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Abstract

Background
Strength recovery of injured knee is an important parameter for patients who want to return to sport after
anterior cruciate ligament reconstruction (ACLR). Comparison of muscle strength between anatomical
and non-anatomical ACLR has not been reported.

Purpose
To evaluate the hamstring and quadriceps strength and clinical outcomes after anatomical and non-
anatomical single-bundle ACLR.

Methods
Patients received unilateral primary single-bundle hamstring ACLR between January 2017 to January
2018 were recruited in this study. Patients were divided into anatomical reconstruction group (AR group)
and non-anatomical reconstruction group (NAR group) according to femoral tunnel aperture position. The
hamstring and quadriceps isokinetic strength including peak extension torque, peak �exion torque and
H/Q ratio were measured at an angular velocity of 180°/s and 60°/s using an isokinetic dynamometer.
The isometric extension and �exion torques were also measured. Hamstring and quadriceps strength
were measured preoperatively and at 3, 6, and 12 months after surgery. Knee stability including Lachman
test, pivot-shift test, and KT-1000 measurement and subjective knee function including International Knee
Documentation Committee (IKDC) and Lysholm scores were evaluated during the follow-up.

Results
Seventy-two patients with an average follow-up of 30.4 months (range, 24–35 months) were included in
this study. Thirty-three were in AR group and 39 in NAR group. The peak knee �exion torque was
signi�cant higher in AR group at 180°/s and 60°/s (P < 0.05 for both velocity) at 6 months postoperatively
and showed no difference between the two groups at 12 months postoperatively. The isometric knee
extension torque was signi�cant higher in AR group at 6 months postoperatively (P < 0.05) and showed
no difference between the two groups at 12 months postoperatively. No signi�cant differences between
AR group and NAR group were found regarding knee stability and subjective knee function evaluations at
follow-up.

Conclusion
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Compared with non-anatomical ACLR, anatomical ACLR showed a better recovery of hamstring and
quadriceps strength at 6 months postoperatively. However, the discrepancy on hamstring and quadriceps
strength between the two techniques vanished at 1 year postoperatively.

Introduction
Anterior cruciate ligament (ACL) is the most commonly injured ligament of the knee. ACL injuries result in
increased anterior translation of tibia and knee rotational imbalance. Moreover, ACL injuries interrupt the
normal kinematics of knees with or without meniscal tears. After ACL injury, the knee joint remains
unstable and becomes more prone to further injuries including meniscal and articular cartilage injuries
which may lead to premature arthritis [1–3]. The ACL reconstruction (ACLR) is considered as the standard
treatment for those patients who expected a restoration of knee function.

Considering the position of femoral tunnel, transtibial (TT) technique is a traditional method, which is
believed to make the tunnel aperture far away the anatomical footprint of ACL. Currently, more surgeons
prefer to use anteromedial (AM) portal technique to drill femoral tunnel [4], regarding it lead to an
anatomical ACLR [5, 6]. However, as the restriction of surgical equipment and anatomic variation of
patients, some of them received non-anatomical ACLR with AM technique. Many studies have reported
that anatomical ACLR can restore better rotational stability and clinical outcomes than non-anatomical
ACLR [7–13]. However, to our knowledge, comparison of muscle strength has not been reported in a
comparative study involving anatomical and non-anatomical ACLR.

Strength recovery of injured knee is an important parameter for patients who want to return to sport after
ACLR [14, 15]. Isokinetic dynamometry is considered the ‘gold standard’ for measuring muscle strength
and is commonly applied as part of criteria for return to sport in previous studies [16, 17]. Torques are
frequently measured in isokinetic conditions as this is a traditional method of muscle strength
assessment [18, 19]. Several studies researched the e�ciency of the injured knee with the use of
isokinetic tests by analyzing mean extension and �exion peak torques [20, 21].

The main purpose of the current study was to evaluate the hamstring and quadriceps strength and
clinical outcomes after anatomical and non-anatomical single-bundle ACLR. We hypothesized that
anatomical ACLR would result in better strength of hamstring and quadriceps and clinical outcomes than
non-anatomical ACLR.

Methods
This retrospective cohort study was approved by the ethics committee of Guangdong Provincial People's
Hospital (No. GDREC2019639H) and was performed in strict accordance with the ethical standards
stipulated in the 1964 Declaration of Helsinki and its later amendments. Written informed consent was
obtained from all patients before enrollment.
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Patients with ACL injuries who were treated at our institution between January 2017 to January 2018
were recruited in this study. The inclusion criteria included unilateral primary single-bundle hamstring
ACLR with closed epiphyseal plate. The exclusion criteria included multiligament injuries, lower extremity
or spine deformities, intraarticular or juxta-articular tumor and lost to follow-up.

Surgical procedure

All surgical procedures were performed by a senior surgeon (Q.J.Z.). Patients were given lumbar
anesthesia. The anteromedial (AM) and anterolateral (AL) portal were made routinely. The arthroscopic
exploration and debridement were performed �rstly. Meniscal tear was diagnosed and treated either by
partial resection or suture if existing. The semitendinosus and gracilis tendons were harvested and
knitted as quadrupled grafts for ACLR. The femoral tunnel aperture and tibial tunnel aperture were
created separately. A femoral drill guide was placed at the center of femoral footprint through the AM
portal with the knee �exed to 120°. The tibial tunnel was located based on the ACL anatomical tibial
footprint and drilled with use of tibial tunnel guide. The grafts were �xated with cortical button on femoral
side and interference screw on tibial side. Finally, the wounds would be closed if the knee stability and
graft tension met the surgeon’s satisfaction.

Postoperative rehabilitation

All patients received the same procedures of postoperative rehabilitation. The elastic bandage was
applied immediately after surgery, for alleviating knee swelling and pain. Knee brace was used to protect
the knee for 12 weeks. Partial weight bearing was permitted as early as possible. The non-weight bearing
knee �exion exercise was performed to improve the range of motion from the second week. Within 4
weeks, patients were encouraged to perform ankle pump exercise, isometric quadriceps and hamstring
contractions, straight and side leg raising exercises. Full weight-bearing exercise was permitted from 6
weeks after surgery. Running and swimming was permitted until 3 months, but contact sports were not
suggested until 12 months after operation.

Tunnel placement determination

All patients were scanned by a CT scanner in the supine position with knees extended and thighs
horizontal and parallel on the second day after the surgery. The 3D model of distal femur and proximal
tibia were reconstructed on PACS system. The femoral model was cut off at sagittal plane along the
highest point of intercondylar notch and medial condyle was removed, and then the model was rotated to
show the medial side of lateral condyle. The Bernard quadrant method was used to measure the femoral
tunnel position (Figure 1). This method consists of 4 distances, including total diameter of lateral condyle
along Blumensaat’s line (distance t), maximum intercondylar notch height (distance h), distance from
center of footprint to proximal border (distance x), and distance from center of footprint to Blumensaat’s
line (distance y). The distribution of the centers of femoral tunnel aperture was displayed in Figure 1. Xu
et al. [22] described the standard area of anatomical femoral footprint center was 27.53%±4.58%, 35.85%
±9.2% (x, y) of the ACL as a whole bundle. In this study, the centers of femoral tunnel aperture within the
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standard area were de�ned as anatomical reconstruction, while the centers outside the standard area
were de�ned as non-anatomical reconstruction. Therefore, the enrolled patients were divided into
anatomical reconstruction (AR) group and non-anatomical (NAR) group according to the location of
femoral tunnel. The anteroposterior and lateral-medial positions of tibial tunnel aperture were measured.
The measurement was performed by an orthopedic surgeon (M.Y.L.) who was blinded to outcomes of the
patients.

Measurement of hamstring and quadriceps strength

Hamstring and quadriceps strength were measured preoperatively and at 3, 6, and 12 months after
surgery. The hamstring and quadriceps isokinetic strength were measured in the seated position at an
angular velocity of 180°/s and 60°/s using an isokinetic dynamometer (IsoMed 2000, D&R GmbH,
Hemau, Germany). The subjects performed a 5-minute warm-up on the dynamometer before the
measurements were conducted. Six duplicate leg extension and �exion measurements between knee joint
angle of 10° to 90° were performed with adequate rest periods during the interval. The peak extension
torque, peak �exion torque and H/Q ratio were recorded for further analysis. The isometric extension and
�exion torques at knee joint angle of 90° were measured as well.

Clinical evaluation

Lachman test, pivot-shift test, and KT-1000 (MEDmetric Corp, San Diego, CA, USA) arthrometer were used
to evaluate postoperative knee stability. International Knee Documentation Committee (IKDC) and
Lysholm scores used to assess the subjective knee function were collected simultaneously. Knee stability
and subjective knee function were evaluated before the surgery and at the �nal follow-up by an
orthopedic surgeon (M.Y.L.) who was blinded to the two groups. Complications were recorded during the
follow-up.

Statistical analysis

The SPSS 22.0 software package (IBM Inc. USA) was used for statistical analysis. Mann-Whitney U test
was used to compare the KT-1000 measurement, subjective IKDC scores, Lysholm scores and parameters
of muscle strength between AR and NAR groups. The Chi-square (χ2) test. was used to compare the
results of Lachman and pivot-shift tests between the 2 groups. A level of P < 0.05 was set for statistical
signi�cance.

Results
Eighty-one patients underwent hamstring ACLR during the study period. Five patients were lost to follow-
up and 2 patients underwent concomitant posterior cruciate ligament reconstruction. One patient had a
lower extremity deformity, and 1 patient had a concomitant intraarticular tumor. Therefore, 72 patients
were enrolled in the study. Average follow-up time was 30.4 months (range, 24–35 months). There were
33 patients in AR group and 39 patients in NAR group. There were no signi�cant differences between the
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two groups in terms of sex, age, height, weight, BMI, time from injury to surgery and injured side. The
initial status of meniscal injuries and treatment of meniscal injuries were also comparable between the
two groups (Table 1). No complications were found in the two groups during the follow-up.

Table 1
Demographic data and initial surgical �ndings of two study groups.

  AR group NAR group P value

Sex, male/female, n 29/4 29/10 0.379

Age, y (mean ± SD) 32.03 ± 9.67 32.38 ± 12.69 0.903

Height, cm (mean ± SD) 168.40 ± 7.49 170.11 ± 8.31 0.385

Weight, kg (mean ± SD) 65.17 ± 9.30 70.11 ± 13.38 0.091

BMI (mean ± SD) 22.90 ± 2.46 24.08 ± 3.23 0.102

Injury time, mo (mean ± SD) 6.21 ± 11.25 7.06 ± 12.25 0.452

Injured side, left/right, n 14/16 22/15 0.296

Status, n     0.619

Isolated ACL injuries 5 9  

ACL and medial meniscus injuries 3 5  

ACL and lateral meniscus injuries 12 9  

ACL and both menisci injuries 13 16  

Treatment of meniscal injuries     0.591

Suture 27 28  

Resection 1 2  

Preoperative IKDC score 76.1 ± 19.2 75.4 ± 22.1 0.429

Preoperative Lysholm score 71.5 ± 20.6 69.2 ± 16.9 0.751

AR, anatomical reconstruction; NAR, non-anatomical reconstruction; SD, Standard deviation; BMI,
body mass index; mo, month(s); ACL, anterior cruciate ligament; IKDC, International Knee
Documentation Committee
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The centers of femoral tunnel in the shadow/deep direction (distance x/t) were located at 27.9%±2.2% in
AR group and 33.4%±6.8% in NAR group. The centers of femoral tunnel in the high/low direction
(distance y/h) were located at 34.8%±4.0% in AR group and 32.8%±5.4% in NAR group. The centers of
tibial tunnel in anteroposterior position (37.2%±5.6% vs 37.1%±5.3%, P = 0.258) and lateral-medial
position (35.6%±2.2% vs 35.1%±3.1%, P = 0.742) showed no difference between AR and NAR groups. The
center of tibial tunnel of all patients were within the anatomical ACL tibial footprint [23].

For isokinetic analysis, there were no statistical differences between the AR and NAR group in terms of
peak knee �exion torque, peak knee extension torque and H/Q ratio at the velocity of either 180°/s or
60°/s (P > 0.05) before the surgery. At 12 months after ACLR, all the parameters improved as compared
with those before the surgery. The peak knee �exion torque was signi�cant higher in AR group at 180°/s
(433.7 ± 99.1 vs 321.5 ± 127.4, P < 0.05) and 60°/s (528.2 ± 122.4 vs 392.8 ± 108.6, P < 0.05) at 6 months
postoperatively, and showed no signi�cant difference between the two groups at 12 months
postoperatively (Fig. 2). In the isometric contraction test, the knee extension torque was signi�cant higher
in AR group at 6 months postoperatively (1417.7 ± 373.1 vs 1032.0 ± 424.5, P < 0.05), and showed no
signi�cant difference between the two groups at 12 months postoperatively (Fig. 3).

Postoperative clinical evaluations including Lachman test, pivot-shift test, KT-1000 arthrometer
measurement, IKDC and Lysholm scores showed no signi�cant difference between the 2 groups
(Table 2).

Table 2
Postoperative outcomes of knee stability and subjective knee function between the two groups.

  AR group NAR group P value

Lachman test, stable/I°/II°/III° 27/5/1/0 30/7/2/0 0.389

Pivot-shift test, stable/I°/II°/III° 27/3/3/0 32/6/1/0 0.421

KT-1000 side-to-side difference, mm 1.2 ± 2.1 1.4 ± 2.2 0.756

IKDC score 93.2 ± 13.2 95.2 ± 20.6 0.685

Lysholm score 92.4 ± 14.2 92.6 ± 8.4 0.951

IKDC, International Knee Documentation Committee. AR, anatomical reconstruction; NAR, non-
anatomical reconstruction

Discussion
The most important �nding of this study was that anatomical ACLR exhibited signi�cant higher peak
knee �exion and extension torques under the velocity of both 180°/s and 60°/s, as well as isometric
�exion torque, as compared with non-anatomical ACLR at 6 months postoperatively, but no signi�cant
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differences for all parameters were detected between the two techniques at 12 months postoperatively.
Also, both groups showed no signi�cant difference in clinical outcomes regarding of knee stability and
subjective knee function.

In our study, the results implied that anatomical ACLR showed a superior muscle strength as compared
with non-anatomical ACLR at 6 months after surgery. However, there were no differences on muscle
strength between the two groups at 12 months after surgery. The possible reasons may be as follows.
Knees with non-anatomical ACLR potentially led to asymmetric knee kinematics and alteration of
cartilage contact pattern [24, 25]. Yan et al. [26] compared anatomical and non-anatomic ACLR on gait
kinematics with minimal 6-month follow-up, �nding that operated knees with non-anatomical ACLR
exhibited signi�cant range of motion of anterior-posterior translation by approximately 0.5 cm than
contralateral knees. Graft healing may be affected by tunnel position as well. Oshima et al. [27] reported
low femoral tunnel was one of the factors signi�cantly associated with high graft signal/noise quotient
value, which indicated inferior graft healing. On the other hand, the study of Novaretti et al. [28] proved
that de�cit of quadriceps strength did not predict return to preinjury level of sport at 6 months
postoperatively, which were consistent with the outcomes of 12 months after surgery in our study.

Strength recovery after ACLR is of great importance for patients who want to return to sport, especially
athletes [14, 15]. Muscle strength may also have correlations with knee function. Wang et al. [29] follow
88 patients who underwent double-bundle hamstring ACLR and performed a second-look arthroscopy at
an average of 24 month postoperatively, �nding that greater than 80% recovery of quadriceps strength
after ACLR is associated with less severe patellar cartilage damage. In the study of Palmieri-Smith et al.
[30], 73 patients were tested at the time they were cleared for return to activity after ACLR. The results
indicated that patients with high and moderate quadriceps strength symmetry had larger central
activation ratios as well as greater limb symmetry indices on the hop for distance compared with patients
with low quadriceps strength symmetry. Similarly, knee �exion angle and external moment symmetry
were higher in the patients with high and moderate quadriceps symmetry compared with those with low
symmetry. However, Thomeé et al. [31] believed that muscle function tests were not demanding enough
or not sensitive enough to identify differences between injured and non-injured sides. More studies with
long-term follow-up are required to validate the in�uence of muscle strength after ACLR.

Tunnel preparation is the most important procedure in ACLR, especially in femoral side. According to a
multicenter study with the largest collected data of ACL revision, the malposition of the tunnel socket
accounts for most of technique errors, which are the main cause of atraumatic ACLR failure [32]. Femoral
tunnel malposition is 3 times more frequent than tibial tunnel malposition [33]. In our study, the femoral
tunnel position was measured with the use of Bernard quadrant method, which was applied in several
studies [5, 27]. The anatomic position of the femoral tunnel socket for single-bundle ACLR is de�ned in
line with the study of Xu et al. [22]. They systemically reviewed 13 studies of the ACL femoral footprint
position and combined data, concluding that the standard area of femoral footprint of the ACL as a
whole bundle is a circle with a center of 27.53%, 35.85% (x, y), and a radius of 4.58%, 9.2% (x, y),
respectively. Different measurements were used in other researches [34, 35]. Forsythe et al. [35] measured
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the femoral tunnel aperture from posterior to anterior position (percentages of the distance from the line
running through the posterior border of the medial wall of the lateral condyle to the line running through
the most anterior point of the notch) and proximal to distal position (percentages of the distance from the
line running through the proximal border of the notch to the line running through the distal point of the
notch roof), �nding that anatomic range of femoral tunnel aperture center fell between 8.9% and 36.4% of
the distance from posterior to anterior position and 20.1% and 73.1% from proximal to distal position.
Future studies with uniform measurement are required to make a convincing result.

As compared with traditional TT drilling technique, AM drilling technique for ACLR was more likely to
achieve an anatomical femoral tunnel. However, in this study, about 54.17% (39/72) included patients
had non-anatomical femoral tunnel position. Jaecker et al. [36] analyzed 101 cases of ACLR failure and
found 37 (36.6%) used AM technique. There were 73% non-anatomical femoral tunnel positions and
35.1% non-anatomical tibial tunnel positions in those patients with AM drilling techniques. Yan et al. [26]
studied the gait kinematics of ACLR with anatomical femoral tunnel and non-anatomical femoral tunnel.
They enrolled 34 patients undergoing ACLR with AM drilling technique, �nding 21 (61.76%) had non-
anatomical femoral tunnel positions. Despite the potential of achieving more anatomical tunnel position,
AM drilling technique may lead to quite a few non-anatomical tunnel positions.

Several studies research the correlation of tunnel positioning with short-term functional outcomes after
ACLR. Fernandes et al. [37] prospectively studied 86 athletes who underwent ACLR between anteromedial
footprint and high anteromedial position. They observed that tunnel projection along Blumensaat's line
was correlated with functional outcomes on Tegner scale at 6 and 12 months and IKDC subjective at 12
months. There was a signi�cant difference in mean tunnel projection along Blumensaat's line when
analyzing return to sports. No differences were found on coronal view. Biswal et al. [38] found that more
posterior positioning of femoral tunnel resulted in better clinical scores. On the other hand, Seo et al. [39]
classi�ed 102 patients into the anterior group, center group or posterior group depending on the location
of the femoral tunnel. Center group was de�ned as location of femoral tunnel was 29.3% ± 3.5% on
anteroposterior plane. They found no correlation was found between the location of femoral tunnel and
postoperative stability and clinical outcomes.

The current study has several limitations. First, the sample size was small, and the length of follow-up
was relative short, which limited assessment on long-term complications and secondary treatment.
Second, reported standard area for anatomical ACL footprint rather than the contralateral normal ACL
footprint was used for the determination of tunnel placement. Third, only knee �exion and extension
torques at velocities of 60°/s and 180°/s were studied. Advanced Isokinetic test under different
movements of knee and velocities should be further evaluated. In addition, the study failed to randomize
the groups initially as the grouping was performed after the surgery, which increased the confounding risk
of patient selection. Lastly, tibial tunnel position, graft sizes, conditions of meniscal injuries and their
treatment manners may have affected the outcomes as well.

Conclusions
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In conclusion, this study revealed that the position of femoral tunnel aperture of ACLR exerted an
in�uence on recovery of hamstring and quadriceps strength. Compared with non-anatomical ACLR,
anatomical ACLR showed a better hamstring and quadriceps strength at 6 months postoperatively.
However, the discrepancy on hamstring and quadriceps strength between the two techniques vanished at
1 year postoperatively.

Abbreviations
ACL: anterior cruciate ligament; ACLR: anterior cruciate ligament reconstruction; TT: transtibial; AM:
anteromedial; AL: anterolateral; IKDC: International Knee Documentation Committee; AR: anatomical
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Figures

Figure 1

The measurement of femoral tunnel aperture. (a) The center (red point) of femoral tunnel aperture was
measured by Bernard quadrant method (4×4 grid). (b) The green circle represented the standard area of
anatomical femoral footprint center described by Xu et al.*. The red points within the green circle
represented the anatomical femoral reconstruction, the blue points outside the green circle represented
the non-anatomical femoral reconstruction.
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Figure 1

The measurement of femoral tunnel aperture. (a) The center (red point) of femoral tunnel aperture was
measured by Bernard quadrant method (4×4 grid). (b) The green circle represented the standard area of
anatomical femoral footprint center described by Xu et al.*. The red points within the green circle
represented the anatomical femoral reconstruction, the blue points outside the green circle represented
the non-anatomical femoral reconstruction.

Figure 2
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Isokinetic torques (mean ± SD) between AR and NAR groups at preoperation, 3 months, 6 months and 12
months after surgery. a, b and c mean peak knee �exion torque, peak knee extension torque and H/Q
ration, respectively, at the velocity of 180°/s. d, e and f mean peak knee �exion torque, peak knee
extension torque and H/Q ration, respectively, at the velocity of 60°/s. * indicated P < 0.05 between
groups. H/Q, hamstring/ quadriceps.
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months after surgery. a, b and c mean peak knee �exion torque, peak knee extension torque and H/Q
ration, respectively, at the velocity of 180°/s. d, e and f mean peak knee �exion torque, peak knee
extension torque and H/Q ration, respectively, at the velocity of 60°/s. * indicated P < 0.05 between
groups. H/Q, hamstring/ quadriceps.
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Figure 3

Isometric torques (mean ± SD) between AR and NAR groups at preoperation, 3 months, 6 months and 12
months after surgery. * indicated P < 0.05 between groups.
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