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Abstract
Purpose  The purpose of this study was to evaluate the shape and shift of the medial meniscus before and after meniscal 
repair concurrent with anterior cruciate ligament (ACL) reconstruction using magnetic resonance imaging (MRI) at 90° of 
knee flexion.
Methods  This study included 18 patients with ACL-deficient knees without meniscus tears (group A), 11 patients with 
medial meniscus tears alone (group M), and 15 patients with ACL-deficient knees complicated with medial meniscus 
tears (group AM). The posterior segment shape was evaluated using open MRI at 90° of knee flexion preoperatively and at 
3 months postoperatively. The length, height, width, and posterior extrusion of the medial meniscus and posterior tibiofemoral 
distance were measured. These measurements were compared between the three groups.
Results  On preoperative MRI, a significant difference was observed in the posterior extrusion of the medial meniscus (group 
A, 1.2 ± 0.5 mm; group M, 1.7 ± 0.3 mm; group AM, 4.1 ± 1.5 mm, p < 0.001). All parameters did not differ between the 
three groups on postoperative MRI. In addition, the posterior width and extrusion of the medial meniscus were decreased 
significantly after meniscal repair concurrent with ACL reconstruction.
Conclusions  This study demonstrated that the medial meniscus shifted posteriorly at 90° of knee flexion in ACL-deficient 
knees complicated with medial meniscus tears. Medial meniscal repair concurrent with ACL reconstruction improved the 
deformed morphology and posterior extrusion. MRI measurements of the posterior extrusion at the knee-flexed position 
may be clinically useful to assess the functional improvement of the medial meniscus following meniscal repair combined 
with ACL reconstruction.
Level of evidence  III.

Keywords  Medial meniscus · Posterior shift · Anterior cruciate ligament reconstruction · Meniscal repair · Open magnetic 
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Introduction

The anterior cruciate ligament (ACL) is the main restriction 
to anterior tibial loads [2, 14], whereas the posterior segment 
of the medial meniscus (MM) acts as a secondary stabiliser 
of anterior tibial translation [21, 27]. ACL injuries cause 
abnormal tibial translations and excessive shearing forces to 
the posterior segment of the MM [18, 26]. Compared to that 
in the extended position, the contact pressure between the 
meniscus and the femoral condyle is increased in the knee-
flexed position [20]. An open magnetic resonance imaging 
(MRI) study reported that at 90° of knee flexion in ACL-
deficient knees, the MM posterior segment was deformed 
because of the compression against the medial femoral 
posterior condyle [12]. Therefore, the posterior segment is 
susceptible to knee injuries with chronic ACL failure [3, 
10]. MM tears associated with ACL injuries are considered 
among the main risk factors for progressive osteoarthritis 
[25].

Osteoarthritis is more frequently present in cases of con-
current ACL reconstructions with meniscectomy than in 
cases involving intact or repaired menisci [23]. Concurrent 
meniscectomy with ACL reconstruction can induce degener-
ative changes of the knee joint, as seen on radiographs [17]. 
In contrast, meniscal repair with concomitant ACL recon-
struction has been associated with good clinical outcomes 
and a lower risk of reoperation during the follow-up peri-
ods [32, 34]. A clinical study reported that long-term knee 
functional scores were better among patients undergoing 
meniscal repair concurrent with ACL reconstruction than 
among those undergoing ACL reconstruction and partial 
meniscectomy [19]. However, very few studies have evalu-
ated the effects of these procedures using MRI [8, 24]. The 
relationships between meniscal repair concurrent with ACL 
reconstruction and MM morphology also remain unclear.

This is the first MRI study to compare the shape and 
shift of the MM posterior segment at 90° of knee flexion 

in three cohorts: ACL-deficient knees without MM tears, 
ACL-intact knees with MM tears, and ACL-deficient 
knees complicated with MM tears. The purpose of this 
study was to evaluate the postoperative change of the MM 
morphology after ACL reconstruction, isolated MM repair, 
and MM repair concurrent with ACL reconstruction. Our 
study may help clarify the clinical effects of the meniscal 
repair concurrent with ACL reconstruction objectively. 
The hypotheses were as follows: (1) MM posterior seg-
ment in ACL-deficient knees complicated with MM tears 
is deformed and shifted posteriorly at 90° of knee flexion 
and (2) MM repair concurrent with ACL reconstruction 
can restore the deformed shape and posterior shift of the 
MM.

Materials and methods

The Institutional Review Board of Okayama University 
Graduate School (no. 1857) approved all the study pro-
tocols. Forty-four patients were operated on by two sen-
ior authors (TF and SM) between 2014 and 2017; they 
gave written informed consent to participate in this study. 
There were 18 patients with ACL rupture without MM 
tears (group A), 11 patients with isolated MM tears (group 
M), and 15 patients with ACL rupture complicated with 
MM tears (group AM). In groups M and AM, peripheral 
and vertical tears in the posterior segment were included, 
whereas degenerative, complicated, and dislocated tears 
of the MM were excluded. Patients who had lateral 
meniscus tears associated with ACL rupture were also 
excluded. Patients in groups A, M, and AM underwent 
ACL reconstruction, isolated MM repair, and MM repair 
concurrent with ACL reconstruction, respectively. Post-
operative MRIs were examined at 3 months after surgery. 
The median duration of follow-up was 15.0 (range 3–30) 
months. Patient demographics are shown in Table 1.

Table 1   Patient demographics 
including mean values and 
number of patients

a The values are given as the number of patients, with use of Chi-squared test
*Significance was determined with use of a one-way analysis of variance. * p < 0.05

Variables Group A (n = 18) Group M (n = 11) Group AM (n = 15) p value

Age, years (range) 22 (14–42) 39 (19–59) 29 (14–45) 0.001*
Gender, male/femalea 10/8 4/7 8/7 n.s.
Height, m (range) 1.67 (1.49–1.80) 1.65 (1.59–1.73) 1.67 (1.55–1.75) n.s.
Body weight, kg (range) 71 (52–97) 69 (50–100) 73 (47–93) n.s.
Body Mass Index, kg/m2 (range) 26 (21–34) 25 (22–38) 26 (19–39) n.s.
Interval from injury to preopera-

tive MRI, months (range)
2 (1–5) 4 (1–12) 4 (1–15) n.s.

Duration from surgery to postop-
erative MRI, months (range)

3 (3–4) 3 (3–4) 3 (3–4) n.s.
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Surgical procedure

The MM tears in groups M and AM were detected by 
arthroscopic probing. The mean length of the tears was 
18 (range 10–25) mm. Moreover, 16, 7, and 3 patients had 
repairs using the FasT-Fix all-inside suture device (Smith 
& Nephew, Andover, MA, USA) alone, inside-out suture 
technique with 2-0 Wayolax (Matsuda Medical Instruments, 
Tokyo, Japan), and a combination repair using the FasT-
Fix and 2-0 Wayolax, respectively. All ACL reconstructions 
were accomplished by hamstring tendon autograft (semiten-
dinosus and/or gracilis tendons for anatomic double-bundle 
ACL reconstructions) [5, 15]. Graft fixation was achieved 
using an Endobutton CL (Smith & Nephew) or ACL Tight-
Rope (Arthrex, Naples, FL, USA) on the femoral side [6, 
7, 9]. Graft fixation on the tibial side was performed using 
a Double Spike Plate and a screw (Meira, Nagoya, Japan). 
Initial forces of 30 and 20 N were applied to the graft for 
the anteromedial and posterolateral bundles, respectively, at 
10° of knee flexion.

All patients started knee motion exercises and partial 
weight-bearing at 2 weeks postoperatively. Full weight-
bearing and running were allowed after 1 and 3 months, 
respectively.

MRI measurements

The patients underwent open MRI evaluations using the 
Oasis 1.2 T (Hitachi Medical, Chiba, Japan) with a coil in 
the 90° knee-flexed position in a non-weight-bearing con-
dition and with the following settings: 16-cm field of view 
with an acquisition matrix size of 320 (phase) × 416 (fre-
quency) and 4-mm slice thickness with 0-mm gap. Standard 

sequences of the Oasis included a sagittal proton density-
weighted sequence [repetition time (TR)/echo time (TE), 
1718/12] using a driven equilibrium pulse and coronal 
T2-weighted multi-echo sequence (TR/TE, 4600/84) [13].

Analysis of the MM shape and shift was performed using 
a simple MRI-based meniscal sizing technique in the sagit-
tal views as described previously [12]. The measurement 
plane was a sagittal plane that revealed the longest length 
of the MM (Fig. 1a). The medial meniscus length (MML) 
was defined as the distance from the anterior to the posterior 
border of the MM (Fig. 1b). The medial meniscus height 
(MMH) was defined as the distance from the lowest to the 
highest point of the MM posterior segment (Fig. 1c). The 
medial meniscus posterior body width (MPBW) was defined 
as the width from the anterior to the posterior border of the 
posterior segment (Fig. 1c). The distance from the posterior 
edge of the tibia to the posterior border of the MM was 
termed the medial meniscus posterior extrusion (MMPE), 
which was a measure of MM posterior shift. The anteropos-
terior distance between the tibial posterior edge and the pos-
terior femoral condylar edge was termed the posterior tibi-
ofemoral distance (PTFD) (Fig. 1b). These MRI parameters 
were compared between groups A, M, and AM. In addition, 
we evaluated postoperative changes of the parameters after 
each surgical procedure.

Reliability evaluation

Inter-rater and test–retest reliabilities were assessed using 
the intraclass correlation coefficient (ICC) with the 95% 
confidence interval (CI). To determine the inter-rater reli-
ability, four orthopaedic surgeons (YO, YK, TH, and TO) 
retrospectively examined the MRI scans in a blinded manner. 

Fig. 1   Magnetic resonance imaging-based measurements. a Sag-
ittal view at 90° knee-flexed position. Inlet shows a white line pro-
jecting the measurement from the sagittal plane to the axial plane. 
b The sagittal measurement plane with the longest medial meniscus 

length (MML) and posterior tibiofemoral distance (PTFD). The green 
dashed line denotes the tibial posterior margin. c Measurement of 
MM posterior body  width (MPBW), MM height (MMH), and MM 
posterior extrusion (MMPE)
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The ICC was calculated for each MRI parameter by two-
way, random, single measures with absolute agreement. 
Test–retest reliability was evaluated after 10–12 weeks in 
44 stable knees. This time interval between test and retest 
was chosen because we believe it is long enough to prevent 
recall of the previous answer. ICCs were calculated using 
the Shrout and Fleiss method [30]. An ICC of ≥ 0.75 was 
considered excellent, ≥ 0.60 to < 0.75 was good; ≥ 0.40 to 
< 0.60 was fair, and < 0.40 was poor.

Statistical analysis

The differences in the MRI measurements between the three 
groups were evaluated using a one-way analysis of variance, 
followed by Tukey’s post-hoc pairwise comparisons. Pre- 
and postoperative examinations were assessed using the Wil-
coxon signed-rank test. Data are presented as mean ± stand-
ard deviation. Significance level was set at p < 0.05. Power 
and statistical analyses were performed using EZR (Saitama 
Medical Center), which is a graphical user interface for R 
(The R Foundation for Statistical Computing). Effective 
statistical power of 80% (α = 0.05) was calculated for all 
parameters. The required sample size of MMPE was 8 in 
group AM. The effect sample sizes of MPBW for statistical 
significance between pre- and postoperative MRI were 18, 
11, and 10 in groups A, M, and AM, respectively.

Results

Reliability evaluation

The overall inter-rater and test–retest reliability data are 
shown in Table 2. Excellent reliabilities were demonstrated 
in all MRI measurements. The inter-rater reliability (ICC 
0.96) and test–retest reliability (ICC 0.96) in preoperative 
MMPE were the highest among all measurements.

Differences of MRI measurements

There were no significant differences in MML, MMH, 
MPBW, and PTFD between the three groups on preopera-
tive MRIs (Table 3). However, a significant difference in 
the MMPE was observed (group A, 1.2 ± 0.5 mm; group 
M, 1.7 ± 0.3 mm; group AM, 4.1 ± 1.5 mm, p < 0.001). The 
mean MMPE was significantly higher in group AM than 
in groups A (p < 0.001) and M (p < 0.001). Although not 
significant, the MMPE in group M was larger than that in 
group A.

There were no significant differences in all parameters 
after the arthroscopic procedures on postoperative MRIs.

Postoperative change in MM shape and shift

The MPBW in all groups decreased significantly after each 
procedure (Table 4). The MMH in group AM also decreased 
postoperatively. Although the MMPE in groups M and AM 
decreased significantly, the MMPE in group A did not 
decrease. The postoperative PTFD in group AM increased.

Preoperatively, in the representative cases, the ante-
rior tibial translation after ACL injury compressed the 
MM posterior segment (Fig. 2a). In group M, there was a 

Table 2   Overall inter-rater and test–retest reliabilities of MRI meas-
urements

The values are given as the ICC, with the 95% CI in parentheses

Inter-rater reliability Test–retest reliability

MML
 Preoperative 0.95 (0.91–0.97) 0.93 (0.87–0.96)
 Postoperative 0.90 (0.84–0.94) 0.88 (0.79–0.93)

MMH
 Preoperative 0.91 (0.87–0.95) 0.89 (0.80–0.94)
 Postoperative 0.92 (0.88–0.95) 0.89 (0.80–0.94)

MPBW
 Preoperative 0.87 (0.80–0.92) 0.93 (0.87–0.96)
 Postoperative 0.94 (0.90–0.96) 0.93 (0.87–0.96)

MMPE
 Preoperative 0.96 (0.94–0.98) 0.96 (0.92–0.98)
 Postoperative 0.95 (0.92–0.97) 0.91 (0.84–0.95)

PTFD
 Preoperative 0.95 (0.94–0.97) 0.94 (0.90–0.97)
 Postoperative 0.88 (0.82–0.93) 0.87 (0.78–0.93)

Table 3   Comparison of differences in MRI measurements between 
groups A, M, and AM at a knee flexion angle of 90°

Data are displayed as a mean ± standard deviation
*Significance was determined with use of a one-way analysis of vari-
ance. * p < 0.05

Group A Group M Group AM p value

Preoperative MRI
 MML (mm) 43.4 ± 4.8 43.1 ± 3.0 44.6 ± 4.5 n.s.
 MMH (mm) 7.5 ± 1.5 7.2 ± 0.7 7.6 ± 1.3 n.s.
 MPBW (mm) 13.0 ± 2.1 12.7 ± 2.0 13.9 ± 1.4 n.s.
 MMPE (mm) 1.2 ± 0.5 1.7 ± 0.3 4.1 ± 1.5 < 0.001*
 PTFD (mm) 2.1 ± 3.1 2.6 ± 0.7 1.6 ± 1.9 n.s.

Postoperative MRI
 MML (mm) 41.5 ± 4.8 42.7 ± 3.0 42.7 ± 3.5 n.s.
 MMH (mm) 7.0 ± 1.4 7.2 ± 0.5 6.7 ± 1.0 n.s.
 MPBW (mm) 12.3 ± 2.0 12.2 ± 2.0 11.8 ± 1.2 n.s.
 MMPE (mm) 1.2 ± 0.5 1.3 ± 0.2 1.3 ± 1.3 n.s.
 PTFD (mm) 2.7 ± 2.7 2.7 ± 0.6 2.7 ± 1.2 n.s.
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tear gap in the posterior segment (Fig. 2b). In group AM, 
the tear gap widened and the posterior segment shifted 
posteriorly (Fig. 2c). The PTFD was reduced after the 
ACL reconstruction, and the compressed MM shape 
improved (Fig. 2d). The meniscal repair closed the tear 
gap (Fig. 2e). The meniscal repair concomitant with ACL 
reconstruction restored the posterior shift of the MM pos-
terior segment in group AM (Fig. 2f).

Discussion

The most important finding in the present study was that 
the torn MM posterior segment in ACL-deficient knees 
shifted posteriorly at 90° of knee flexion, and the posterior 
shift was reduced after MM repairs concurrent with ACL 
reconstructions. In addition, the posterior shift decreased 

Table 4   Postoperative change of MRI measurements in each group at a knee flexion angle of 90°

Data are displayed as a mean ± standard deviation
*Significance was determined with use of Wilcoxon signed-rank test. * p < 0.05

Group A Group M Group AM

Pre-operative Post-operative p value Pre-operative Post-operative p value Pre-operative Post-operative p value

MML (mm) 43.4 ± 4.8 41.5 ± 4.8 n.s. 43.1 ± 3.0 42.7 ± 3.0 n.s. 44.6 ± 4.5 42.7 ± 3.5 n.s.
MMH (mm) 7.5 ± 1.5 7.0 ± 1.4 n.s. 7.2 ± 0.7 7.2 ± 0.5 n.s. 7.6 ± 1.3 6.7 ± 1.0 0.011*
MPBW (mm) 13.0 ± 2.1 12.3 ± 2.0 0.006* 12.7 ± 2.0 12.2 ± 2.0 0.004* 13.9 ± 1.4 11.8 ± 1.9 < 0.001*
MMPE (mm) 1.2 ± 0.5 1.2 ± 0.8 n.s. 1.7 ± 0.3 1.3 ± 0.2 0.006* 4.1 ± 1.5 1.3 ± 1.3 < 0.001*
PTFD (mm) 2.3 ± 3.1 2.7 ± 2.7 n.s. 2.6 ± 0.7 2.7 ± 0.6 n.s. 1.6 ± 1.9 2.7 ± 1.2 0.030*

Fig. 2   The shape and shift of the medial meniscus (MM) on magnetic 
resonance imaging; green dashed lines, posterior margins of the tibia. 
A 32-year-old female patient in group A (a, d), a 41-year-old male 
patient in group M (b, e), and a 35-year-old male patient in group 
AM (c, f). a Preoperative image showing the compressed shape of 
the MM posterior segment. b Preoperative image presenting the verti-

cal line of the torn MM and subtle MM posterior shift. c Preopera-
tive image showing the posterior shift of the torn MM and the white 
arrow presenting the MM posterior extrusion. d The compressed 
shape was restored after anterior cruciate ligament reconstruction. e 
The vertical tear line was reduced after meniscal repair. f The poste-
rior extrusion and the tear gap were decreased postoperatively
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postoperatively in ACL-intact knees with MM tears. These 
results suggest that the postoperative decrease in poste-
rior shift could be due to the combined effect of meniscal 
repair and ACL reconstruction.

In this study, the MMPE in group A was the smallest 
among the three groups. This fact is supported by previous 
studies, which revealed the movement of the MM during 
knee joint flexion. Previous MRI studies showed that the 
posterior shift of the meniscus during knee flexion was the 
least in the MM posterior segment [28, 35]. A comparative 
study of ACL-injured and normal knees demonstrated that 
the meniscal posterior shift in the knee-flexed position was 
almost the same [29]. Therefore, it is conceivable that the 
ACL injury does not cause the posterior shift of the MM 
posterior segment (Fig. 3a). On the contrary, Amano et al. 
performed a three-dimensional MRI study to evaluate the 
deformations of torn MM posterior segments during knee 
flexion and reported that all torn menisci moved posteri-
orly, and the vertical gap of the torn MM increased from 
0.9 to 1.2 mm at 60° of knee flexion [1]. Furthermore, ACL 
rupture causes excessive shearing forces to the MM poste-
rior segment [26]. Thus, the marked MM posterior shift in 
group AM might be due to the increased vertical tear gap 
and the posterior extrusion of a piece of torn MM at 90° of 
knee flexion (Fig. 3b). The MM posterior shift is probably 

associated with losing the meniscal function as a secondary 
stabiliser.

ACL reconstruction is well known to be effective in 
repressing abnormal anterior tibial translation [14, 16]. In 
addition, some biomechanical studies demonstrated that 
ACL reconstructions could change the contact areas and 
pressures of the tibiofemoral joint postoperatively [11, 22]. 
Imhauser et al. showed that ACL deficiencies increased the 
contact pressure in the posterior area of the medial com-
partment under anterior loads, whereas ACL reconstruc-
tion reduced the contact pressure in the posterior area [11]. 
Moreover, Inoue et al. reported that the height and length 
of the MM posterior segment decreased after ACL recon-
struction. They also reported a decrease in the contact area 
between the femoral posterior condyle and the MM poste-
rior segment at 90° knee-flexed positions [12]. In this con-
text, ACL reconstruction can reduce the contact area and 
pressure in the posteromedial compartment and restore the 
compressed shape of the MM posterior segment in the knee-
flexed position (Fig. 3c).

MM repair concurrent with ACL reconstruction has 
achieved high healing rates as observed in the second-look 
arthroscopic evaluations (89%) [31]. In addition, a recent 
systematic review showed that the clinical failure rate was 
10% for the inside-out technique and 16% for the all-inside 

Fig. 3   Schematic illustrations of the medial meniscus (MM) poste-
rior segment at 90° of knee flexion. a The ACL-deficient knee. The 
medial femoral condyle compresses the MM posterior segment by 
anterior translation force. b ACL-deficient knee with MM poste-
rior segment tear. The MM posterior segment shifts posteriorly with 
increased vertical tear gap. c The ACL-reconstructed knee. ACL 

reconstruction improves the compressed shape of the MM posterior 
segment by repressing the anterior tibial translation. d The ACL-
reconstructed knee with MM repair. The concurrent meniscal repair 
closes the vertical tear gap and restores the posterior shift of the MM 
posterior segment; black dashed lines, posterior margins of the tibia
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technique at a 2-year follow-up [34]. It was conceivable that 
the procedure could create a favourable environment for 
meniscal healing due to fibrin clot formation associated with 
intra-articular hemarthrosis after drilling tibial and femoral 
tunnels [4, 33]. On the contrary, an MRI study by Furu-
matsu et al. revealed that MML was increased through MM 
repair concurrent with ACL reconstruction in the extended 
position, suggesting that the procedure could restore menis-
cal function by adjusting the torn MML [8]. In our present 
study, MRI-based MPBW and MMPE in group AM were 
decreased and equal to the values of groups A and M post-
operatively. The decrease in MPBW could be explained by 
the fact that meniscal repair closed the vertical gap of the 
torn MM in group M (Fig. 2b, e). The decrease in MMPE is 
considered to be associated with the increase in PTFD and 
reduction in the contact pressure due to ACL reconstruc-
tion, in addition to the diminished vertical gap by the menis-
cal repair (Fig. 3d). Taken together, these results suggest 
that MM repair concurrent with ACL reconstruction could 
restore the shape and shift of the torn MM because of the 
combination of the two procedures.

There were several limitations to this study. First, our 
study had a small sample size for Wilcoxon signed-rank 
test to determine significant differences in MML, MMH, 
and PTFD in groups A and M. Second, we evaluated the 
MRI-based meniscal posterior translation under non-weight-
bearing conditions. To assess the real function of the MM 
posterior segment in ACL-deficient knees, thin-slice MRI 
under loading conditions will be necessary. Third, MRI 
measurements at 90° of knee flexion are not representative 
of dynamic MM morphology. Three-dimensional recon-
struction of the meniscus using dynamic MRI at various 
knee angles may be useful to visualize postoperative menis-
cal shift and morphological changes clearly. In addition, fur-
ther investigations will be required to determine the precise 
improvements of MM morphology by meniscal repair, such 
as comparing it with concurrent meniscectomy with ACL 
reconstruction.

This study is clinically relevant in that the MRI measure-
ments of MMPE at 90° flexed position are useful for sur-
geons because they can provide clinical information to help 
better understand how meniscal repair concurrent with ACL 
reconstruction can restore the function of MM as a second-
ary stabiliser.

Conclusions

This study demonstrated that the posterior segment of the 
MM was deformed and shifted posteriorly in ACL-deficient 
knee complicated with MM tear at 90° of knee flexion. MRI-
based MPBW and MMPE were decreased after MM repair 
concurrent with ACL reconstruction, indicating that the 

surgical procedure restores the MM posterior shift and MM 
shape due to the combined effect of meniscal repair and 
ACL reconstruction.
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