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Abstract 

Background  Applying pretension by cyclic knee motion immediately before graft fixation in anterior cruci-
ate ligament (ACL) reconstruction surgery decreases graft elongation during the postoperative course. However, 
the expected change in graft tension caused by cyclic knee motion remains unclear. We measured graft tension 
changes caused by cyclic knee motion during double-bundle ACL reconstruction.

Methods  We included 39 patients undergoing primary anatomical double-bundle ACL reconstruction with autolo-
gous hamstrings as graft sources, at multiple centers between February 2021 and August 2022. After securing 
the anteromedial (AM) and posterolateral (PL) bundle grafts to the femoral cortex, they were initially tensioned to 40 N 
per bundle. After 10 cycles of knee extension and flexion motion, ranging from 0 to 90–110°, tension was re-measured 
and re-tensioned to 40 N if the graft tension had decreased. This was repeated thrice for 10 cycles on each graft. Every 
10 cycles, we recorded graft tension changes (ΔGT) and compared the mean ΔGT in the AM and PL bundles. Further-
more, we assessed relationships between total ΔGT in each bundle, age, sex, and graft diameter.

Results  Twenty-five women and 14 men with a mean age of 27.4 ± 12.4 years were included. The mean ΔGT in AM 
and PL bundles after every 10 cycles were 6.6 ± 3.7 N, 3.0 ± 2.3 N, 1.4 ± 1.5 N, and 9.9 ± 3.8 N, 4.9 ± 2.6 N, and 2.5 ± 1.9 N, 
respectively. There were significant differences in ΔGT in both bundles after every 10 cycles (p < 0.01). ΔGT in the AM 
bundle was significantly lower than in the PM bundle at the same number of cycles (p < 0.01). No correlation 
was observed between ΔGT in either bundle and age, sex, or graft diameter.

Conclusions  The initially applied graft tension decreased by intra-operative cyclic knee movement, and the changes 
in graft tension decreased after retention and repeated cycles. Three sets of 10 cycles knee motion may avoid initial 
tension loss of the hamstring autograft in the early phase after double-bundle ACL reconstruction.
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Introduction
Adequate initial graft tension is an important factor 
affecting the clinical outcomes of anterior cruciate liga-
ment (ACL) reconstruction [1]. Recent studies have 
reported that a larger graft tension may lead to over-con-
straining of the knee joint, resulting in a loss of range of 
motion and worse survival with the graft [2]. However, 
the results of another study suggested that lower graft 
tension may lead to post-operative knee laxity [3]. Creep 
of the graft caused by sustained tensile loading may cause 
a reduction in the initial graft tension and knee instability 
after ACL reconstruction [4].

The pretension technique is considered useful for 
properly adjusting the initial graft tension during ACL 
reconstruction [4, 5]. The cyclic or static load on the graft 
before fixation theoretically eliminates the loosening of 
the knot between the thread and the graft and stiffens 
the graft itself [6]. Consequently, the initial graft ten-
sion remains stable after ACL reconstruction. Previous 
reports have described the methodology and effective-
ness of the pretension technique [5, 7]. A biomechani-
cal study using a commercial tensiometer revealed that 
intra-articular pretension significantly minimized graft 
elongation before final graft fixation compared with the 
maximal manual pull of the graft [7]. Intra-operative rep-
etition of flexion and extension of the knee joint is simple 
yet effective for pretension [2]. A previous study revealed 
that a four-strand hamstring tendon graft elongates after 
cyclic knee motion [5]. Despite reports demonstrating 
the relationship between cyclic knee motion and graft 
elongation, few have measured the changes in initial graft 
tension caused by cyclic knee motion. Applying preten-
sion by cyclic knee motion immediately before graft 
fixation in ACL reconstruction surgery decreases graft 
elongation during the postoperative course. However, the 
expected change in graft tension caused by cyclic knee 
motion remains unclear.

This novel study measured changes in initial graft ten-
sion caused by cyclic knee motion in double-bundle ACL 
reconstruction. In addition, we elucidated the patient fac-
tors related to larger graft tension changes and hypothe-
sized that graft tension would reduce by immediate cyclic 
knee motion.

Methods
Study design
This study was approved by the Certified Clinical 
Research Board of our hospital (M10609). Informed 
consent was obtained from all patients and guardians 
of minor patients. We conducted a prospective clinical 
study of ACL reconstruction at multiple centers between 
February 2021 and August 2022. Forty-three patients 
underwent primary anatomical double-bundle ACL 

reconstruction using a semitendinosus tendon autograft. 
The exclusion criteria were as follows: 1) concomitant 
knee fracture and other ligament injuries, 2) history of 
knee surgery or knee trauma, and 3) insufficient records. 
Patient characteristics such as age, sex, body mass index 
(BMI), and graft diameter were collected from the elec-
tric medical records.

Surgical technique and measurement
Two orthopedic surgeons (R.A. and T.S.) with experience 
in knee surgery and three orthopedic residents (M.H., 
S.W., and H.H.) supervised by R.A. or T.S. performed the 
ACL reconstruction.

After conventional arthroscopic examination through 
the anteromedial (AM) and anterolateral portals, the 
hamstring autografts were harvested. An oblique incision 
of 3 cm in length was created on the anteromedial tibial 
surface at the pes anserinus level, and the semitendino-
sus tendon was harvested using an open-loop tendon 
stripper (Smith & Nephew Endoscopy, Andover, MA, 
USA). Subsequently, the harvested tendon was cut into 
halves and folded, creating two double-stranded bundles 
6.0 cm or more in length, looped over the TightRope RT 
(Arthlex Inc., Naples, Florida). The open free ends of the 
graft were armed with a 1.3 mm Taperoop (Arthlex Inc., 
Naples, Florida). Traction was applied on the graft to 
tighten the suture during the graft preparation process. 
After preparation, the grafts were kept without further 
pretension until implantation.

The position of the femoral tunnel was arthroscopically 
determined with reference to the intercondylar ridge, 
posterior femoral condyle cartilage edge, and femoral 
footprint of the remnant ACL [8]. The femoral AM tun-
nels were placed 6 mm anterior to the posterior femoral 
condyle cartilage edge and the femoral posterolateral 
(PL) tunnels were placed distal to the lateral bifurcate 
ridge and posterior to the intercondylar ridge using the 
outside-in technique. Additionally, the tibial bone tunnel 
site was arthroscopically determined with reference to 
the ACL remnant, medial tibial eminence, anterior horn 
of the lateral meniscus, and transverse ligament [9]. Tib-
ial tunnels were positioned at the center of the AM and 
PL footprints. Both AM and PL grafts were introduced 
through each bone tunnel, and the TightRope RT button 
(Arthlex Inc., Naples, Florida, USA) was flipped outside 
the femoral cortex for fixation [10].

Once the femoral end of the graft was fixed, a 6.5 mm 
collar of the TensionLoc (Arthlex Inc., Naples, Florida) 
system was placed on the tibial cortex at each graft tun-
nel end, and the graft tension was measured using a 
tensiometer (Arthlex Inc., Naples, Florida, USA) before 
final fixation. An initial tension of 40 N was applied to 
the AM and PL bundles at a knee flexion of 30 ° and full 
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knee extension, respectively. Subsequently, the knee joint 
was moved from full extension to 90 °–110 °flexion for 
10 cycles [5] with the tension meter applying tension on 
the graft during the procedure (Fig. 1). The tension value 
indicated by the tension meter was recorded after 10 
cycles of knee motion. If a decrease in graft tension was 
observed, the graft was re-tensioned to 40 N. This set of 
tension measurements and the knee cyclic motion proce-
dure was repeated until a total of 30 cycles were applied 
to each graft, and the graft tension was recorded every 
10 cycles. Finally, each graft was re-tensioned to 40 N and 
fixed using the TensionLoc plug (Arthlex Inc., Naples, 
Florida, USA). The femoral cortical fixations were con-
firmed to have no gap between the femoral cortex and 
the button by radiograph postoperatively.

Statistical analyses
Summary statistics for each variable were created using 
frequencies and proportions for categorical data and 
means and standard deviations (SD) for continuous 
variables.

The change in graft tension (ΔGT) every 10 cycles was 
calculated as follows: ΔGT = 40 - graft tension after 10 
times knee flexion and extension (N). The Shapiro-Wilk 
test revealed a non-normal, distribution of ΔGT, direct-
ing non- parametric statistics for analysis. We compared 
ΔGT in the AM and PL bundle every 10 cycles using the 
Friedman test and Wilcoxon signed-rank test with Bon-
ferroni correction.

We summed ΔGT every 10 cycles as the total ΔGT. A 
linear regression model was used to investigate the rela-
tionship between total ΔGT in AM and PL bundle and 
age, sex, and graft diameter. Sex was treated as a binary 
variable and divided into females and males, and the 
regression coefficient of females relative to that of males 
was calculated. We selected AM bundle graft diameter as 
an exploratory variable to calculate the regression coef-
ficient between ΔGT in the AM bundle and graft diam-
eter. Similarly, we selected the PL bundle graft size as an 
exploratory variable to calculate the regression coefficient 

between ΔGT in the PL bundle and graft diameter. To 
ensure a power of 80% and a two-sided alpha level of 
0.05, a minimum of 32 patients were required to reach 
statistical significance.

All p-values were two-tailed, and statistical significance 
was set at p < 0.05.  Data management and analysis were 
performed using R statistical software (version 3.5.1).

Results
Two patients received the gracilis tendon as a graft: one 
patient had a medial collateral ligament injury and the 
other had an avulsion fracture. Ultimately 39 patients 
were included in this study. We analyzed 24women and 
15men with a mean age at the surgery of 27.4 years (range 
14–51 years). Patient characteristics and surgical infor-
mation are presented in Table 1.

The mean ± SD and median ΔGT in the AM bundle 
at every 10 cycles were 6.6 ± 3.7 N and 6.0 N (interquar-
tile range, 4.0 to 8.5), 3.0 ± 2.3 N and 2.0 N (interquartile 
range, 1.0 to 4.0), and 1.4 ± 1.5 N and 1.0 N (interquar-
tile range, 0.0 to 2.0), respectively. The mean ± SD and 
median ΔGT in the PL bundle at every 10 cycles were 
9.9 ± 3.8 N and 10.0 N (interquartile range, 6.5 to 12.0), 

Fig. 1  Measurement of graft tension change caused by cyclic knee motion during ACL reconstruction (a) the graft is fixed at an initial tension 
of 40 N using a tensiometer (Arthlex Inc., Naples, Florida) (b), (c) repeated knee flexion and extension between 0 degree and 90–110 degrees for 10 
cycles (d) the graft tension is measured using the tensiometer

Table 1  Patients characteristic and surgical information

Data were represented as a number (rate) and mean ± standard deviation

BMI Body mass index, AM anteromedial, PL posterolateral

Patients number 39

Age (y) 27.4 ± 12.4

Sex

  Male 14 (35.9)

  Female 25 (64.1)

BMI (Kg/m2) 23.8 ± 3.6

Injured side

  Left 19 (48.7)

  Right 20 (51.3)

Graft size (mm)

  AM bundle 5.8 ± 0.4

  PL bundle 5.6 ± 0.3
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4.9 ± 2.6 N and 5.0 N (interquartile range, 3.5 to 5.5), 
and 2.5 ± 1.9 N and 2.0 N (interquartile range, 1.0 to 3.0), 
respectively. The mean ΔGT in the AM and PL bundles 
significantly decreased with repeated knee flexion and 
extension (p < 0.01). In addition, ΔGT in the AM bundle 
was significantly lower than that in the PM bundle during 
the same cycles (p < 0.01) (Fig. 2).

Table 2 presents the results of correlation analyses. No 
significant correlation was found between age, sex, graft 
size, and total ΔGT in the AM and PL bundles.

Discussion
The most significant finding of our study was that cyclic 
knee motion intraoperatively reduced changes in soft 
tissue graft tension during primary double-bundle ACL 
reconstruction. Other important findings are that patient 
characteristics and surgical information are not associ-
ated with soft tissue graft tension change. Intra-operative 
cyclic knee motion is a convenient technique for deflect-
ing the graft and creating graft tension appropriate for 
ACL reconstruction. A cyclic load may eliminate knot 
loosening between the thread and graft and elongate 
the graft. In addition, the viscoelastic creep of the graft 

was generated by repetitive tensile loading before graft 
fixation.

The current study showed that when the initial graft 
tension was 40 N, the AM, and PL graft tension decreased 
by 1.8 and 2.5 N after repeated knee flexion and extension 
at 30 cycles, respectively. Despite the importance of initial 
graft tension during ACL reconstruction, there is a pau-
city of evidence regarding the number of surgeons who 
should repeat knee flexion and extension. Several studies 
on graft tension have been conducted in biomechanical 
laboratories. One laboratory study reported that bone 
tendon-bone graft tension was stable after 500 cycles 
[11]. Intra-operative knee flexion and extension for up 
to several hundred cycles are difficult to achieve in clini-
cal situations. Jiang et al. investigated the lengthening of 
hamstring grafts using cyclic knee motion in 53 patients 
who underwent single-bundle ACL and concluded that 
graft elongation achieved a stable level after 30 cycles [5]. 
Our results confirm that 3 sets of 10 cycle knee motion 
may suffice to obtain the initial graft tension that each 
surgeon aims to establish after ACL reconstruction.

Another finding was that the change in graft tension in 
the AM bundle was significantly smaller than that in the 
PL bundle in each repeated knee flexion and extension 

Fig. 2  The change in graft tension every 10 cycles of knee flexion and extension

Table 2  Correlation analysis between total ΔGT and age, sex, and graft diameter

AM anteromedial, PL posterolateral, SE standard error, ΔGT the change in graft tension

AM bundle PL bundle

β SE p-value β SE p-value

Age 0.01 0.09 0.96 0.01 0.09 0.88

Sex [vs male] 1.25 2.58 0.63 −2.50 2.41 0.31

Graft diameter 3.87 3.04 0.21 5.49 2.94 0.07
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cycle. Several recent studies have shown different bio-
mechanical reactions between the AM and PL bundles. 
In a normal ACL, the AM bundle is stretched in the full 
extension and flexion positions of more than 60°, whereas 
the PL bundle becomes slack in the flexion position [8]. A 
biomechanical study that assessed the graft tension pat-
terns in the AM and PL bundles after ACL reconstruc-
tion revealed that the PL bundle was more tensioned 
than the AM bundle during knee flexion and extension 
between 0° and 30°8. Another in vivo study indicated that 
the PL bundle significantly contributed to the resistance 
to rotational forces compared with the AM bundle at 0° 
and 30° knee flexion [12]. The PL bundle may have been 
more susceptible to loosening than the AM bundle owing 
to cyclic knee motion because of the complex forces 
it was subjected to during knee flexion and extension 
between 0 °and 30 degrees.

The present study showed no significant association 
between graft tension changes caused by cyclic knee 
motion and patient characteristics during double-bundle 
ACL reconstruction. Furthermore, our findings are con-
sistent with those of Jiang et al., who reported that there 
is no association between hamstring graft elongation 
and sex, age, or graft diameter during single-bundle ACL 
reconstruction [5]. In addition, they reported that graft 
elongation did not correlate with height, weight, affected 
side, duration of surgery, or graft length. Jiang et al. ana-
lyzed nine variables for 53 cases analyzed, which resulted 
in low statistical reliability. We performed our analysis 
using three variables for 39 cases and obtained results 
similar to those of a previous report. However, as graft 
fixation angles affect graft tension during knee motion 
[13, 14], we fixed the AM bundle at 30 degrees of knee 
flexion and the PL bundle at full knee extension. How-
ever, it was not possible to assess other fixation angles 
in clinical situations. Therefore, the association between 
graft tension changes caused by cyclic knee motion and 
graft fixation angles remains unknown.

This study has several limitations. The major limitation 
was that differences in surgical techniques could poten-
tially influence changes in graft tension. This study was 
the limited surgical technique exhibited by using a ham-
string tendon graft, an adjustable loop device, and an 
outside-in technique for ACL reconstruction. A previous 
laboratory study showed that cyclic knee motion caused 
the elongation of bone-tendon-bone grafts [11]. However, 
it is uncertain whether similar results can be obtained in 
clinical settings. The standard femoral fixation devices 
for soft tissue grafts are fixed-and adjustable loop device 
[15]. One biomechanical study reported that the adjusta-
ble-loop device lengthened under cyclic loads compared 
with a fixed-loop device [16]. Therefore, the generaliz-
ability of our results is subject to several limitations. In 

addition, we performed three sets of 10 cycles of knee 
flexion and extension to investigate changes in intraoper-
ative graft tension; however, it is unclear whether a single 
set of 30 cycles of knee flexion and extension would yield 
similar results. Furthermore, we did not know if these 
graft tension changes are clinically relevant, as there was 
no measurement of postoperative knee laxity after ACL 
reconstruction. Finally, this study had a small sample size. 
Despite these limitations, the present study contributes 
to our understanding of cyclic knee motion during ACL 
reconstruction.

Conclusions
Graft tensile loosening was observed after each intra-
operative cyclic knee movement. The amount of loos-
ening decreased after the retention and repeated cycles. 
Thus, this study suggests that repeated knee flexion 
and extension for 30 cycles may be sufficient to obtain 
a good initial hamstring graft tension during double-
bundle ACL reconstruction.
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