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Hege Grindem,y§ PT, PhD, Anders Stålman,yz MD, PhD, and Tobias Wörner,yz|| PT, PhD
Investigation performed at Karolinska Institutet, Stockholm, Sweden, and Capio Artro Clinic,
Stockholm, Sweden

Background: Impaired quadriceps muscle strength after anterior cruciate ligament reconstruction (ACLR) is associated with
worse clinical outcomes and a risk of reinjuries. Yet, we know little about quadriceps muscle strength in patients reconstructed
with a quadriceps tendon (QT) graft, which is increasing in popularity worldwide.

Purpose: To describe and compare isokinetic quadriceps strength in patients undergoing ACLR with a QT, hamstring tendon
(HT), or bone–patellar tendon–bone (BPTB) autograft.

Study Design: Cross-sectional study; Level of evidence, 3.

Methods: We included patients with QT grafts (n = 104) and matched them to patients with HT (n = 104) and BPTB (n = 104) grafts
based on age, sex, and associated meniscal surgery. Data were collected through clinical strength testing at a mean of 7 6 1
months postoperatively. Isokinetic strength was measured at 90 deg/s, and quadriceps strength was expressed as the limb sym-
metry index (LSI) for peak torque, total work, torque at 30� of knee flexion, and time to peak torque.

Results: Patients with QT grafts had the most impaired isokinetic quadriceps strength, with the LSI ranging between 67.5% and
75.1%, followed by those with BPTB grafts (74.4%-81.5%) and HT grafts (84.0%-89.0%). Patients with QT grafts had a signifi-
cantly lower LSI for all variables compared with patients with HT grafts (mean difference: peak torque: 217.4% [95% CI, 221.7 to
213.2], P\ .001; total work: 215.9% [95% CI, 220.6 to 211.1], P\ .001; torque at 30� of knee flexion: 28.8% [95% CI, 214.7 to
22.9], P = .001; time to peak torque: 217.7% [95% CI, 225.8 to 29.6], P \ .001). Compared with patients with BPTB grafts,
patients with QT grafts had a significantly lower LSI for all variables (mean difference: peak torque: 26.9% [95% CI, 211.2 to
22.7], P \ .001; total work: 27.7% [95% CI, 212.4 to 22.9], P \ .001; torque at 30� of knee flexion: 26.3% [95% CI, 212.2
to 20.5], P = .03; time to peak torque: 28.8% [95% CI, 216.9 to 20.7], P = .03). None of the graft groups reached a mean
LSI of .90% for peak torque (QT: 67.5% [95% CI, 64.8-70.1]; HT: 84.9% [95% CI, 82.4-87.4]; BPTB: 74.4% [95% CI, 72.0-76.9]).

Conclusion: At 7 months after ACLR, patients with QT grafts had significantly worse isokinetic quadriceps strength than patients
with HT and BPTB grafts. None of the 3 graft groups reached a mean LSI of .90% in quadriceps strength.
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Anterior cruciate ligament (ACL) reconstruction (ACLR)
can be performed with different types of autografts. Histor-
ically, surgeons have mainly used hamstring tendon (HT)
and bone–patellar tendon–bone (BPTB) grafts, but the
quadriceps tendon (QT) graft has become more popular
in recent years.19,24 Although functional outcomes and

muscle performance after ACLR with HT and BPTB auto-
grafts have been investigated extensively,10,16,32 less is
known about outcomes after ACLR with QT grafts.

Patients and rehabilitation specialists face graft-specific
challenges during rehabilitation. The HT graft is associ-
ated with fewer harvest site complications than the
BPTB graft19 but may have higher failure rates7,23 and
lead to greater knee laxity compared with QT and BPTB
grafts.4,6 BPTB grafts have been linked to persistent ante-
rior knee pain18,19 and difficulty with kneeling.18,19

Patients with QT grafts report better outcomes
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(International Knee Documentation Committee and
Lysholm scores) compared with patients with HT grafts19

and may have less anterior knee pain than patients recon-
structed with BPTB grafts.19 Persistent impairments in
muscle strength, specific to the harvest site, have been
reported for all grafts.11,13,16,32 Even though persistent
quadriceps weakness appears to be more frequent with
QT and BPTB grafts, there is also a rehabilitation chal-
lenge with the HT graft.2,12

Restored quadriceps strength after ACLR is of major
importance because it will have positive effects on both
present and future functional performance and self-
reported knee function.5,20 Furthermore, if quadriceps
weakness persists, patients will face a higher risk of
knee osteoarthritis21 and a second ACL injury.8 Therefore,
overcoming quadriceps weakness should be one of the main
priorities for all patients and their therapists throughout
the rehabilitation process after ACLR.

Clinicians involved in rehabilitation after ACLR are
strongly encouraged to measure thigh muscle strength
objectively to assess treatment progression and facilitate
targeted rehabilitation.5 Isokinetic muscle strength testing
is considered the ‘‘gold standard’’ for measuring muscle
strength after ACLR.29 The different aspects of muscle
strength are often presented in comparison to the nonin-
volved limb to determine the limb symmetry index (LSI).
Clinicians use the LSI to evaluate patients’ readiness to
return to sport (RTS),14,15 risk of reinjuries,8,14,15 and
long-term knee function.5 Isokinetic strength has been
described and reported extensively for patients with HT
and BPTB grafts,10,16,17,33 but it has been reported
sparsely for patients with QT grafts.9,13 A comprehensive
comparison of isokinetic quadriceps strength in patients
with QT, HT, and BPTB grafts may assist clinicians and
patients in finding the right graft and tailor its
rehabilitation.

The purpose of this study was to describe and compare
isokinetic quadriceps strength (including peak torque,
total work, peak torque at 30� of knee flexion, and time
to peak torque) in patients undergoing ACLR with a QT,
HT, or BPTB autograft.

METHODS

This cross-sectional study compared isokinetic quadriceps
strength in patients after primary ACLR with a QT, HT,
or BPTB graft. Data were extracted from a local database,
in which clinical follow-ups are prospectively recorded
(scheduled ~6 months after reconstruction), at a single

surgical unit specializing in arthroscopic surgery. All sur-
gical procedures were performed by orthopaedic surgeons
who specialize in arthroscopic surgery and have vast expe-
rience in ACLR. The study was approved by the regional
ethics committee of Karolinska Institutet (Dnr: 2016/
1613-31/2).

Participants

Patients were identified through the patient registry at
Capio Artro Clinic, Stockholm, Sweden, and included if
they (1) were at least 16 years of age; (2) had undergone
primary ACLR with a QT, HT, or BPTB graft between
2009 and 2021; and (3) had undergone isokinetic strength
testing at 6 to 9 months after surgery. Patients were
excluded if they had (1) concomitant ligament injuries
that required surgery or external bracing and (2) under-
gone previous ACLR on either knee. First, we identified
all QT grafts in the local clinical database and then
retrieved preoperative and perioperative data to check
patients’ eligibility through the Swedish ACL Register.25

For the second step, we matched (1:1:1) patients with QT
grafts with patients with HT and BPTB grafts based on
age (65 years), sex, and meniscal surgery (repair or resec-
tion). Patient age and sex, time from surgery to testing,
preinjury Tegner score (activity level),27 graft type, menis-
cal surgery, and presence of concomitant ligament injuries
were collected from our local database.

Surgical Technique and Rehabilitation

All patients underwent single-bundle reconstruction with
an autologous HT, BPTB, or QT autograft. The semitendi-
nosus tendon was primarily harvested and prepared as
a quadrupled graft. If the length or diameter of the graft
was considered insufficient (\8 mm), the gracilis tendon
was harvested and combined with the semitendinosus ten-
don. The BPTB graft was harvested as the central third of
the patellar tendon with 2 bone blocks. The QT graft was
harvested as a full-thickness graft from the central strip
of the QT with a bone block from the proximal patella.
All grafts were routinely fixed using an Endobutton (Smith
& Nephew) or TightRope fixation device (Arthrex) on the
femoral side and No. 2 Ethibond sutures (Ethicon) tied
over an AO bicortical screw (Smith & Nephew) with
a washer as a post.

In the event of isolated ACLR or ACLR with simulta-
neous meniscal resection, full weightbearing and full range
of motion (ROM) were encouraged as tolerated. If meniscal
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repair was performed, patients wore a hinged knee brace
for 6 weeks. For these patients, flexion was limited to 30�
during the first 2 weeks, to 60� during the third and fourth
weeks, and to 90� during the fifth and sixth weeks after
surgery. Crutches were encouraged for all patients until
normal gait was achieved.

Patients and their therapists were, irrespective of graft
choice, encouraged to follow the rehabilitation protocol pro-
vided by the clinic. The early rehabilitation phase focused
on regaining ROM, reducing swelling, and normalizing
gait patterns. The rehabilitation protocol included ROM
exercises, balance and coordination training, and strength
training focusing primarily on the thigh muscles. Open
kinetic chain exercises with an external weight between
30� and 90� of knee flexion were allowed after 6 weeks
and progressed to full ROM after 12 weeks.

Study Outcomes

The primary outcome of our study was differences in isoki-
netic quadriceps strength in patients reconstructed with
a QT, HT, or BPTB graft. Isokinetic strength parameters
assessed included peak torque, total work, torque at 30�
of knee flexion, and time to peak torque (all in percentage
LSI). The LSI was calculated as involved limb/uninvolved
limb 3 100 for each variable. Peak torque, defined as
the single highest torque output achieved during the move-
ment cycle of the knee joint, provides an objective measure-
ment of muscle strength. Total work refers to the torque
output during all repetitions of an entire testing session
and provides valuable information about the muscle’s
capacity to produce torque over time. Torque at 30� of
knee flexion assesses strength in a sport-specific and func-
tional angle, and time to peak torque is a vital component
of the rate of force development.31 Furthermore, the pro-
portion of patients per graft group reaching an LSI of
.90% for peak torque, total work, torque at 30� of knee
flexion, and time to peak torque was recorded.

Data Collection

Isokinetic quadriceps strength was measured as part of the
clinical follow-up routine for patients after ACLR at Capio
Artro Clinic and recorded in a local clinical database.
Physical therapists with experience in the treatment and
evaluation of this patient population performed all meas-
urements. Measurements were performed with a Biodex
System 3 dynamometer (Biodex Medical Systems) after
a 10-minute warm-up on a stationary cycling ergometer.
During testing at clinical follow-up, ROM was set to 90�
(0�-90� of knee flexion), and patients then performed 5 rep-
etitions of concentric knee extension at 90 deg/s, 10 repeti-
tions of concentric extension at 240 deg/s, and 5 repetitions
of eccentric extension at 90 deg/s. A series of warm-up tri-
als preceded each testing session. The noninvolved limb
was tested before the involved limb, and patients received
standardized verbal encouragement during testing. Isoki-
netic strength testing with the Biodex device has been

shown to be valid and reliable when evaluating knee exten-
sion strength in patients after ACLR.30

Statistical Analysis

Descriptive data with categorical variables are presented
as the frequency and percentage, and those with continu-
ous variables are presented as the mean with standard
deviation or mean difference with 95% confidence interval.
The distribution of data (continuous variables) was
assessed by visualization and the Shapiro-Wilk test, and
no significant deviation from a normal distribution was
found. Comparisons between graft groups were performed
by analysis of variance. If omnibus test findings were sta-
tistically significant, we conducted a pairwise comparison
via the Tukey post hoc test. The year of surgery was
included as a potential confounder but had no association
with the outcomes and no effect on group differences and
was therefore removed from the final model. The interac-
tion between sex and graft group was included in the
model to assess the potential effect of sex on the main out-
come; if not significant, it was removed from final analysis.
Significance was set at P � .05. Statistical analyses were
performed with SPSS for Mac (Version 27; IBM).

RESULTS

We identified 705 patients with QT grafts in the clinic
patient registry. After applying inclusion criteria, 104
patients were included in the final sample and matched
with patients who were reconstructed with HT and
BPTB grafts. The flow of participants in the study is shown
in Figure 1. Patient characteristics are summarized in
Table 1.

Patients reconstructed with 
QT-graft between 2009-

2021
N = 705

Not fitting inclusion criteria
N = 601

- No or incomplete isokinetic data (N = 188) 
- Concomitant ligament injuries (N = 58)
- Follow up <6 & 9> months post op (N = 189)
- Revision and/or earlier contralateral ACLR (N = 166)

Final 
QT-graft sample

N = 104

Matched HT-
sample
N = 104

Matched BPTB-
sample
N = 104

Figure 1. Flowchart reflecting the distribution of patients
included in the study.
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Peak Torque

The LSI for peak torque was significantly lower in the QT
group compared with the HT group (mean difference,
217.4% [95% CI, 221.7 to 213.2]; P \ .001) and BPTB
group (mean difference, 26.9% [95% CI, 211.2 to 22.7];
P \ .001). The BPTB group had a significantly lower LSI
for peak torque compared with the HT group (mean differ-
ence, 210.5% [95% CI, 214.7 to 26.2]; P\ .001) (Figure 2).
No significant interaction effect between sex and graft was
found (P = .300).

Total Work

The QT group had a significantly lower LSI for total work
compared with the HT group (mean difference, 215.9%
[95% CI, 220.6 to 211.1]; P \ .001) and BPTB group
(mean difference, 27.7% [95% CI, 212.4 to 22.9]; P \
.001). The BPTB group had a significantly lower LSI for
total work than the HT group (mean difference, 28.2%

[95% CI, 212.9 to 23.4]; P \ .001) (Figure 2). No signifi-
cant interaction effect between sex and graft was found
(P = .378).

Torque at 30� of Knee Flexion

The QT group had a significantly lower LSI for torque at
30� of knee flexion compared with the HT group (mean dif-
ference, 28.8% [95% CI, 214.7 to 22.9]; P = .001) and
BPTB group (mean difference, 26.3% [95% CI, 212.2 to
20.5]; P = .03), while no significant differences were found
between the HT and BPTB groups (Figure 2). No signifi-
cant interaction effect between sex and graft was found
(P = .939).

Time to Peak Torque

The QT group had a significantly lower LSI for time to
peak torque than the HT group (mean difference, 217.7%

TABLE 1
Patient Characteristics (n = 312)a

QT Graft (n = 104) HT Graft (n = 104) BPTB Graft (n = 104)

Sex
Female 44 (42.3) 44 (42.3) 44 (42.3)
Male 60 (57.7) 60 (57.7) 60 (57.7)

Age at time of injury, y 27 6 9.5 26 6 9.7 26 6 9.4
Time from surgery to testing, d 214 6 24 213 6 25 216 6 26
Meniscal repair 19 (18.3) 19 (18.3) 19 (18.3)
Meniscal resection 32 (30.8) 32 (30.8) 32 (30.8)
Preinjury Tegner score available,b n 53 66 58

Median (IQR) 7.0 (6.5-8.0) 7.0 (5.0-9.0) 7.5 (6.0-9.0)
Score �6 47 (88.7) 49 (74.2) 49 (84.5)

aData are shown as mean 6 SD or n (%) unless otherwise indicated. BPTB, bone–patellar tendon–bone; HT, hamstring tendon; IQR, inter-
quartile range; QT, quadriceps tendon.

bTegner score evaluates activity level (0-10, with 10 representing highest activity level).

Figure 2. Differences in the limb symmetry index (LSI) for peak torque, total work, torque at 30� of knee flexion, and time to peak
torque per group.

72 Holmgren et al The American Journal of Sports Medicine



[95% CI, 225.8 to 29.6]; P \ .001) and BPTB group (mean
difference, 28.8% [95% CI, 216.9 to 20.7]; P = .03). The
BPTB group had a significantly lower LSI for time to
peak torque than the HT group (mean difference, 28.9%
[95% CI, 217.0 to 20.8]; P = .026) (Figure 2). No significant
interaction effect between sex and graft was found (P =
.853).

Proportion of Patients Reaching LSI of .90%

The lowest observed proportion of patients reaching an LSI
of .90% for any strength variable was in the QT group
(Figure 3). For all 3 graft groups, the majority of patients
did not achieve an LSI of .90% for any of the strength var-
iables at a mean 7-month follow-up (Figure 3).

DISCUSSION

In this cross-sectional study, we compared isokinetic quad-
riceps strength in patients who underwent ACLR with

either a QT, HT, or BPTB graft at a mean of 7 months after
surgery. The main findings of our study are that (1)
patients with QT grafts had significantly worse isokinetic
quadriceps strength compared with patients with HT and
BPTB grafts; (2) patients with anterior knee grafts (QT
and BPTB) had significantly lower isokinetic quadriceps
strength compared with patients with HT grafts, except
for torque at 30� of knee flexion between the HT and
BPTB groups; and (3) none of the 3 graft groups reached
an LSI of .90% for any of the isokinetic strength variables
at 7 months after reconstruction.

Patients With QT Grafts Had Largest Impairments in
Isokinetic Quadriceps Strength

We found patients with QT grafts to have the lowest quad-
riceps strength among our graft groups, with strength val-
ues that are within the range observed in previous
studies.11,13 Peak torque is considered a key outcome of iso-
kinetic strength testing in patients after ACLR,31 while the
other variables included in our study are less well

Figure 3. Percentage of patients achieving a limb symmetry index (LSI) of .90% for peak torque, total work, torque at 30� of
knee flexion, and time to peak torque per group: quadriceps tendon (n = 104), hamstring tendon (n = 104), and bone–patellar
tendon–bone (n = 104) graft.
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investigated in relation to RTS and long-term knee func-
tion.17 As indicators of strength endurance, rate of force
development, and strength in sport-specific positions,31

these variables are considered to be important factors for
rehabilitation progression, RTS decision-making, and
assessing pain and fear of movement by clinical experts
with explicit experience and knowledge about ACL injury
management.31 Potential explanations for worse isokinetic
quadriceps strength in patients with QT grafts compared
with BPTB grafts might be differences in rehabilitation
approaches due to a lack of experience in rehabilitating
patients with QT grafts or differences in graft-specific dis-
ruption of the extensor mechanism that could affect muscle
torque production differently.

Regaining Quadriceps Strength Is Difficult, Regardless
of Graft Choice

The importance of quadriceps strength in ACL rehabilita-
tion is highlighted by its association with a lower risk of
reinjuries,8,10 better knee function,22 and lower odds of
osteoarthritis.1 Yet, regaining quadriceps strength appears
to be a challenge for all patients recovering from ACLR,
regardless of the graft choice.2,13,28 Patients with HT and
BPTB grafts have been reported to have lower quadriceps
strength in the injured limb compared with age-, sex-, and
activity-matched controls up to 18 months after surgery.2

Our study confirms previous findings of donor site–
dependent strength deficits.12,28 Grafts harvested from
the anterior knee were associated with larger deficits in
quadriceps strength, and patients with HT grafts had the
highest relative isokinetic quadriceps strength, which is
likely because of nondisruption of the extensor mechanism.
Interestingly, none of the 3 graft groups reached an LSI of
.90% for any isokinetic quadriceps strength variable in
our study. Only 1 in 20 patients in the QT group reached
an LSI of .90% for peak torque at 7 months after ACLR.
In the BPTB and HT groups, the corresponding numbers
were 1 in 10 patients and 4 in 10 patients, respectively.
Only a minority of patients appear to achieve an LSI of
.90% when assessed at 6 to 12 months after surgery.13,28

However, because the .90% threshold in quadriceps
strength is one of several clinical discharge criteria associ-
ated with RTS,8 it must be interpreted in the context of
time. Similar to our study, most of the existing literature
describes quadriceps strength after ACLR cross-section-
ally.9,13 Therefore, we have limited knowledge about the
prospective development of quadriceps strength in patients
reconstructed with QT grafts.

Implications for Rehabilitation and Future Research

Currently, we have similar approaches to rehabilitation
after ACLR, irrespective of graft choice.34 However, the
findings of our study and other studies with similar
results13,26,28 indicate that rehabilitation approaches may
need to be tailored to graft choice. A tailored rehabilitation
approach for QT grafts may facilitate the recovery of quad-
riceps strength in these patients and narrow the gap

between them and patients with other grafts. Future
research should investigate the effectiveness of rehabilita-
tion protocols, interventions, and strategies specifically
targeting quadriceps strength in patients reconstructed
with QT grafts.

Strengths and Limitations

The main strength of this study is the large number of
patients with QT grafts (n = 104) and the comprehensive
description of multiple isokinetic data variables. The char-
acteristics of included patients are in accordance with the
typical patient undergoing ACLR,25 and our results are
comparable with previous findings,3 which supports the
generalizability of our results. Furthermore, all patients
were surgically treated and clinically assessed at the
same clinic according to standardized treatment and mea-
surement protocols. Additionally, all surgeons performing
the operative procedures are highly trained and experi-
enced in ACLR with all grafts. Therefore, we do not believe
it to be likely that systematic differences in surgical treat-
ment beyond the choice of a graft were present. Not all
patients who undergo surgery at our clinic are rehabili-
tated by us. However, to ensure high-quality rehabilita-
tion, patients were refered to a clinical network of
practitioners with knowledge about the clinic’s protocol,
which is openly shared on the clinic’s website (REF)
(https://capio.se/siteassets/capio-patientportal-se/hitta-mot
tagning/specialistvard/ortopedi/artro-clinic-sophiahemme
t/rehabprotokoll/kna-och-sena/aclr-rehabprotokoll-230330
.pdf). Because we still cannot be sure about the extent to
which our rehabilitation protocol has been used, we
acknowledge the risk for individual variation in received
treatment. Nevertheless, the potential variation would
likely affect all graft groups similarly and would therefore
not introduce systematic errors. Because our study is
cross-sectional, our results can only be generalized to rou-
tine follow-up measurements performed around 7 months
after reconstruction. Based on our results, no conclusions
can be drawn about the prospective changes in quadriceps
strength, which can be assumed to improve as time passes.
However, if and when these changes occur in patients with
QT grafts have to be investigated in future studies. Fur-
thermore, patient-specific indications for graft choice and
other factors not accounted for by our matching procedure
could have confounded the relationship between graft
group and quadriceps strength. Lastly, we acknowledge
the possibility of selection bias because many patients
with QT grafts had to be excluded from the study for no
or incomplete isokinetic data (n = 188) or a follow-up
time \6 or .9 months after surgery (n = 189).

CONCLUSION

Patients who underwent ACLR with QT grafts presented
with significantly worse isokinetic quadriceps strength
than patients with BPTB and HT grafts at a mean of 7
months after surgery. Only 1 in 20 patients with QT grafts
reached an LSI of .90% for peak torque. None of the 3
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graft groups reached an LSI of .90% for any quadriceps
strength variable.
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