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Background  
Restoration of quadriceps strength after anterior ligament reconstruction (ACLR) is a 
persistent challenge for patients and clinicians. Inadequate recovery of quadriceps 
strength has been linked to increase risk of re-injury. Developing methods of early 
identification of strength deficits is essential to allow clinicians to provide more 
individualized interventions early in the rehabilitation process. 

Purpose  
To determine whether 3-month isometric quadriceps strength, the Y-Balance Test (YBT), 
and the anterior step-down test are predictive of isokinetic quadriceps strength at six 
months in adolescents after ACLR. 

Design  
Retrospective cohort 

Methods  
Thirty-six adolescent patients with primary ACLR (58% female, 36% with concomitant 
meniscal repair, age: 15.7 ± 1.6 years). At three months post-operative, isometric 
quadriceps strength via isokinetic dynamometer, YBT-Lower Quarter, and anterior 
step-down tests were completed. At six months post-operative, an isokinetic knee 
strength assessment was completed. Regression analysis was used to evaluate the 
predictive relationship between 3-month isometric tests and 6-month isokinetic knee 
extension tests. 

Results  
Three-month post operative isometric quadriceps peak torque predicted isokinetic 
quadriceps peak torque at 6 months, F(1,34) = 19.61, p <0.001. Three-month isometric 
quadriceps peak torque accounted for 36.6% of the variance in normalized isokinetic 
quadriceps peak torque at 6 months with adjusted R2 = 34.7%. Including YBT anterior 
reach (β = 0.157, p = 0.318) in regression added 1.9% of variance when predicting 
6-month isokinetic quadriceps peak torque, F (2,33) = 10.32, p <0.001, R2 = 0.385, ΔR2 = 
0.019. 
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Conclusion  
At three months post-ACLR, isometric strength testing appears more optimal than other 
functional tests in predicting isokinetic quadriceps peak torque in later stages of 
rehabilitation for adolescents. Clinicians should use tests at three months that measure 
quadriceps strength if aiming to predict isokinetic quadriceps peak torque at six months 
post-ACLR, rather than using functional tests such as the YBT-LQ or anterior step-down. 

Level of Evidence    
Level 3 

INTRODUCTION 

One of the primary rehabilitation goals after anterior cru-
ciate ligament reconstruction (ACLR) is to restore quadri-
ceps strength. Quadriceps strength after ACLR typically im-
proves over time,1 yet strength deficits can exceed 20% at 
six months post-ACLR2 and these deficits may last even 
longer.3,4 This is crucial, as limitations in quadriceps 
strength after ACLR have been linked to anterior cruciate 
ligament (ACL) re-injury,5 altered running and landing bio-
mechanics, poor self-reported outcomes,6,7 and post-trau-
matic osteoarthritis.3,8,9 Functionally, quadriceps strength 
plays an important role in running10 and hopping11 tasks 
and persistent quadriceps weakness can lead to alterations 
in movement patterns up to two years after ACLR.12,13 

Obtaining valid, reliable strength measurements during 
ACLR rehabilitation provides valuable feedback on patient 
progress and is used in clinical decision making for return 
to activity/sport. Several options exist for objective 
strength assessment after ACLR including isometric dy-
namometry or handheld dynamometry, repetition-maxi-
mum testing,14 or isokinetic dynamometry. The current 
gold standard device for quadriceps strength testing is an 
isokinetic dynamometer. In instances where access to an 
isokinetic dynamometer is limited, isometric dynamometry 
can be performed using devices that are offer increased 
clinical accessibility (i.e., cost, space) while maintaining 
acceptable levels of validity and reliability.15 Gaining fur-
ther insight into isometric quadriceps strength in adoles-
cents would be valuable, given the wide reaching impact of 
quadriceps strength on patient outcomes after ACLR. 

The timing of clinical measures, including knee strength 
testing, can vary after ACLR due to factors such as graft 
type,16 however, early strength measures appear to be an 
indicator of late strength outcomes (i.e., time of return 
to play). Hannon et al.17 reported isokinetic quadriceps 
peak torque 12 weeks postoperatively was a strong pre-
dictor (47% of the variance) of isokinetic quadriceps peak 
torque at time of return to play in adolescent athletes fol-
lowing primary bone-patellar tendon-bone autograft ACLR. 
Similarly, the isokinetic quadriceps peak torque limb sym-
metry index at three months postoperatively predicted 
nearly 35% of the variance for the same measure at six 
months in young adults following primary ACLR with ham-
string autograft.18 It is currently unknown whether early 
isometric quadriceps strength is associated with isokinetic 
late-stage quadriceps strength in adolescents after ACLR. 

It would be incorrect to assume that most clinicians are 
using a handheld or isokinetic dynamometer to evaluate 

knee strength after ACLR. Recent trends in knee strength 
assessment after ACLR among physical therapists have 
been somewhat concerning. In a survey of those making re-
turn to sport decisions, 80.6% of respondents indicated us-
ing manual muscle testing results to make decisions to ini-
tiate jogging and modified sports activity.19 Further, 56.1% 
of respondents reported using manual muscle testing as 
the only method of strength assessment.19 In the absence 
of using a device to objectively assess isolated quadriceps 
strength after ACLR, clinicians will at times utilize other 
functional tests as a proxy for strength assessment. How-
ever, it must be recognized that such tests may not accu-
rately measure maximum strength of a specific muscle or 
group, but rather reflect a different construct or require 
contributions from other muscle groups. Two such tests in-
clude the Y-Balance Test (YBT) and the anterior step-down 
test, which can often be performed at three months post-
ACLR. The YBT is used to measure single limb dynamic bal-
ance, where asymmetries of greater than four centimeters 
have been shown to identify those individuals after ACLR 
that were unable to achieve 90% or greater limb symmetry 
on hop tests,20 as well as correlate to higher scores on pa-
tient-reported outcomes.21 Finally, the anterior step-down 
test has been linked to patient reported outcomes and run-
ning, and has a stronger relationship to knee mechanics 
and patient-reported knee function than the YBT.22 It has 
yet to be determined whether early performance on the YBT 
and/or anterior step-down test have an association with 
late-stage quadriceps strength after ACLR. 

It appears that early isokinetic quadriceps strength mea-
sures have predictive value for determining late-stage iso-
kinetic quadriceps strength. However, it is unknown if early 
isometric strength and other functional measures are pre-
dictive of late-stage isokinetic quadriceps strength in ado-
lescents. Therefore, the purpose of this study was to de-
termine whether 3-month isometric quadriceps strength, 
YBT, and the anterior step-down test are predictive of iso-
kinetic quadriceps strength at six months in adolescents 
after ACLR. It was hypothesized that isometric quadriceps 
strength at 3-months would be a better predictor of iso-
kinetic strength at six months when compared to the YBT 
and the anterior step-down test. 

METHODS 
DESIGN 

This study was approved by the Institutional Review Board 
at Connecticut Children’s. A retrospective chart review of 
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patients undergoing ACLR at the organization between Jan-
uary 2013 and November 2021 was performed. Information 
pertaining to demographics, surgical procedure, and clini-
cal outcome measures were collected. Only those patients 
with a full data set were included in the study. 

PATIENTS 

To be eligible for this study, patients had to satisfy the fol-
lowing inclusion criteria: 1) were 12-18 years of age when 
surgery was performed, 2) had undergone primary ACLR us-
ing hamstring autograft, with or without meniscal injury, 
and 3) had completed the organization’s standard testing 
procedures in full at both “early-stage” testing as well as 
“late-stage” testing post-operatively. “Early-stage” was de-
fined as two to four months (60-122 days) while “late-
stage” was defined as 5.6-9.6 months (171-294 days) post-
operatively. The gap of nearly two months between early- 
and late-stage testing was chosen with the aim to create 
more distinct testing timeframes, as it was reported that 
it may take upwards of two months to observe clinically 
meaningful quadriceps strength gains after ACLR.1 

Patients undergoing concurrent meniscus repair, chon-
droplasty, or anterolateral ligament reconstruction were el-
igible. Patients were included if they completed strength 
testing at both rehabilitation time points and complete 
data was available for all outcomes of interest. Patients 
were excluded if they underwent bony deformity correction 
surgery, multi-ligament reconstruction, ACL revision, pos-
terolateral corner reconstruction, or experienced post-op-
erative complications (re-injury, arthrofibrosis or nerve in-
jury). Demographic data including age, height, mass, and 
sex, at time of surgery were extracted. Surgical procedure 
information including ACLR surgical technique, and con-
comitant pathology were also recorded. 

Patients treated by five different orthopedic sports med-
icine surgeons at Connecticut Children’s and patients com-
pleting physical therapy at Connecticut Children’s were in-
cluded in this sample. All patients were provided with a 
standardized postoperative rehabilitation protocol (Appen-
dix A) with recommendations for attaining supervised re-
habilitation. Patients attended physical therapy at a variety 
of locations, both within and independent of the host or-
ganization. All clinical tests were completed at Connecticut 
Children’s. 

EARLY-STAGE 3-MONTH TESTING 

All patients undergoing ACLR at Connecticut Children’s 
were scheduled for a follow up examination with the or-
thopedic surgeon at approximately three months following 
ACLR. At this time, a battery of tests and measures were 
completed to assess the patient’s progress. This included 
range of motion (hip, knee, and ankle), isometric strength 
(knee extension, knee flexion, hip extension), dynamic bal-
ance (YBT Lower Quarter), functional testing (anterior step 
down and single-leg bridge), and patient reported outcome 
measures (Pedi International Knee Documentation Com-
mittee Subjective Knee Evaluation Form and Anterior Cru-
ciate Ligament Return to Sport after Injury). All testing was 

performed and evaluated by a Connecticut Children’s sports 
physical therapist. 

The YBT Lower Quarter (YBT-LQ) (Functional Movement 
System, Chatham, VA) has shown to be reliable when mea-
suring dynamic balance in adolescent athletes.23 Patients 
were instructed to stand on the center footplate barefoot 
with the distal tip of the tested foot at the marked starting 
line. Patients maintained single leg stance while reaching 
with the free limb in the anterior, posteromedial, and pos-
terolateral directions by pushing the indicator box as far as 
possible. Three practice trials were performed prior to ad-
ministration of three test trials on each limb. Three suc-
cessful test trials were recorded in each direction. A trial 
was deemed unsuccessful if the patient did one or more of 
the following: kicking the indicator box, not returning to 
the staring position under control, touching down with up-
per or lower extremities during reach, or placing their foot 
on top of the indicator box. The uninvolved limb was tested 
first, followed by the involved lower limb. The mean dis-
tance of the three recorded trials in each direction, normal-
ized to height, were used for analysis. 

Patients began the anterior step-down test22 by standing 
on a firm 12-inch step without shoes. They were instructed 
to attain single leg stance on the test limb and descend with 
their free limb lowering towards a 1.5-inch scale on top of 
a 1.5-inch box positioned anterior to the step. A successful 
trial was tallied if the patient contacted the scale with their 
heel without transferring more than 10% of their body mass 
onto the scale. Patients completed as many repetitions as 
possible in 60 seconds. Repetitions were excluded if the pa-
tient did not contact the scale, exceeded 10% of body mass 
transfer, or failed to return to the starting position. The un-
involved limb was tested prior to the involved limb. 

Isometric quadriceps peak torque was evaluated using 
an isokinetic dynamometer (Humac CSMI USA, Stoughton, 
MA, USA). Patients were positioned in sitting with 90 de-
grees of hip flexion, their trunk and thigh supported with 
straps, and dynamometer arm secured proximal to the an-
kle joint. Isometric peak torque was measured with the 
knee joint positioned at 60 degrees of knee flexion. After 
one practice trial, patients performed three maximal effort 
test trials lasting five seconds each with five seconds of 
rest between each trial. Verbal encouragement was pro-
vided throughout the test to encourage maximal effort. The 
highest peak torque measurement was recorded in newton-
meters (Nm) and normalized to the patient’s body mass 
(Nm/kg). The uninvolved limb’s quadriceps and hamstring 
strength were tested first, followed by the involved limb. 
Patients were given verbal encouragement throughout the 
test to provide maximal effort. Using an isokinetic dy-
namometer in this manner has been shown to be a reliable 
method to quantify quadriceps and hamstring torque in 
adults24,25 and children.26 

LATE-STAGE 6-MONTH TESTING 

The organizational standard for a late-stage testing battery 
included knee range of motion, KT1000 arthrometry, iso-
metric and isokinetic knee strength, single-leg hop tests, 
drop vertical jump assessment, and other functional 
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strength measures. Of these late-stage tests, only the isoki-
netic knee strength measurements were included for analy-
sis in this study. 

Isokinetic knee strength testing replicated the initial set 
up as previously described for early-stage isometric knee 
strength testing. Isokinetic quadriceps and hamstring 
torque was assessed through a knee range of motion from 
0-90 degrees with gravity correction applied.27 A practice 
trial of two repetitions and a testing trial of five repetitions 
were completed at 60°/sec, with 10 seconds of rest between 
trials. Patients were provided with verbal encouragement 
to provide maximal effort through the full knee range of 
motion. The highest peak torque measurement of the test-
ing trial was recorded in newton-meters (Nm) and normal-
ized to the patient’s body mass (Nm/kg). The uninvolved 
limb’s quadriceps and hamstring strength were measured 
first, followed by the involved limb. Patients were given ver-
bal encouragement throughout the test to provide maximal 
effort. 

STATISTICAL ANALYSIS 

Descriptive statistics were calculated for demographic and 
all outcome data for the involved lower limb including nor-
malized quadriceps peak torque, normalized YBT-LQ reach 
distance, and the number of anterior step-down repeti-
tions. Pearson-product-moment correlation coefficients 
were calculated between outcomes. Of the 3-month clinical 
measures that were shown to be significantly correlated 
with 6-month isokinetic quadriceps peak torque, a regres-
sion analysis was used to evaluate their predictive value. 
Hence, a hierarchical regression analysis was used to evalu-
ate the predictive relationship between 3-month isometric 
quadriceps peak torque and 6-month isokinetic quadriceps 
peak torque (step 1). Then, normalized YBT-LQ anterior 
reach was added in step two of the regression. Data were 
assessed for violations of the assumptions for regression 
analysis at each step including independence of residuals, 
linearity, homoscedasticity, and multicollinearity. Visual 
inspection of histograms and normal predicted probability 
(P-P) plots revealed normal distribution of the standardized 
residuals. Alpha level was set to 0.05. SPSS version 26.0 
(IBM Corp, Armonk, NY, USA) was used to conduct the sta-
tistical analyses. 

RESULTS 

Thirty-six patients were included in the study (58% female, 
36% with concomitant medial and/or lateral meniscal re-
pair, age: 15.7 ± 1.6 years, height: 168.2 ± 9.6 cm, mass: 65.1 
± 13.6 kg). Descriptive statistics are presented in Table 1. 

A significant positive correlation was identified between 
3-month isometric quadriceps peak torque and 6-month 
isokinetic quadriceps peak torque (r = 0.605, p < 0.01), 
in addition to YBT-LQ anterior reach and 6-month isoki-
netic quadriceps peak torque (r = 0.405, p < 0.05) (Table 2). 
No other clinical measures had significant correlation with 
6-month isokinetic quadriceps peak torque, thus were not 
included in the regression. 

The regression analysis (Table 3) revealed 3-month iso-
metric quadriceps peak torque significantly predicted isoki-
netic quadriceps peak torque at 6 months, F(1,34) = 19.61, 
p <0.001. Three-month isometric quadriceps peak torque 
accounted for 36.6% of the variance in normalized isoki-
netic quadriceps peak torque at 6 months with adjusted R2 

= 34.7%. In the second step when YBT-LQ anterior reach 
(β = 0.157, p = 0.318) was included in the regression, this 
added only 1.9% of variance when predicting 6-month iso-
kinetic quadriceps peak torque, F(2,33) = 10.32, p <0.001, R2 

= 0.385, ΔR2 = 0.019. 

DISCUSSION 

The purpose of this study was to determine whether 
3-month isometric quadriceps strength, YBT, and the ante-
rior step-down test were predictive of isokinetic quadriceps 
strength in adolescents six months after ACLR. Normal-
ized isometric quadriceps peak torque and YBT-LQ ante-
rior reach during early-stage testing were significantly as-
sociated with normalized isokinetic quadriceps peak torque 
during late-stage testing. Early-stage isometric quadriceps 
peak torque accounted for 36.6% of the variance in iso-
kinetic quadriceps peak torque during late-stage testing, 
while YBT-LQ anterior reach only added an additional 1.9% 
of variance. No significant correlations were observed be-
tween YBT-LQ posterolateral reach, posteromedial reach, 
or anterior step-down relative to 6-month isokinetic 
quadriceps peak torque. 

In comparison to the current findings, Hannon et al17 re-
ported isokinetic quadriceps peak torque at 12 weeks post-
ACLR accounted for greater variance (47%) in the same 
measure at time of return to sport. Although their study 
population was similar in age (16.1 ± 1.4 years) and gender 
distribution (54% female), a bone-patellar tendon-bone au-
tograft was used and return to sport testing occurred later 
(7.3 ± 1.3 months). Additionally, Mitomo et al18 examined 
the three- and six-month limb symmetry index of isokinetic 
quadriceps peak torque in young adults following primary 
ACLR with hamstring autograft. Despite the current study’s 
examination of normalized quadriceps peak torque, three-
month isokinetic quadriceps limb symmetry index ac-
counted for a similar level of variance (34.9%) in limb sym-
metry index at six months, comaparitively.18 While limb 
symmetry indices are commonly used to establish desired 
performance thresholds after ACLR, the uninvolved limb 
may experience deterioration in function leading to an 
overestimation of strength and function for the injured 
limb.28‑30 It has also been reported that isometric quadri-
ceps strength, when normalized to body mass, was a better 
predictor of high self-reported function (subjective Inter-
national Knee Documentation Committee index ≥ 90%) af-
ter ACLR when compared to the quadriceps strength limb 
symmetry index.31 Hence, it would seem plausible to advo-
cate for reporting torque measurements normalized to body 
mass in future investigations. 

The three-month functional tests included in the study 
were the YBT-LQ and anterior step-down test. The only 
functional test that had significant correlation with six-
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Table 1. Descriptive Statistics for 3- and 6-Month Testing after ACL Reconstruction           

3-month testing timeframe (days since surgery) 
92.8 ± 10.7 
(89.2, 96.4) 

Isometric quadriceps peak torque – Involved (Nm) 
109.5 ± 31.8 
(98.8, 120.3) 

Normalized to body mass (Nm/kg) 
1.71 ± 0.43 
(1.56, 1.85) 

Y-Balance Test Lower Quarter – normalized to height 

Anterior reach (cm) 
36.5 ± 4.2 

(35.1, 38.0) 

Posteromedial reach (cm) 
58.3 ± 5.8 

(56.3, 60.2) 

Posterolateral reach (cm) 
56.9 ± 5.6 

(55.0, 58.8) 

Anterior step down (repetitions completed) 
22.5 ± 9.9 

(19.2, 25.9) 

6-month testing timeframe (days since surgery) 
197.6 ± 26.5 

(188.6, 206.6) 

Isokinetic quadriceps peak torque at 60 degrees/sec– Involved (Nm) 
116.3 ± 33.8 

(104.9, 127.7) 

Normalized to body mass (Nm/kg) 
1.80 ± 0.45 
(1.65, 1.96) 

aValues are expressed as mean ± SD, (95% confidence interval) 

Table 2. Pearson correlations between 3-month clinical measures and 6-month isokinetic quadriceps peak            
torque  

6-month 
normalized 
isokinetic 
quadriceps 
peak torque 

3-month 
normalized 
isometric 
quadriceps 
peak torque 

YBT-LQ 
anterior 
reach 

YBT-LQ 
posteromedial 
reach 

YBT-LQ 
posterolateral 
reach 

Anterior 
step 
down 

6-month 
normalized 
isokinetic 
quadriceps 
peak torque 

-- .605* .405* .155 .173 .187 

3-month 
normalized 
isometric 
quadriceps 
peak torque 

.605* -- .468* .211 .239 .217 

YBT-LQ 
anterior reach 

.405* .468* -- .688* .571* .506* 

YBT-LQ 
posteromedial 
reach 

.155 .211 .688* -- .831* .349* 

YBT-LQ 
posterolateral 
reach 

.173 .239 .571* .831* -- .288 

Anterior Step 
down 

.187 .217 .506* .349* .288 -- 

YBT-LQ, Y Balance Test Lower Quarter, * with bolded text indicates significant correlation (p < 0.05) 

month isokinetic quadriceps peak torque was the YBT-LQ 
anterior reach. The anterior reach task generally requires 
increased contributions from the quadriceps relative to 
other reach directions in healthy individuals,32,33 but is not 
always the case.34 In those recovering from ACL-R., isoki-

netic quadriceps peak torque on the involved ACL-R limb 
had the greatest correlation with anterior reach perfor-
mance (r= 0.591) compared to the posteromedial (r = 0.498) 
and posterolateral (r = 0.294) reach directions.35 Moderate 
correlations of YBT-LQ reach distance and quadriceps peak 
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Table 3. Hierarchical regression analysis results of 3-month clinical measures relative to 6-month normalized             
isokinetic quadriceps peak torque     

B (constant) R2 ΔR2 B β p 

Step 1 

3-month normalized isometric quadriceps peak 
torque 

.366 .624 .605 <0.001* 

Step 2 .385 0.019 <0.001 

3-month normalized isometric quadriceps peak 
torque 

.548 .532 0.002* 

3-month normalized anterior reach (YBT- LQ) .017 .157 0.318 

YBT-LQ, Y Balance Test Lower Quarter 

torque may be partially explained by the electromyographic 
activity of the vastus medialis only reaching 69-79% max-
imum voluntary isometric contraction (MVIC) in healthy 
participants during the YBT-LQ during various reach di-
rections.34 By comparison, although examining the rectus 
femoris and using a shorter step height (mean of 8.6-9.3 
inches), an anterior step-down task required only 12-13% 
MVIC.36 Given that the YBT-LQ does not appear to require 
maximum muscle activation to complete the reaching task, 
it may partly explain the relatively low amount of variance 
(1.9%) when YBT-LQ anterior reach was added to the re-
gression to predict 6-month isokinetic quadriceps peak 
torque. Additionally, both the YBT-LQ and anterior step-
down are multi-joint tasks, which may allow for compen-
sations or offloading during these closed chain movements. 
The study findings suggest the YBT-LQ and anterior step-
down are weak predictors of isokinetic quadriceps strength 
at six months postoperatively. 

LIMITATIONS 

The retrospective design limits the strength and applicabil-
ity of the results of this study. The study did not include 
participant activity/sport level, rates of return to sport after 
surgery, or secondary injuries. Also, the testing methods 
used in the study may have impacted isometric quadriceps 
strength and anterior step-down test outcomes and limit 
the generalizability of the findings. During maximal 
strength testing, the limited rest period may not have al-
lowed for full recovery between trials. Further, the knee 
joint angle for isometric testing was set at 60° using an iso-
kinetic dynamometer, which differs from 90° of knee flex-
ion when using more clinically available devices such as a 
handheld dynamometer. It should also be noted that iso-
metric strength outcomes may differ between testing de-
vices (i.e., isokinetic versus handheld dynamometry). For 

the anterior step-down test, the box height used was 12 
inches which did not allow for standardized knee flexion 
angles between patients of different limb lengths. Lastly, 
the generalizability is limited to adolescent patients who 
underwent ACLR with a hamstring autograft over a rela-
tively short term (6.5 ± 0.9 months) follow up period. 

CONCLUSION 

Three-month isometric quadriceps peak torque signifi-
cantly predicted isokinetic quadriceps peak torque at six 
months after ACLR in adolescents with hamstring autograft 
and accounted for 36.6% of the variance. The 3-month 
functional tests were limited in predictive value, with the 
YBT-LQ anterior reach only accounting for a small propor-
tion of the variance (1.9%). At three months post-ACLR, 
isometric strength testing appears to be more appropriate 
than using other functional tests for predicting isokinetic 
quadriceps peak torque in later stages of rehabilitation for 
adolescents. Clinicians should use objective measures of 
strength at three months if aiming to predict isokinetic 
quadriceps peak torque at six months post-ACLR, rather 
than using functional tests such as the YBT-LQ or anterior 
step-down. 
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