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Abstract.
BACKGROUND: Previous studies showed that compared with single-bundle (SB) precedures, double-bundle (DB) anterior
cruciate ligament (ACL) reconstruction perform better.
OBJECTIVE: To make assurance that distance of TT-TG may be altered along with ACL rupture and reconstruction.
METHODS: Imaging study of 201 patients’s related cases by MRI and CT scans.
RESULTS: Compared with the intact knee’s overall mean TT-TG value, the mean overall pre/postoperative TT-TG values
showed a significant difference. For SB reconstruction, the mean pre/postoperative TT-TG values were 15.67± 2.46 mm and
14.72± 2.48 mm, respectively. Postoperative and intact knee TT-TG values were significantly different (p < 0.001). For DB
reconstruction, the pre/postoperative mean TT-TG values were 15.11± 1.99 mm and 13.11± 1.71 mm. Postoperative and intact
knee TT-TG values were not significantly different (p = 0.141).
CONCLUSIONS: The increased TT-TG value from a ruptured ACL was significantly restored after ACL reconstruction. The
TT-TG value after SB reconstruction was still obviously larger than that of the intact knee. It showed no significant difference
between the postoperative TT-TG of the DB group and intact knees. The original TT-TG values of the knees were much closer
to restoration after DB reconstruction.
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1. Introduction

Providing stability to the knee joint and minimizing stress across knee is the main function of the
anterior cruciate ligament (ACL). It restrains excessive forward movement of the tibia and limits ro-
tational movements of the knee [1,2]. ACL reconstruction aims to restore normal knee function. Over
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the past decade, ACL reconstruction has been undergone as a SB reconstruction, which is the gold
standard technique worldwide. Recently, however, several scholars have conducted double-bundle (DB)
reconstruction [1,3–7]. SB ACL reconstruction does not restore tibial rotation [9–12]. Excessive tibial
rotation will lead to abnormal loading of the cartilage areas that leads to osteoarthritis finally [13]. Fu
et al. [1] suggested that is an important that restoring knee stability decrease the incidence of degenera-
tive changes through ACL reconstruction after rupture of the ACL. Tajima et al. [14] reported that DB
ACL reconstruction restores the patellofemoral joint contact area and contact pressures better than SB
ACL reconstruction. Besides, the tibial tuberosity-trochlear groove (TT-TG) distance of an ACL deficit
knee may be altered and may require restoration after reconstruction. However, information on this topic
is limited. The TT-TG value could indicate the displacement relationship of the tibiofemoral joint and
could be used to show tibial rotation stability.

We hypothesized that the TT-TG value may be altered after ACL rupture and reconstruction and that
two different surgical methods would produce different TT-TG results.

2. Materials and methods

2.1. Clinical data

This retrospective study included patients in our hospital from February, 2008 to April, 2016, males
and females with a primary one-sided total ACL rupture undergoing arthroscopic SB or DB ACL re-
construction. All arthroscopic reconstructions were conducted by the same senior surgeon (Yong-Sheng
Xu). All patients involved in this study gave their informed consent. Institutional review board approval
of Inner Mongolia People’s Hospital was obtained for this study.

Patients with the following conditions underwent SB ACL reconstruction: (1) a small or narrow inter-
condylar fossa; (2) still at a growing age; (3) severe arthritis; and (4) multiple knee ligament injuries or
a knee dislocation. Otherwise, patients underwent DB ACL reconstruction.

Patients meeting the following criteria were excluded: (1) patellofemoral disorder or patellar dislo-
cation; (2) lower limb fractures; (3) active infection affecting the limb subject to treatment/possibilitis
could lead to postoperative infection; (4) multiple ligament injuries in the ipsilateral knee, e.g., MCL or
PCL injury; (5) meniscal injuries that were addressed with partial resection of more than > 1/3 of the
area; (6) knee cartilage injury of grade III; (7) knee degeneration of grade III or above on the Kellgren-
Lawrence scale [15]; (8) general joint laxity with a score of 4 or above on the Beighton-Horan index [16];
(9) contraindications for MRI-scanning; and (10) professional or highly competitive athletes.

Imaging analysis was performed by a senior orthopaedic surgeon (YXW) and an imaging technician
(CLL), who measured each other blindly and reported the consistency of the measurements, the intr-
aclass correlation coefficient (ICC) is 0.913. Preoperative and postoperative image examinations were
conducted as follows: (1) MRIs of the injured knee with a scan range from the trochlear groove to the
tibial tuberosity were obtained with a fully extended knee for each patient. (2) Patellar lateral projection
X-ray images of the injured knee flexed at 30◦/60◦/90◦ were captured to evaluate any patellofemoral
disorders. (3) Anterior-posterior and medial-lateral projection X-ray images of the injured knee were
captured to evaluate degeneration of the knee. (4) Postoperative CT scans of both knees fully extended
were recorded for TT-TG and bone tunnel position measurements.
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Table 1
MRI parameters

Sag T1 Sag PD Cor PD AxPD
Sequence FSE FSE FSE FSE
Fat saturation No Yes Yes Yes
TR (ms) 779 3016 2976 2125
TE (ms) Min full 32 32 35
Matrix size 384 × 256 320 × 288 320 × 256 320 × 288
FOV (cm) 16 16 16 16
Thickness (mm) 3.5 3.5 3.5 4
Space (mm) 0.5 0.5 0.5 0.8
FSE: fast spin echo, SE: spin echo, TR: repetition time, TE: echo time,
FOV: field of view.

2.2. Operation technique

Traditional arthroscopic SB ACL reconstruction was conducted with a technique as the same as Harner
et al. [17], Staubli and Rauschning [18] and Gong et al. [19] whose techniques previously reported. A
semitendinosus-gracilis tendon (STG) graft was selected. The graft was assembled in the same way for
the DB reconstruction protocol was previously reported by Yu et al. [5] and Leung et al. [20].

2.3. Postoperative rehabilitation protocol

Both SB and DB reconstruction groups adopted the same rehabilitation protocol. Patients began range-
of-motion exercises 4 days after the operation. Postoperative CT scans of both knees and anteroposterior
and lateral radiographs were taken 4 days after surgery. After 6 weeks, full weight-bearing with a knee
brace was permitted, and the knee should have been able to flex to at least 120◦ and extend to the same
angle of the bilateral intact knee. Knee brace protection during activities was required until 3 months af-
ter surgery, when flexion and extensionreached as same as the intact kneepostoperatively, we encouraged
patients to start jogging and swimming. Full physical exercises should be limited in 6 months postop-
eratively. Postoperative outpatient follow-up visits occurred after 6 weeks, 3, 6, and 12 months, and the
follow-up period after one year is every other year.

3. Measurements

3.1. MRI examination protocol

The MRI protocol was performed as previously reported [21,22]. We adopted a 3.0-Tesla MR system
(Magnatom 750WS, GE Medical Systems, USA) using a knee coil (GE Medical Systems, USA) with he
following series: (1) sagittal T1-weighted spin echo: repetition time (TR) 779 ms, echo time (TE) Min
full ms; (2) sagittal protein density (PD) fast-saturated spin echo: TR 3016 ms, TE 32 ms; (3) coronal
PD fat-saturated spin echo: TR 2976 ms, TE 32 ms; and (4) Ax PD fat-saturated fast spin echo: TR
2125 ms, TE 35 ms. All serials included in Table 1.

3.2. CT examination protocol

A spiral CT scan (CT Machine: Siemens Medical Systems, Erlangen, Germany) was systematically
performed. The patients were placed supine on the scanner and both knees were positioned in neutral
rotation. The scanning procedure acquired 4.0 mm CT slices from the hip joint to the ankle joint (Ta-
ble 2).
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Table 2
CT parameters

Factors
mAs 100
kVp 120
Type of scan Axial
Scan range Lower extremity
Gantry tilt 0◦

Algorithm Bone
Matrix size 512 × 512
Field of view 18 cm
Calibration file Large body
Thickness (mm) 4
mA and scan time (mAs) 100

Fig. 1. TT-TG Measurements on CT.

3.3. TT-TG values

The postoperative TT-TG values of both SB and DB groups were measured between the most anterior
point of the tibial tuberosity and the deepest bony point of the trochlear groove using lines perpendicular
to the tangent of the bony borders of the posterior condyles on axial CT scans, as illustrated by Goutallier
et al. [23] except that the CT scans were performed with the knee fully flexed. A tangent line was drawn
on the axial section passing through the posterior femoral condyles. Next, a perpendicular line was
drawn through the deepest point of the trochlea and then transferred to the axial section with the most
anterior point of the tibial tuberosity. A line was drawn through the most anterior point of the tibial
tuberosity and perpendicular to the baseline. The distance between the two perpendicular lines was
measured in millimetres (Fig. 1). A high correlation between the CT scan and MRI scan measurements
of the TT-TG were demonstrated by Schoettle et al. [24]. To protect patients from excessive radiation
within a short interval, the preoperative TT-TG values were measured from the patients’ preoperative
MRI scans (Fig. 2). All computerized digital measurements were conducted by one observer using the
picture archiving and communications system (PACS) of our department.

3.4. Statistical analysis

Statistical analysis was performed with SPSS 25.0 software for Windows (SPSS, Inc., Chicago, IL,
USA). A paired t-test was used to compare the pre- and postoperative TT-TG values. The independent
sample t-test was used to compare the TT-TG values between two ACL reconstructions groups and intact
knees. Significance was established at p < 0.05 (two-sided).
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Table 3
Patient data

n Age (y)* Male* Female* Left knee* Right knee*
SB group 103 32.6 ± 3.32 71 32 31 72
DB group 98 33.2 ± 3.75 63 35 39 59
∗No significant difference between the patient data of the two groups at p > 0.05.

Fig. 2. TT-TG Measurements on MRI.

4. Results

4.1. Patient data

Overall, 201 patients (134 males and 67 females) with an average age of 32.89 ± 3.41 (range: 18–40)
years were included in the study. The patient data of the two groups were not significantly different
(Table 3). Concurrent with the ACL reconstruction, 17 patients also underwent Fast-fix suturing of the
lateral or medial meniscus; 51 patients had a partial meniscectomy of the lateral, medial or bilateral
meniscus, and 22 patients underwent shaver debridement or radiofrequency gasification on cartilage
lesions.

4.2. TT-TG values

The overall mean TT-TG value of the intact knee was 12.41 ± 2.21 mm. The mean overall preoperative
TT-TG value was 15.40 ± 2.21 mm. The mean overall postoperative TT-TG value was 13.94 ± 2.18 mm.
The overall preoperative and postoperative TT-TG values were significantly different (p < 0.001). The
mean preoperative and postoperative TT-TG values of the SB group were 15.67 ± 2.46 mm and 14.72 ±
2.48 mm, respectively. The postoperative TT-TG value of patients undergoing SB ACL reconstruction
was significantly smaller than that before surgery (p = 0.013). The postoperative and healthy knee TT-
TG values (p < 0.001) were significantly different. The mean preoperative and postoperative TT-TG
values of the DB group were 15.11 ± 1.99 mm and 13.11± 1.71 mm, respectively. The TT-TG values
of patients who underwent DB ACL reconstruction were also significantly smaller than those before
surgery (p < 0.001). The postoperative TT-TG values in the DB group and the healthy knee TT-TG
values were not significantly different (p = 0.141) (Table 4).

5. Discussion

Patellofemoral disorder is a common orthopaedic problem. The ACL’s function is to stabilize the knee
and minimize stress across the knee joint. The ACL restrains excessive forward movement of the tibia
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Table 4
TT-TG values of preoperative, postoperative and intact knee

N Intact knee (mm) Preoperative Postoperative p1 p2 p3
Overall 201 12.41 ± 2.21 15.40 ± 2.21 13.94 ± 2.18 < 0.001 0.076 < 0.001
SB group 103 12.35 ± 2.52 15.67 ± 2.46 14.72 ± 2.48 < 0.001 < 0.001 0.013
DB group 98 12.45 ± 1.95 15.11 ± 1.99 13.11 ± 1.71 < 0.001 0.141 < 0.001
Note: p1 – the statistical significant between the preoperative and the intact TT-TG values, p2 – the statistical
significant between the postoperative and the intact TT-TG values, p3 – the statistical significant between
the preoperative and the postoperative TT-TG values.

and limits rotational movements of the knee [1,2,25]. Chronic injuries, degeneration of the articular
cartilage, meniscal tears and arthritis may be caused by anterior-posterior instability, rotatory instability,
etc. could cause ACL deficiency [13]. Stergiou et al. [13] stated that excessive tibial rotation leads to
abnormal loading of the cartilage areas that are not commonly loaded in the healthy knee. Over time, this
abnormal loading will lead to osteoarthritis. ACL reconstruction aims to restore normal knee function.
However, Biau et al. [8] reported that only 41% and 33% of patients undergoing SB ACL reconstruction
with patellar and hamstring tendon grafts respectively, realize a recovery to a normal state based on the
final overall IKDC score. Georgoulis et al. [10,26] demonstrated that ACL reconstruction was not fit to
restore tibial rotation totally. As a result, cartilage degeneration still increased after ACL reconstruction,
despite SB or DB ACL reconstruction.

Our study showed that the TT-TG values were significantly restored after ACL reconstruction. The
restoration of the TT-TG values not only indicated that ACL reconstruction could improve the anterior-
posterior stability but also significantly improve rotational knee stability based on tibial rotation. How-
ever, the restored TT-TG values of the SB and DB ACL reconstructions were not significantly different.

Our results thus demonstrated that traditional SB ACL reconstruction cannot fully restore the native
anatomy of the affected knee. Although the TT-TG values of the patients were partly restored to a closer-
to-normal level, the intact knee and the SB groups were still significantly different. More specifically, the
traditional SB ACL reconstruction could not fully restore the tibial rotation of the knee. Correspondingly,
Yu et al. [5] and Tajima et al. [14] have demonstrated that SB ACL reconstruction could not restore the
normal pressure area of the patellofemoral joint as well as DB ACL reconstruction.

In DB ACL reconstruction group, the patients’ TT-TG values were restored to a level not significantly
different from that of an intact knee, while the SB reconstruction did not reach such restoration levels.
This may indicate that the DB ACL reconstruction better resembles the native anatomy of the ACL and
the native knee kinematics than SB ACL reconstruction. The information from the 1-year postoperative
second-look arthroscopy during hardware removal of patients who underwent DB ACL reconstruction
with our research team indicated that the articular cartilage degenerated significantly less than that in
patients who underwent SB reconstruction, which suggests that DB ACL reconstruction could more
significantly decelerate the postoperative cartilage damage than SB ACL reconstruction.

Muneta et al. [3] ran a randomized clinical study and demonstrated that DB ACL reconstruction pa-
tients showed a significantly smaller KT-1000 side-to-side and a higher number of negative Lachman and
pivot-shift tests. For biomechanical studies, Yagi et al. [4] found that anatomic DB ACL reconstruction
could produce a better biomechanical outcome and was significantly closer to the intact knee in cadavers.
Morimoto et al. [27] found that SB ACL reconstruction resulted in a smaller tibiofemoral contact area
and caused higher pressure, while DB ACL reconstruction could more closely restore the normal contact
area and pressure, mainly at low flexion angles. Tashman et al. [11] and Gabriel et al. [9] concluded that
SB reconstruction only restores most of the anterior-posterior knee stability, exerting control over most
forward tibial shifting, but does not fully restore the stability in tibial rotation during activities with high
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functional demands. These findings indicated that DB ACL reconstruction could more closely restore
the anatomy of a normal ACL.

Dejour et al. [28] revealed four anatomical factors related to patellofemoral disorders: trochlear dys-
plasia, quadriceps dysplasia, patella alta and increased TT-TG distance. A medialized trochlear groove
in the case of trochlear dysplasia or a lateralised tibial tuberosity could increase TT-TG distance. The
restoration of the TT-TG value to a level not significantly different from that of an intact knee after DB
ACL reconstruction in our study could indicated that the rotational and medial-lateral relationship of the
tibiofemoral joint was better restored with DB ACL reconstruction than with SB ACL reconstruction.

Hsieh et al.’s study [29], supported by the observation of Shin et al. [30] in an in vivo kinematic study,
showed that removal of the ACL might lead to a significant increase in anterior translation and valgus
rotation of the tibia and in lateral tilt and lateral shift of the patella. Intra-articular reconstruction could
restore these to levels similar to the intact knee in a cadaveric study. The findings of our study showed that
the TT-TG value is enlarged in an ACL ruptured knee and is restored after ACL reconstruction, indicating
the restoration of tibial rotation. However, during in vivo weight-bearing activity, Van de Velde et al. [31]
showed that abnormal patellar rotation, tilt, and lateral shift in cartilage contact persisted after SB ACL
reconstruction. These persistent abnormalities of the patellofemoral contact characteristics and motion
may be associated with that patellofemoral cartilage degeneration continued to aggravate after ACL
reconstruction. We also found that the TT-TG value is not fully restored after SB ACL reconstruction.
The relationship between contact characteristics and articular cartilage metabolism is currently unclear.
The lateralization of the patella, along with the corresponding changes in the patellofemoral contact area
and pressure, may affect articular cartilage adversely. By restoring the TT-TG value to a normal level
after DB ACL reconstruction, the lateralization of the patella should also be restored.

Tajima et al. [14] studied the patellofemoral joint contact area and pressure after ACL reconstruction
and concluded that DB ACL reconstruction restores the patellofemoral joint contact area and contact
pressures better than SB ACL reconstruction. Several studies have also demonstrated that anatomic DB
ACL reconstruction can restore the anterior tibial translation and rotational stability of the tibiofemoral
joint more effectively than SB ACL reconstruction [1,4,6,14,26,27,31–33]. This should also be observed
when improving patellofemoral kinematics, as the patellofemoral joint is linked to the tibiofemoral joint
closely.

There were no relevant literatures about TT-TG values for different ACL reconstruction technologies.
Goutallier et al. [23] proposed to measure the TT-TG between the most anterior point of the tibial
tuberosity and the deepest bony point of the trochlear groove using perpendicular lines to the tangent of
the bony borders of the posterior condyles on axial CT scans. Dejour et al. [28] measured the normal
mean value of the TT-TG to be 12.7 mm, which agrees with our finding of the intact knee with a mean
TT-TG of 12.41 ± 2.21 mm. The golden standard method for measuring TT-TG distance is by CT
scan [28]. However, the preoperative TT-TG values were measured from the patients’ preoperative MRI
to prevent patients from X-ray exposure within a short interval. Schoettle et al. [24] demonstrated that
CT scan measurements were highly correlated to MRI scan ones of the TT-TG, with an inter-method
reliability of 86% and an inter-person reliability of 82%. Patients with patellofemoral disorder or patellar
dislocation were excluded from this study to omit the possible effects of abnormal anatomy.

6. Conclusion

The enlarged TT-TG values from a ruptured ACL were significantly restored after ACL reconstruction.
However, the TT-TG values after SB reconstruction were still significantly larger than in the intact knees.
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No significant difference was found between the postoperative TT-TG of the DB group and the intact
knee. The native TT-TG value of the knee was much closer to that after DB reconstruction. Therefore,
in order to restore patellofemoral joint stability better, avoiding the occurrence of osteoarthritis caused
by patellofemoral cartilage injury after operation, we prefer anterior cruciate ligament double-bundle
reconstruction as the choice of clinical operation.
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