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Background: A force-based tension protocol that uses a certain amount of tension at graft fixation could still give rise to variations
in initial constraint levels of the knee joint in terms of side-to-side difference (SSD) in anterior translation.

Purpose: To investigate the factors influencing the initial constraint level in anterior cruciate ligament (ACL)–reconstructed knees
and compare outcomes according to the level of constraint in terms of anterior translation SSD.

Study Design: Cohort study; Level of evidence, 3.

Methods: Included were 113 patients who underwent ipsilateral ACL reconstruction using an autologous hamstring graft and had
minimum 2-year follow-up outcomes. All grafts were tensioned and fixed at 80 N using a tensioner at the time of graft fixation. The
patients were classified into the following 2 groups according to the initial anterior translation SSD, measured using the KT-2000
arthrometer: a physiologic constraint group with restored anterior laxity �2 mm (group P; n ¼ 66) and a high-constraint group with
restored anterior laxity >2 mm (group H; n ¼ 47). Clinical outcomes were compared between the groups, and preoperative and
intraoperative variables were evaluated to identify factors affecting the initial constraint level.

Results: Between group P and group H, generalized joint laxity (P ¼ .005), posterior tibial slope (P ¼ .022), and anterior translation
measured in the contralateral knee (P < .001) were found to differ significantly. Measured anterior translation in the contralateral
knee was the only significant predictor of high initial graft tension (P ¼ .001). No significant differences were found between the
groups regarding clinical outcomes and subsequent surgery.

Conclusion: Greater anterior translation measured in the contralateral knee was an independent predictor of a more constrained
knee after ACL reconstruction. The short-term clinical outcomes after ACL reconstruction were comparable, regardless of the
initial constraint level in terms of anterior translation SSD.

Keywords: anterior cruciate ligament reconstruction; initial graft tension; force-based tension; laxity-based tension; initial con-
straint; overconstrained

The ultimate goal of anterior cruciate ligament (ACL) recon-
struction is the restoration of the native knee kinematics by
replacing an injured ACL with a functional graft.9 In partic-
ular, adequate tension of the graft restraining anterior-to-
posterior or rotational translation is necessary to reestablish
the stability of the knee.27,40 An undertensioned graft can be
nonfunctional and lead to an unstable knee with excessive
laxity, while an overtensioned graft can cause loss of exten-
sion, graft breakdown, and osteoarthritis attributed to
altered tibiofemoral biomechanics.7,34,36,39,55 The initial graft

tension is determined by the applied tension at the time of
graft fixation with the use of manual or device-assisted ten-
sioning protocols and influences the outcomes of the ACL
reconstruction.1,10,40,46,54 Therefore, graft tension at the time
of fixation is considered one of the key factors for successful
ACL reconstruction.48

The application of the initial graft tension at the time of
graft fixation is based on either the applied force on the
graft itself or the relative anterior-to-posterior translation
of the reconstructed knee compared with the contralateral
uninjured knee.33 In the force-based tensioning protocol,
the surgeon applies a certain amount of force to the graft
manually or with a tensioning device. With the use of var-
ious tensioning devices, consistent quantitative tension can
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be applied to the graft.45 On the other hand, the laxity-
based tensioning protocol applies initial tension that is
individualized for each patient by matching the laxity of
the uninjured knee using an arthrometer.5,14

Several studies have compared the amount of initial
tension of force-based protocols to determine the level
that produces the best clinical outcomes.23,40,50,54,56 How-
ever, the optimal amount of initial tension remains
unclear, and there is variability in adopted tensioning
protocols among surgeons. The current trend in practice
involves 50 to 80 N of relatively high initial tension with
the use of a tensioning device that can produce a reduced
side-to-side difference (SSD; compared with the contra-
lateral healthy knee) in anterior laxity and a lower failure
rate compared with using a lower tension.3,26,27,37 Previ-
ous studies have compared 2 laxity-based protocols: a
high-tension protocol that overconstrains the anterior-
to-posterior translation by 2 mm versus the contralateral
knee, and a low-tension protocol that adjusts it to within 1
mm.1,15 Both laxity-based protocols have produced simi-
lar outcomes.

Even though the same amount of initial tension is
applied to the graft, there may be individual variations in
initial constraint levels of the knee joint in terms of anterior
translation SSD. However, the effect of the force-based ini-
tial tension on initial anterior translation SSD and ACL
reconstruction outcomes have not yet been elucidated.

The purpose of the study was to (1) investigate the fac-
tors influencing the initial constraint level of the ACL-
reconstructed knee in terms of anterior translation SSD
and (2) compare patient outcomes according to constraint
level. We hypothesized that patients with a more con-
strained knee would experience better clinical outcomes
after ACL reconstruction.

METHODS

Study Population

We reviewed the records of 286 consecutive patients who
underwent single-bundle ACL reconstruction between Jan-
uary 2015 and January 2019; all procedures were per-
formed by a single senior surgeon (S.H.-K.) with the
transportal technique using an autologous quadruple ham-
string graft. Patients were included if they were aged 15 to
50 years. Exclusion criteria were as follows: (1) revisional
ACL reconstruction; (2) concomitant ligamentous injury;
(3) meniscectomy of more than one-third of the meniscus;

(4) cartilage lesion of International Cartilage Regeneration
& Joint Preservation Society grade �3; (5) >12 months
elapsed from injury to surgery; (6) previous contralateral
ACL reconstruction; (7) osteoarthritis classified as
Kellgren-Lawrence grade >1; (8) history of previous knee
surgery; (9) postoperative infection; and (10) <2 years of
follow-up data. Ultimately, 113 patients were included in
the study. The institutional review board of our institution
approved the study and waived the requirement for obtain-
ing informed patient consent.

The study patients were then classified into 2 groups
according to the initial postoperative anterior translation
SSD, measured immediately after surgery using a KT-2000
arthrometer (MEDmetric) with a force of 134 N. Patients
with an initial anterior translation of the affected knee
�2 mm of that of the contralateral knee were assigned to
the physiologic constraint group (group P; 66 patients), and
those who were overconstrained (>2 mm) were assigned to
the high-constraint group (group H; 47 patients)
(Figure 1).15,16
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Figure 1. CONSORT (Consolidated Standards of Reporting
Trials) flowchart of the inclusion and exclusion process. ACL,
anterior cruciate ligament; ICRS, International Cartilage
Regeneration & Joint Preservation Society; SSD, side-to-
side difference.
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Operative Procedures and Tensioning Protocol

Before the operation, the anterior laxity of the affected and
contralateral knees at 20� of knee flexion, measured using a
KT-2000 arthrometer with a force of 134 N, were evaluated
under anesthesia.38 The measured values of the affected
knee were recorded and compared with those of the contra-
lateral knee. Rotational laxity, measured using a manual
pivot-shift test, was assessed and graded as either
0 (absent), 1 (glide), 2 (clunk), or 3 (transient lock).29

Diagnostic arthroscopy was performed in each compart-
ment of the knee using a parapatellar high anterolateral
portal. Concomitant meniscal tears were managed with an
appropriate surgical option in consideration of the patient
factors and tear characteristics before the ligament recon-
struction.21 After identification of the ACL injury via diag-
nostic arthroscopy, the semitendinosus and gracilis
tendons were harvested for a quadrupled graft. After the
removal of excess muscular and unstable tendinous tissues
from the tendons, both ends of each tendon were whip-
stitched, and the tendons were folded in half in a 4-
stranded configuration. The graft was pretensioned at
approximately 88 N for 20 minutes using a graft prepara-
tion board (Graft Master III; Smith & Nephew).20,42 The
femoral tunnel and tibial tunnel for ACL reconstruction
were created on the respective footprints of the ACL in
reference to ACL remnants and anatomic landmarks with
a diameter matched to the prepared graft.18,53 An accessory
anteromedial portal, just above the medial meniscus, was
used to create the femoral tunnel.

The graft was inserted into the femoral tunnel with a
fixed-loop cortical suspensory device (Endobutton CL;
Smith & Nephew) and pulled through the tibial tunnel dis-
tally with a force of 80 N by using a tensioning device (SE

Graft Tensioning System; ConMed). Thereafter, the graft
was preconditioned with 20 flexion-extension cyclic loads.
Along with tension maintenance, the graft was fixed with a
bioabsorbable interference screw in the tibial tunnel and
supplemented with a cortical screw and washer outside the
tibial tunnel. The immediate postoperative anterior trans-
lation of the operated and contralateral knees was recorded
after aseptic dressing.

Immediately after the operation, crutch-assisted tolera-
ble weightbearing was allowed, and exercises for range of
motion (ROM) and isometric quadriceps strengthening
were encouraged.

Clinical Assessment

The presence of generalized joint laxity (GJL) was evalu-
ated according to the Beighton and Horan criteria by a
point score of �4 preoperatively.6,24 The affected knee was
not included in the evaluation of GJL, to preclude the effect
of injury to the knee ROM.

The patients were followed up at 3, 6, 9, 12, and 24 months
postoperatively. At every visit, anterior knee laxity was eval-
uated using the KT-2000 arthrometer as well as with stress
radiography, performed with a force of 150 N using a Telos
stress device (Telometer; Daiseung Medics) at 30� of knee
flexion in the lateral decubitus position. Along the reference
line parallel to the medial tibial plateau, 2 intersection points
on the reference line were determined by the lines perpendic-
ular to the reference line and tangential to the midpoint
between the most posterior contour of the medial and lateral
femoral condyles (line F) and tibial condyles (line T).19,31 The
values of anterior translation as determined by stress radi-
ography were presented positively if the intersection point of
the reference line and line T was anterior to the intersection

TABLE 1
Comparison of Characteristics Between the Study Groupsa

Variable Group P(n ¼ 66) Group H (n ¼ 47) P

Age, y 29.7 ± 10.8 26.7 ± 9.1 .201
Sex

Male 53 (80.3) 42 (89.4) .195
Female 13 (19.7) 5 (10.6)

Height, m 1.73 ± 0.1 1.73 ± 0.1 .683
Weight, kg 75.8 ± 13.4 71.5 ± 15.3 .176
Body mass index 25.1 ± 3.5 24.1 ± 3.1 .126
Affected side

Right 40 (60.6) 22 (46.8) .146
Left 26 (39.4) 25 (53.2)

Time from injury to surgery, wk 12.2 ± 10.5 10.5 ± 12.1 .101
Type of injury .541

Motor vehicle accident 1 (1.5) 1 (2.1)
Contact sports 37 (56.1) 30 (63.8)
Noncontact sports 16 (24.2) 9 (19.1)
Fall 8 (12.1) 2 (4.3)
Miscellaneous 4 (6.1) 5 (10.6)

Generalized joint laxity .005
Yes 11 (16.7) 19 (40.4)
No 55 (83.3) 28 (59.6)

aData are reported as mean ± SD or n (%). Boldface P value indicates a statistically significant difference between groups (P < .05).
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point of the reference line and line F along the reference line,
and negatively if not.

Rotational knee laxity was assessed using manual pivot-
shift testing. The International Knee Documentation Com-
mittee (IKDC) examination was used for assessing ACL
reconstruction outcomes objectively.16 All physical exami-
nations were performed by the senior surgeon.

Radiographic assessments were performed using simple
radiographs. The hip-knee-ankle angle was measured with
weightbearing on an entire lower extremity anteroposterior
radiograph. The posterior tibial slope was measured on the
lateral radiograph by the angle between the line drawn tan-
gentially to the tibial plateau and the line drawn through the
anatomic axis of the proximal tibia.51

Functional assessments were conducted using the
Lysholm knee score, Tegner activity scale, Knee injury and
Osteoarthritis Outcome Score, and IKDC subjective score
preoperatively and at every follow-up visit.8,32,43,47 Subse-
quent surgical procedures were reviewed from medical
records and verified by telephonic interview for all patients.

Statistical Analysis

The sample size was calculated using G*Power (Version 3.1),
based on a pilot study of patients who satisfied the inclusion
and exclusion criteria between January 2016 and January
2018.12 The sample size was chosen to be able to differentiate
anterior laxity at the 2-year follow-up between the groups.
The minimum sample size required was 36 per group, with a
significance level (a) of 5% and power (1 – b) of 80%.

The independent t test or Mann-Whitney U test was used
for continuous variables, and the chi-square or Fisher exact
test was used for categorical variables. Multivariable linear
regression was used to compare the clinical outcomes
between the groups considering the presence or absence
of GJL as a confounding factor. Univariable and multivar-
iable logistic regression analyses using the enter method
were applied to identify factors influencing the initial con-
straint level of the reconstructed knee joint. A receiver
operating characteristic curve was used to determine the
cutoff point for a preoperative variable that predicted

TABLE 2
Comparison of Preoperative Variables Between the Study Groupsa

Variable Group P (n ¼ 66) Group H (n ¼ 47) P

Knee extension deficit, deg 3.9 ± 6.0 4.2 ± 7.5 .786
Knee flexion deficit, deg 14.2 ± 21.4 15.4 ± 20.4 .492
Anterior translation with KT-2000 arthrometer, mm

Affected knee 13.5 ± 3.6 14.2 ± 2.7 .144
Contralateral knee 7.5 ± 2.2 9.3 ± 2.2 < .001

Anterior translation SSD, mm
With KT-2000 arthrometer 5.8 ± 3.0 5.0 ± 2.3 .222
On Telos stress radiograph 5.4 ± 3.9 4.8 ± 3.4 .349

Pivot-shift grade .999
1 17 (25.8) 12 (25.5)
2 32 (48.5) 23 (48.9)
3 17 (25.8) 12 (25.5)

Hip-knee-ankle axis,b deg 0.3 ± 2.9 –0.3 ± 3.4 .433
Sagittal posterior tibial slope, deg 9.2 ± 3.0 7.9 ± 2.7 .022
Varus translation SSD 0.5 ± 2.2 0.1 ± 2.1 .181
Valgus translation SSD 0.7 ± 1.7 0.2 ± 1.8 .128
Lysholm score 57.2 ± 23.1 61.8 ± 22.8 .277
Tegner score 1.6 ± 1.5 1.6 ± 1.4 .976
KOOS 61.3 ± 16.2 60.9 ± 14.7 .879

Pain 70.3 ± 18.6 66.8 ± 19.3 .327
Symptoms 58.7 ± 15.0 60.6 ± 14.1 .486
ADL 71.4 ± 21.6 72.3 ± 19.8 .875
Sport/Recreation 30.2 ± 25.4 24.8 ± 22.0 .312
QOL 42.9 ± 25.4 43.2 ± 22.6 .524

IKDC subjective score 47.2 ± 18.6 48.1 ± 15.9 .780
Symptoms 18.4 ± 7.0 19.6 ± 6.3 .366
Sports 19.3 ± 9.9 19.2 ± 8.1 .905
Function 3.4 ± 2.2 3.4 ± 2.3 .897

IKDC objective grade .872
A 0 (0) 0 (0)
B 6 (9.1) 3 (6.4)
C 26 (39.4) 19 (40.4)
D 34 (51.5) 25 (53.2)

aData are reported as mean ± SD or n (%). Boldface P values indicate a statistically significant difference between groups (P < .05). ADL,
Activities of Daily Living; IKDC, International Knee Documentation Committee; KOOS, Knee injury and Osteoarthritis Outcome Score; QOL,
Quality of Life; SSD, side-to-side difference.

bPositive values indicate varus alignment; negative values indicate valgus alignment.
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postoperative overconstraint. The threshold for signifi-
cance was set at P < .05. SPSS (Version 26.0; IBM) was
used for statistical analysis.

RESULTS

The mean initial anterior translation SSD was –0.5 ± 1.2 mm
in group P and –4.1 ± 1.5 mm in group H (P < .001). No
patient showed loose tension (>2 mm SSD). GJL was signif-
icantly more common in group H than in group P (P ¼ .005)
(Table 1). Anterior translation as measured in the contralat-
eral knee was significantly higher in group H than in group P
(P < .001), while that of the affected knee was similar
between the groups (Table 2). The posterior tibial slope was
significantly lower in group H than in group P (P ¼ .022). All
other patient characteristics and preoperative and intrao-
perative variables were comparable between the groups
(Appendix Table A1).

Anterior laxity of the reconstructed knee increased
gradually over time (Figure 2). The SSDs in anterior
translation in both groups increased significantly until
6 months postoperatively (P < .05) and differed signifi-
cantly between the groups at 3 (P < .001) and 6 (P ¼ .006)
months. However, knee stability, knee ROM, and clinical
outcomes at the 2-year follow-up were similar between
the groups (Table 3). The clinical outcomes at the 2-year
follow-up were comparable between the groups, even con-
sidering the presence or absence of GJL as a confounding
factor (Table 4).

During the 2-year follow-up, a similar number of patients
underwent revision ACL reconstruction or contralateral

Figure 2. Changes in anterior translation side-to-side difference
(SSD) measured with a KT-2000 arthrometer over a 24-month
period. Only patients in whom we were able to obtain measure-
ments at every follow-up visit are included (group P, n ¼ 42;
group H, n ¼ 28). *Significantly different between follow-up per-
iods (P < .05). ‡Significantly different between groups (P < .05).

TABLE 3
Comparison of 2-Year Postoperative Outcomes Between the Study Groupsa

Variable Group P (n ¼ 63)b Group H (n ¼ 43)b P

Knee extension deficit, deg 0.6 ± 1.8 1.1 ± 2.3 .224
Knee flexion deficit, deg 1.6 ± 2.9 1.7 ± 3.6 .663
Anterior translation SSD, mm

With KT-2000 arthrometer 2.5 ± 2.0 2.2 ± 1.9 .397
On Telos stress radiograph 3.3 ± 2.2 2.9 ± 2.0 .144

Pivot-shift grade .835
0 35 (55.6) 27 (62.8)
1 25 (39.7) 14 (32.6)
2 3 (4.8) 2 (4.7)

Lysholm score 86.14 ± 11.1 84.5 ± 8.6 .155
Tegner score 4.8 ± 1.6 4.5 ± 1.2 .292
KOOS 8 ± 7.6 86.2 ± 8.7 .219

Pain 91.8 ± 8.0 89.1 ± 11.4 .337
Symptoms 84.8 ± 12.8 82.4 ± 14.0 .408
ADL 93.8 ± 6.4 91.9 ± 8.4 .228
Sport/Recreation 80.3 ± 12.9 77.1 ± 12.8 .195
QOL 75.6 ± 15.6 73.1 ± 12.1 .158

IKDC subjective score 80.5 ± 11.1 79.7 ± 8.1 .159
Symptoms 29.7 ± 5.7 29.2 ± 4.2 .107
Sports 32.5 ± 4.3 32.2 ± 3.9 .465
Function 7.8 ± 1.3 7.8 ± 1.1 .655

IKDC objective grade .166
A 14 (22.2) 17 (39.5)
B 33 (52.4) 18 (41.9)
C 16 (25.4) 8 (18.6)
D 0 (0) 0 (0)

aData are reported as mean ± SD or n (%). ADL, Activities of Daily Living; IKDC, International Knee Documentation Committee; KOOS,
Knee injury and Osteoarthritis Outcome Score; QOL, Quality of Life; SSD, side-to-side difference.

bPatients who underwent revision or contralateral anterior cruciate ligament reconstruction during the 2-year follow-up were excluded
from the final postoperative outcome evaluation (group P, n ¼ 3; group H, n ¼ 4).
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ACL reconstruction in both groups (group P, n¼ 3; group H,
n ¼ 4) (Table 5). There were 2 subsequent brisement pro-
cedures for limited knee ROM in group H compared with
none in group P (P ¼ .171).

Anterior translation measured in the contralateral knee
with a KT-2000 arthrometer was the only independent predic-
tor of high initial constraint in the reconstructed knee (Table
6). The cutoff value was found to be 8.4 mm (sensitivity, 63.0%;
specificity, 74.2%; area under the curve, 0.741) (Figure 3).

DISCUSSION

We found that the same amount of initial tension applied to
the graft at graft fixation produced varying constraint
levels in terms of the initial anterior translation SSD. A
measured anterior translation in the contralateral knee
>8.4 mm was found to be an indicator of postoperative high
constraint in the affected knee. However, patients with a
highly constrained knee (group H) did not experience better

TABLE 4
Multivariable Linear Regression of Postoperative Outcomes at the 2-Year Follow-up Considering Both Initial Knee Constraint

Level and GJLa

Variable Coefficient (95% CI) P

Anterior translation SSD with KT-2000 arthrometer
Group H (reference: group P) –0.559 (–1.384 to 0.266) .182
Presence of GJL (reference: no GJL) 0.950 (0.036 to 1.864) .042

Anterior translation SSD on Telos stress radiograph
Group H (reference: group P) –0.372 (–1.152 to 0.408) .347
Presence of GJL (reference: no GJL) 0.652 (–0.213 to 1.517) .138

Lysholm score
Group H (reference: group P) –0.798 (–4.816 to 3.220) .695
Presence of GJL (reference: no GJL) –3.751 (–8.206 to 0.704) .098

Tegner score
Group H (reference: group P) –0.378 (–0.961 to 0.205) .202
Presence of GJL (reference: no GJL) 0.078 (–0.568 to 0.725) .811

KOOS
Group H (reference: group P) –2.199 (–5.285 to 0.887) .161
Presence of GJL (reference: no GJL) –0.139 (–3.559 to 3.282) .936

KOOS–Pain
Group H (reference: group P) –2.094 (–5.920 to 1.732) .280
Presence of GJL (reference: no GJL) –1.564 (–5.806 to 2.678) .466

KOOS–Symptoms
Group H (reference: group P) –1.330 (–6.880 to 4.220) .636
Presence of GJL (reference: no GJL) –2.142 (–8.296 to 4.011) .491

KOOS-ADL
Group H (reference: group P) –2.112 (–5.039 to 0.816) .156
Presence of GJL (reference: no GJL) 1.384 (–1.862 to 4.629) .400

KOOS–Sport/Recreation
Group H (reference: group P) –3.060 (–8.210 to 2.089) .241
Presence of GJL (reference: no GJL) –0.446 (–6.155 to 5.263) .877

KOOS-QOL
Group H (reference: group P) –3.252 (–9.042 to 2.538) .268
Presence of GJL (reference: no GJL) 0.490 (–5.929 to 6.909) .880

IKDC subjective score
Group H (reference: group P) –0.314 (–4.036 to 3.408) .868
Presence of GJL (reference: no GJL) –3.420 (–7.546 to 0.707) .103

IKDC–Symptoms
Group H (reference: group P) –0.133 (–2.164 to 1.898) .897
Presence of GJL (reference: no GJL) –1.540 (–3.792 to 0.711) .178

IKDC–Sports
Group H (reference: group P) –0.168 (–1.817 to 1.480) .840
Presence of GJL (reference: no GJL) –1.117 (–2.945 to 0.710) .228

IKDC–Function
Group H (reference: group P) 0.028 (–0.494 to 0.550) .914
Presence of GJL (reference: no GJL) –0.317 (–0.896 to 0.261) .279

aBoldface P value indicates statistical significance (P < .05). ADL, Activities of Daily Living; GJL, generalized joint laxity; IKDC,
International Knee Documentation Committee; KOOS, Knee injury and Osteoarthritis Outcome Score; QOL, Quality of Life; SSD, side-to-
side difference.
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clinical outcomes after ACL reconstruction than those with
a physiologically constrained knee (group P).

The optimal amount of initial tension for knee stability
after ACL reconstruction remains unclear. However, it
seems rational to consider that the tension needed to be
applied to the graft is tissue-specific. While an initial ten-
sion of 20 to 60 N for a bone–patellar tendon–bone graft has

been used for ACL reconstruction, higher tensions of
approximately 70 to 80 N have been preferred for soft tissue
grafts.2,27 Yasuda et al54 demonstrated that using an initial
tension of 80 N for ACL reconstruction with a hamstring
autograft provided more anterior-to-posterior knee stabil-
ity than 20 N at the 2-year follow-up. In a comparison of
78.4, 117.6, and 147 N of initial tensions for semitendinosus
tendon grafts, there were no reported differences in the
anterior laxity or clinical outcomes.23 A recent systematic
review showed that an initial force of 78.5 to 90 N reduced
the anterior laxity after ACL reconstruction.26 Accordingly,
and considering that highly tensioned grafts might produce
unfavorable outcomes in terms of histology and stability,
we applied 80 N of initial force to the grafts.22,55 Our results
also suggested that 80 N of initial force for an ACL recon-
struction was favorable regarding the knee stability and
clinical outcomes at short-term (2-year) follow-up.

Fleming et al14,15 have conducted studies on laxity-based
graft tensioning, either matching or overconstraining the
graft by 2 mm compared with the anterior laxity of the
contralateral knee. At 36, 60, and 84 months postopera-
tively, the authors found no significant differences between
the matched and overconstrained groups in knee laxity and
on most of the clinical outcomes.1,15 More recently, a study
on laxity-based graft tensioning reported that overcon-
strained hamstring autografts produced better outcomes
than did matched-tensioned autografts, whereas no differ-
ences were found for patellar tendon grafts at 84 months.10

Our finding of no difference in clinical outcomes between
the physiologic constraint and high-constraint groups at 24
months was concordant with those of previous studies with
short-term follow-up. However, the mean initial anterior
translation SSD in the high-constraint group of our study
was –4.1 ± 1.5 mm, which is more constrained than that of
the overconstrained group in the study by Fleming et al15 (–
2.2 ± 0.2 mm). Consequently, we assume that the force used

Figure 3. Receiver operating characteristic curve for deter-
mining the cutoff point for anterior translation in the contra-
lateral knee (8.4 mm; sensitivity, 63.0%; specificity, 74.2%;
area under the curve [AUC], 0.741).

TABLE 6
Univariable and Multivariable Logistic Regression Analyses Showing Factors Influencing the Initial Constraint Level

of the ACL-Reconstructed Kneea

Univariable Multivariable

Predictor OR (95% CI) P OR (95% CI) P

Generalized joint laxity 0.295 (0.123-0.704) .006 0.542 (0.203-1.444) .220
Anterior translation of the contralateral knee with KT-2000 arthrometer 1.475 (1.208-1.800) < .001 1.405 (1.143-1.728) .001
Sagittal posterior tibial slope 0.853 (0.743-0.980) .025 0.875 (0.751-1.018) .084

aBoldface P values indicate statistical significance (P < .05). ACL, anterior cruciate ligament; OR, odds ratio.

TABLE 5
Comparison of Revision and Contralateral ACL Reconstruction and Subsequent Procedures Between the Study Groupsa

Variable Group P (n ¼ 66) Group H (n ¼ 47) P

Revision ACL reconstruction 2 (3.0) 3 (6.4) .648
Contralateral ACL reconstruction 1 (1.5) 1 (2.1) >.999
Subsequent procedure for limited knee ROM 0 (0) 2 (4.3) .171

aData are reported as n (%). ACL, anterior cruciate ligament; ROM, range of motion.
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in the laxity-based protocol to overconstrain by 2 mm might
be <80 N. This might imply that a higher tension than that
used in the overconstrained graft in laxity-based tensioning
could be employed. Future long-term studies are needed to
draw a solid conclusion about the impact of the initial level
of knee constraint after ACL reconstruction.

In both study groups, anterior translation SSD increased
over time postoperatively, and the increase was significant
at 6 months postoperatively, but not at 12 and 24 months.
The changes in anterior translation SSD with time are sim-
ilar to those found in previous studies.1,15 Akelman et al1

and Fleming et al15 showed that anterior laxity for both the
overtensioned and matched-tensioned groups increased
over time, particularly over 6 months, although the ante-
rior translation SSD at the 3-month follow-up was not
stated. Nicholas et al40 compared 45 and 90 N of initial
tension for ACL reconstruction, using bone–patellar ten-
don–bone autografts, and showed that the graft loosened
over the first 6 months, but the loosening was no longer
statistically significant thereafter up to 4 years. Notably,
most of the increase in the anterior laxity already appeared
1 week after surgery, although the immediate postopera-
tive value was not reported.

One reason for the increased anterior laxity after ACL
reconstruction is stress relaxation and the creep phenome-
non.17 Pretensioning on a graft board and/or cyclic precon-
ditioning of knee flexion and extension are often performed
to obviate graft elongation and tension loss.11,13,41 We used
pretensioning at 88 N for 20 minutes and 20 flexion-
extension cycles of preconditioning. Graft elongation and
the resultant increased anterior laxity are partly attributed
to the viscoelastic behavior of the graft. However, the graft
loosened significantly over 6 months, and its viscoelastic
behavior alone may not account for this. Another possible
reason is the graft ligamentization process after ACL recon-
struction. In an animal study, the vascularity and cellular-
ity of the graft approached those of the native ACL around 6
to 12 months after reconstruction.4,49,52 Histological analy-
sis after ACL reconstruction with hamstring autografts
showed that the collagen content and cross-linking differed
significantly from those of the native ACL at 6 months but
became identical at 1 year postoperatively.35 A recent quan-
titative magnetic resonance imaging study found that the
proteoglycan content and collagen structure were signifi-
cantly higher at 6 months than at 12, 24, and 36 months.30

The time course of the ligamentization process showed sim-
ilarities to our results, in which anterior laxity after ACL
reconstruction increased significantly over 6 months and
plateaued thereafter.

GJL adversely affects knee stability, graft failure rates,
and functional outcomes after ACL reconstruction.24,25,28

However, there has been a paucity of publications that
describe the relationship between the presence of GJL and
the initial constraint level of the knee. In the current study,
the presence of GJL was significantly more common in the
high-constraint group; however, it was not an independent
predictor for the high constraint level of the knee. Further-
more, the clinical outcomes were comparable regardless of
the knee constraint level, even considering GJL as a con-
founding factor. However, patients with GJL produced less-

stable knees in terms of KT-2000 arthrometer anterior
translation SSD than those without GJL at the 2-year
follow-up (coefficient, 0.950; 95% CI, 0.036-1.864; P ¼
.042). While there is a lack of consensus on the surgical
strategy regarding GJL for ACL reconstruction, such as
graft selection and graft tension, our results imply that
knees with GJL could be initially overconstrained after
ACL reconstruction using a soft tissue graft and may be
one of the key adjustment factors in patients with GJL.

Limitations

The study had several limitations. First, information and
selection bias were inevitable because of the retrospective
nature of the study. Second, the sample size was relatively
small, although a priori sample-size calculation was per-
formed. Third, the short-term clinical outcomes might be
insufficient to draw a clear conclusion regarding the effect
of initial anterior translation SSD. Fourth, measurements
using the KT-2000 arthrometer throughout the study were
performed by a single senior surgeon. The measurements
were consistent and reasonable because the intrarater reli-
ability for the KT-2000 arthrometer measurement of ante-
rior tibial translation was acceptable; however, the
interrater reliability was poor.44

CONCLUSION

Anterior translation>8.4 mm in the contralateral knee was
an independent predictor of more constraint in the affected
knee. The short-term clinical outcomes after ACL recon-
struction were comparable, regardless of the initial level
of constraint in terms of anterior translation SSD. In
force-based tensioning, the measured anterior translation
of the contralateral knee could be useful for forecasting the
initial knee constraint level and adjusting for
“individualized” constraints for ACL reconstruction.
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chanical properties and vascularity of an anterior cruciate ligament

graft can be predicted by contrast-enhanced magnetic resonance

imaging: a two-year study in sheep. Am J Sports Med. 2001;29(6):

751-761.

53. Xu H, Zhang C, Zhang Q, et al. A systematic review of anterior cruciate

ligament femoral footprint location evaluated by quadrant method for

single-bundle and double-bundle anatomic reconstruction. Arthros-

copy. 2016;32(8):1724-1734.

54. Yasuda K, Tsujino J, Tanabe Y, Kaneda K. Effects of initial graft ten-

sion on clinical outcome after anterior cruciate ligament reconstruc-

tion: autogenous doubled hamstring tendons connected in series with

polyester tapes. Am J Sports Med. 1997;25(1):99-106.

55. Yoshiya S, Andrish JT, Manley MT, Bauer TW. Graft tension in anterior

cruciate ligament reconstruction: an in vivo study in dogs. Am J

Sports Med. 1987;15(5):464-470.

56. Yoshiya S, Kurosaka M, Ouchi K, Kuroda R, Mizuno K. Graft tension

and knee stability after anterior cruciate ligament reconstruction. Clin

Orthop Relat Res. 2002;394:154-160.

APPENDIX

APPENDIX TABLE A1
Comparison of Intraoperative Variables Between the Study Groupsa

Variable Group P (n ¼ 66) Group H (n ¼ 47) P

Tunnel length, mm 37.7 ± 3.9 37.3 ± 3.0 .330
Graft diameter, mm 7.9 ± 0.7 8.1 ± 0.7 .229
Meniscal procedure .811

Yes 38 (57.6) 26 (55.3)
No 28 (42.4) 21 (44.7)

Medial meniscal procedures .967
None 36 (54.5) 25 (53.2)
Partial meniscectomy 9 (13.6) 6 (12.8)
Meniscal repair 21 (31.8) 16 (34.0)

Lateral meniscal procedures .912
None 49 (74.2) 35 (74.5)
Partial meniscectomy 7 (10.6) 4 (8.5)
Meniscal repair 10 (15.2) 8 (17.0)

Medial collateral ligament release .640
Yes 3 (4.5) 1 (2.1)
No 63 (95.5) 46 (97.9)

aData are reported as mean ± SD or n (%).

10 Chung et al The Orthopaedic Journal of Sports Medicine


	Factors Influencing the Initial Constraint Level of the Knee Joint and Its Effect on Clinical Outcomes After ACL Reconstruction With Hamstring Graft
	METHODS
	Study Population
	Operative Procedures and Tensioning Protocol
	Clinical Assessment
	Statistical Analysis

	RESULTS
	DISCUSSION
	Limitations

	Conclusion
	Acknowledgment
	References 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


