicted the H:Q ratio (age: β = –0.001 per year, 95% CI: 
–0.002 to 0.001; sex: β = 0.005, 95% CI: –0.043 to 0.054; 
interaction: β = 0.0002, 95% CI: –0.0016 to 0.0019; all p > 
0.30). 

This model explained minimal variance in the outcome 
(R2 = 0.009). Predicted H:Q ratio curves were essentially flat 
across the age range, with overlapping confidence intervals 
between males and females (Figure 5). 

DISCUSSION 

This study aimed to provide isokinetic peak torque values 
for the quadriceps and hamstrings normalized to body mass 
across different life stages in active individuals undergoing 
ACLR. The findings demonstrate differences across age 
groups in normalized peak torque, with a general decline as 
athletes age. This study provides clinical reference data to 
establish age- and sex-related norms for peak torque mea
sures (Table 1). Clinicians can utilize Table 1, Figure 3, and 
Figure 4 as comparison values for their athletes based on 
age and biological sex. 

Quadriceps and hamstring peak torque normalized to 
body mass linearly decrease with age. Mean values for 
males were higher than those for females across all age 
groups; however, this finding was not statistically signifi
cant and may require further study. It was originally hy
pothesized that females would have lower peak torque nor
malized to body mass compared to males due to several 
factors, namely lower testosterone,42 increased fat mass 
relative to muscle mass,43 and, historically and still not 
uncommonly, decreased strength-training exposure com
pared to males.44 As hypothesized, both groups experi
enced a general decline throughout the decades of life, 
which could be attributed to natural declines in muscle 
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Table 1. Normalized quadriceps and hamstring peak torque and hamstring-to-quadriceps ratio for each age             
group and sex. Age was treated as a continuous variable in the model. The table below is for illustrative purposes                     
only for each age group shown. Values are mean (95% CI, lower-upper).             

Sex Age 
(years) 

n Quadriceps Peak 
Torque (Nm/kg) 

Hamstring Peak 
Torque (Nm/kg) 

H:Q Ratio Injury to Testing (days) 
(mean ± SD) 

Female 10-14 8 2.21 (2.08-2.35) 1.15 (0.96-1.34) 0.52 
(0.45-0.58) 

41.6 ± 12.4 

Male 10-14 9 2.11 (1.72-2.51) 1.13 (0.88-1.38) 0.54 
(0.45-0.64) 

63.3 ±34.5 

Female 15-19 47 2.35 (2.23-2.48) 1.14 (1.05-1.23) 0.48 
(0.46-0.51) 

45.8 ±24.1 

Male 15-19 52 2.72 (2.59-2.85) 1.33 (1.26-1.39) 0.49 
(0.47-0.52) 

71.6 ±49.4 

Female 20-29 49 2.21 (2.07-2.35) 1.06 (0.99-1.14) 0.49 
(0.46-0.51) 

91.7 ±51.3 

Male 20-29 48 2.79 (2.61-2.96) 1.36 (1.27-1.46) 0.49 
(0.47-0.51) 

111.4 ±74.7 

Female 30-39 41 2.03 (1.91-2.15) 0.97 (0.90-1.05) 0.48 
(0.45-0.51) 

108.2 ±56.7 

Male 30-39 26 2.54 (2.38-2.71) 1.23 (1.11-1.35) 0.48 
(0.46-0.51) 

86.0 ±36.7 

Female 40-49 17 2.00 (1.70-2.30) 0.92 (0.79-1.05) 0.47 
(0.42-0.52) 

100.2 ±45.1 

Male 40-49 10 2.62 (2.32-2.92) 1.33 (1.14-1.52) 0.51 
(0.46-0.56) 

85.7 ±33.0 

Female 50+ 9 1.71 (1.45-1.97) 0.80 (0.64-0.95) 0.46 
(0.41-0.52) 

104.6 ±52.5 

Male 50+ 5 2.09 (1.47-2.71) 0.96 (0.68-1.25) 0.48 
(0.31-0.64) 

148.2±108.1 

H:Q ratio = hamstring-to-quadricep ratio, Nm/kg = newton-meters per kilogram. 

Figure 2. Self-reported sport activity classification.   41  

Level 1 = Cutting, pivoting; Level 2 = Lateral          
movement, less cutting/pivoting than level 1; Level 3 =          
Straight ahead activity; Level 4 = other activities not          
otherwise categorized (e.g., weightlifting, yoga,      
hiking)  

mass and strength, with relative inactivity compounding 
this effect.45 Age explains 25% and 24% of the variability in 
quadriceps and hamstring peak torque normalized to body 
mass across age groups, respectively. The remaining 75% 

Figure 3. Predicted normalized extension peak torque      
(Nm/kg) in relation to age. Males and females both          
decline with age. Solid line represents the mean,         
shaded region represents the 95% confidence interval.        

could be attributed to individual physiological factors,46 

exposure to strength training,44,45 activity levels,45 and co
morbidities.47 

When comparing these study results to published data 
on isokinetic strength in healthy athletes, the relationship 
varies with age and level of activity. In the 10-14 age group, 
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Figure 4. Predicted normalized flexion peak torque      
(Nm/kg) in relation to age. Males and females have a           
linear decline of normalized flexion peak torque with         
age.  

Figure 5. Hamstring-to-quadriceps ratio by age, group,      
and sex. No association was found for hamstring-to-       
quadriceps ration for age or sex or the interaction of           
age and sex.    

both males and females in this study showed higher quadri
ceps and hamstring peak torque normalized to body mass 
than published norms.48‑50 This could be attributed to the 
smaller sample size in this age group, which makes it more 
sensitive to high performers. In the 15-19 age group, both 
male and female quadriceps and hamstring normalized 
peak torque are similar to those in this study.48‑50 In the 
20-29 age group, athletes demonstrated normalized peak 
torque similar to published norms for non-elite athletes but 
were weaker than their elite and professional athlete coun
terparts.38,51 It is reasonable to expect that elite and pro
fessional athletes will have higher normalized peak torque 
at baseline and, therefore, require restoration of higher 
normalized peak torque after surgery.38,51 

A commonly reported recommendation for normalized 
peak torque of the quadriceps is 3.0-3.1 Nm/kg, as this cor
relates with improved patient-reported outcomes.29,30 It is 
important to note that both studies that determined these 

values used a subject pool in the third decade of life and 
measured isometric quadriceps torque.29,30 These recom
mendations may not apply to younger and older individ
uals and require further study. Isokinetic-derived torque 
may provide lower absolute values than isometric-derived, 
thus producing lower normalized torque outputs.52 There
fore, these recommendations should not be extrapolated to 
isokinetic testing. There is a paucity of literature on the 
relationship between normalized quadriceps peak torque 
tested at 60º/sec and patient-reported outcomes. Using iso
kinetic testing at 90º/sec, Ashnai et al. found that males 
achieving ≥2.6 Nm/kg and females achieving ≥2.1 Nm/kg 
had higher odds of reaching a patient-acceptable symptom 
state at 1-year post-reconstruction53; however, this faster 
isokinetic speed yields smaller torque values than at 60º/
sec in relation to the force-velocity curve. A desirable 
quadriceps cut-off score tested isokinetically at 60º/sec 
likely sits between the values from 90º/sec and isometric 
tests29,30,53; however, this was not investigated in the cur
rent study. An individual’s starting point for normalized 
peak torque likely influences expectations for the timeline 
to regain strength or meet a standard goal. Education of 
patients on expectations of this timeline should align with 
this. This data can be used to better inform specific rec
ommendations for restoration of quadriceps and hamstring 
strength based on patient demographics. 

H:Q ratio is another measurement criterion often used 
after ACLR due to the agonistic role the hamstrings play 
with the ACL.33,34,36,37 The literature remains inconclusive 
on whether the H:Q ratio is an independent risk factor for 
ACL injury.54 There is evidence of the H:Q ratio being a 
contributing factor. Almeida et al. used a classification and 
regression tree analysis that included an H:Q ratio cut-off 
of 46.2% in the model, achieving 90.9% accuracy in cor
rectly classifying those who did and did not sustain a sec
ond ACL injury.35 Kyritsis et al. found a hazard ratio of 10.6 
per 10% decrease in the H:Q ratio at 60º/sec.17 These find
ings indicate that aiming for a higher H:Q ratio is beneficial 
and that restoring the ratio as close to the commonly rec
ommended 60% (tested isokinetically at 60º/sec) may still 
be the best target.17,35,36 This study’s cohort had an aver
age H:Q ratio below 60%, indicating that many individu
als enter surgery with subpar hamstring strength relative to 
quadriceps strength. It is important to note that higher H:Q 
ratios (0.8-1.0) are found when testing at higher isokinetic 
speeds or when eccentric hamstring strength is compared 
to concentric quadriceps strength at varying speeds.36‑38,
54 It is imperative that clinicians recognize the differences 
in H:Q ratio recommendations across measurement speeds 
and modes. There is some evidence of a disproportionate 
increase in quadriceps strength relative to hamstring 
strength during puberty in females,55 which altered move
ment mechanics may partially explain.56 This would natu
rally lead to a lower H:Q ratio in those in the second decade 
of life, requiring more work after ACLR to reach recom
mended values. The current study did not support this the
ory, with H:Q ratio staying relatively stable across the lifes
pan. 
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There are a few limitations of this study. The cohort un
derwent strength testing after an injury, with variable time 
since injury to testing and activity modification. Further, 
it could be argued that the uninvolved side may have also 
been impacted,38 thereby yielding lower-than-normal nor
malized peak torque values. However, the results are com
parable to other published data, mitigating this limitation. 
Second, all participants had sustained an ACL injury. This 
raises the question of whether there would be differences in 
strength values compared with those who have not injured 
their ACL in an age-, sex-, and activity-matched cohort. 
While all participants were from a healthy and active pop
ulation prior to injury, the levels of sport participation, po
sitions, and exposure rates were not included in the analy
sis. External validity is limited by the single-institution 
design and the sport-rehabilitation–skewed cohort. Addi
tionally, fewer subjects represented in the youngest (10–14 
years) and oldest (50+ years) ages may reduce the preci
sion of estimates within these groups. Therefore, findings 
should be interpreted primarily as applicable to a physi
cally active clinical rehabilitation population rather than 
the general population. External validation in independent 
cohorts, particularly those with broader age and activity 
distributions, is warranted to establish broader generaliz
ability. 

CONCLUSION 

The results of the current study demonstrate that age ex
plains 25% and 24% of the variability in quadriceps and 
hamstring peak torque normalized to body mass across age 
groups, respectively, whereas the H:Q ratio remains con
stant. Recommendations for normalized quadriceps and 
hamstring peak torque after ACLR should consider the in
fluence of age-related biological and lifestyle constraints 
on attainable strength levels. The data from this study can 
serve as a reference for clinicians to compare patients’ iso
kinetic data. Clinicians should understand that age and the 
mode of testing may affect reported peak torque data. Fu
ture research should explore the effects of age and testing 
mode on normalized peak torque after ACLR and reinjury 
rates to better inform return-to-sport recommendations for 
those recovering from ACLR. Further, the results of the cur
rent study should be explored in relation to an uninjured 
population. 
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