
 1 

Increased cleft width during knee flexion for the diagnosis of medial meniscus posterior root tears: an 1 
open magnetic resonance imaging study 2 
 3 
Abstract 4 
Purpose: This study aimed to evaluate changes in the cleft width, defined as the distance between the lateral 5 
edge of the medial tibial plateau and that of the medial meniscus (MM) posterior root] using open magnetic 6 
resonance imaging (MRI) in patients with MM posterior root tear (MMPRT). 7 
Methods: This study included 22 patients (17 women and 5 men; mean age: 65.1 years) who were diagnosed 8 
with MMPRT and underwent pullout repair. Upon coronal imaging, the cleft width was evaluated at the 10º and 9 
90º flexed knee positions. The difference in the cleft width (defined as the cleft width at 90º minus the cleft 10 
width at 10º) was also calculated. Upon sagittal imaging, the MM posterior extrusion (MMPE) at 90º was also 11 
evaluated. Separate univariate linear regression models were used to determine the association between the time 12 
from injury to MRI and radiographic measurements. 13 
Results: The mean cleft width at 10º and 90° was 5.0 ± 2.6 mm and 7.5 ± 3.7 mm, respectively; the mean 14 
difference in cleft width was 2.4 ± 1.5 mm, and the mean MMPE at 90º was 3.6 ± 1.3 mm. There was a 15 
significant difference in cleft width at 10º and 90º (p<0.001). The time from injury to MRI was significantly 16 
associated with the cleft width at 10º (R=0.54; p=0.009), cleft width at 90º (R=0.65; p=0.001), the difference in 17 
the cleft width (R=0.64; p=0.001), and MMPE at 90º (R=0.47; p=0.026).  18 
Conclusion: This study demonstrates that the increase in cleft width is significantly higher during knee flexion 19 
than during knee extension, which may be useful for the diagnosis of MMPRT. 20 
 21 
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Introduction 28 
Medial meniscus posterior root tear (MMPRT) is associated with the progression of medial 29 

compartment osteoarthritis (OA) due to the loss of hoop tension and unacceptable peak pressures [11]. These 30 
mechanical changes caused by MMPRT lead to the progression of medial meniscus (MM) extrusion and rapid 31 
degradation of the articular cartilage [12]. Therefore, accurate diagnosis of MMPRT is essential for successful 32 
outcomes. Clinical symptoms, especially popping sounds, are helpful for the diagnosis of MMPRT. Bae et al. 33 
calculated the diagnostic value of popping accompanied by pain for MMPRT, with a diagnostic accuracy of 34 
77.9% [1]. In addition to clinical symptoms, magnetic resonance imaging (MRI) examination is essential. The 35 
radial tear sign (radial linear defect) in the axial slices and the cleft sign (a vertical linear root defect) or giraffe 36 
neck sign (giraffe neck-like shape of the MM posterior segment) in coronal slices and the ghost sign 37 
(disappearance of the MM posterior root/horn on some slices) on sagittal slices have been reported as useful 38 
signs for diagnosing MMPRT with high sensitivity [3, 7, 15]. 39 

For the diagnosis of MMPRT, MRI examination was performed at knee extension. Few studies have 40 
focused on the dynamic MM movement during knee flexion. Open MRI could evaluate the dynamic MM 41 
movement during knee flexion. Previous studies have attempted to connect dynamic MM movements with 42 
MMPRT [2, 26]. MM shifts to the posterior or posteromedial direction upon knee flexion, and MMPRT causes 43 
excessive posteromedial MM movement during knee flexion. In a study using open MRI, the posteromedial 44 
extrusion volume of MM was 1067mm3 in knees with MMPRT at 90° knee flexion compared with 205mm3 at 45 
knee extension in normal knees, and those was significantly larger than normal knees [21]. MM posterior 46 
extrusion (MMPE) could be a characteristic sign of MMPRT. A study using open MRI showed that MMPE was 47 
greater in knees with MMPRT (3.6 mm) than in normal knees (1.3 mm) at 90° knee flexion. The extent of 48 
MMPE at knee flexion could be a useful reference for diagnosis of MMPRT; however, MMPE can be observed 49 
in normal knees or other types of MM tears [19, 21]. The characteristic movement of MM during knee flexion 50 
can be evaluated by open MRI in knees with MMPRT, which might be helpful for diagnosis. However, open 51 
MRI has not been used as a diagnostic tool for MMPRT until now.  52 

Coronal and sagittal MRI images are more widely obtained than axial images for diagnosing radial 53 
tear [4, 9, 18]. Lee et al. reported that coronal images are the most accurate image planes for the diagnosis of 54 
MMPRT. The cleft sign is found upon coronal imaging and has been widely used for the diagnosis of MMPRT 55 
with high sensitivity (86–90%) and specificity (94–100%) [3, 15]. However, we sometimes encounter a situation 56 
in which the cleft sign is unclear or the vertical linear defect is very small in width. Given the greater MM’s 57 
posteromedial movement during knee flexion in knees with MMPRT, cleft sign might be identified more clearly 58 
by MRI at knee flexion. Until now, there was no study which focused on the cleft width (defined as the distance 59 
between the lateral edge of the medial tibial plateau [MTP] and that of the MM posterior root) at knee range of 60 
motion. The present study focused on the change in the cleft width during knee flexion using open MRI. It was 61 
hypothesized that the cleft width increases with 90º knee flexion than with knee extension and it was 62 
significantly associated with the duration from injury to MRI. 63 
 64 
Materials and methods 65 
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We conducted a retrospective study that was approved by the institutional review board of our 66 
institution, and written informed consent was obtained from all patients. Thirty-five patients who underwent 67 
preoperative open MRI scans and transtibial pullout repair for MMPRT at our institute from January 2020 to 68 
August 2021 were included. We excluded patients with partial tear (type 1 tear [14]) upon arthroscopy (n=5), 69 
those without memory of painful popping (n=5), and those without sufficient clinical data (n=3). Indications for 70 
pullout repair were a femorotibial angle of <180°, Outerbridge grade I or II, and Kellgren-Lawrence grades 0–71 
2. Thus, 22 patients (17 women and 5 men; mean age: 65.1 years) were enrolled in the study and retrospectively 72 
evaluated. Patient demographics and clinical characteristics are presented in Table 1. The time of injury was 73 
defined as the time at which a painful popping episode occurred [1]. 74 
 75 
Radiographic measurement  76 

Open MRI was performed using the Oasis 1.2 T (Hitachi Medical, Chiba, Japan) with a coil under the 77 
10° and 90° knee flexed positions in a non-weight-bearing condition and lateral position (affected knee down 78 
on the table). Standard sequences of the Oasis included a sagittal proton density-weighted sequence (repetition 79 
time [TR]/echo time [TE]: 1718/12) using a driven equilibrium pulse with a 90° flip angle and a coronal T2-80 
weighted multi-echo sequence (TR/TE: 4600/84) with a 90° flip angle. The slice thickness was 4 mm with a 0-81 
mm gap. The field of view was 16 cm, with an acquisition matrix size of 320 (phase) × 416 (frequency) [19].  82 
Radiographic measurements were made using a simple MRI-based meniscal sizing technique with the sagittal 83 
and coronal views at knee flexion angles of 10° and 90°. First, knee flexion was set with the femoral and tibial 84 
axial angles at 10° and 90°, and scout views were taken. Axial imaging was used to visualize the cross-section 85 
where both medial and lateral menisci were visualized in the same slice. Axial imaging of the distal part of the 86 
femur was used to set the posterior condylar axis, and a reference line was drawn perpendicular to it. The 87 
reference line defined the sagittal cross-section that passed through the centre of the transverse diameter of the 88 
MM. 89 

Upon coronal imaging, the cleft width at 10º was defined as the distance between the lateral border of 90 
the MTP and the edge of the MM posterior root at the 10º knee-flexed position (Fig. 1a). In that evaluation, the 91 
coronal slice was selected to identify the cleft sign, which represents a vertical linear root defect. The cleft width 92 
at 90º was defined as the distance between the lateral border of the MTP and the edge of the MM posterior root 93 
at the 90º knee-flexed position (Fig. 1b). These values were measured on the same slice to check the axial image. 94 
The difference in the cleft width, which was defined as the cleft width at 90º minus the cleft width at 10º, was 95 
also calculated. The MMPE at 90º was defined as the distance from the posterior edge of the tibia (excluding 96 
osteophytes) to the posterior edge of the MM. Posterior extrusion from the posterior edge of the tibia was set as 97 
a positive value.  98 
  99 
Statistical analysis  100 

Statistical analyses were performed using EZR (Saitama Medical Center, Jichi Medical University, 101 
Saitama, Japan). Separate univariate linear regression models were used to determine the association between 102 
the time from injury to MRI and radiographic measurements (cleft width at 10º and at 90º, the difference in the 103 
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cleft width, and MMPE at 90º), as well as the association between cleft width and MMPE at 90º. The level of 104 
significance for all analyses was determined a priori at p ≤0.05. Two orthopaedic surgeons independently 105 
measured the value of cleft width at 10º and at 90º. Each observer performed each measurement twice, at least 106 
2 weeks apart. Inter-observer and intra-observer reliabilities were assessed using the intraclass correlation 107 
coefficient (ICC). An ICC >0.80 was considered to represent a reliable measurement. The statistical software 108 
G*Power (version 3.1.9.4; Heinrich Heine Universität Düsseldorf, Düsseldorf, Germany) was used for sample 109 
size calculation. Based on the meniscal healing scores, an effect size of 0.78 was calculated. With an effect size 110 
of 0.78, an α value of 0.05, and a power of 0.80, the required sample size was calculated to be 22 patients. 111 
 112 
Results 113 
 The inter-observer and intra-observer reliabilities of cleft width at 10º and 90º measurements were 114 
high, with mean ICC values of 0.85 and 0.83 and of 0.81 and 0.80, respectively. The mean cleft width at 10º 115 
and 90º was 5.0 ± 2.6 and 7.5 ± 3.7 mm, respectively. The mean difference in the cleft width was 2.4 ± 1.5 mm, 116 
and the mean MMPE at 90º was 3.6 ± 1.3 mm (Table 2). There was a significant difference in the cleft width at 117 
10º and 90º (p<0.001). A significant association was observed between MMPE at 90º and cleft width at 10º 118 
(R=0.61; p=0.003), cleft width at 90º (R=0.70; p<0.001), and the difference in the cleft width (R=0.65; p=0.001) 119 
(Table 3). A significant association was observed between the time from injury to surgery and cleft width at 10º 120 
(R=0.54; p=0.009), cleft width at 90º (R=0.65; p=0.001), the difference in the cleft width (R=0.64; p=0.001), 121 
and MMPE at 90º (R=0.47; p=0.026) (Table 4).  122 
  123 
Discussion 124 

The most important finding of this study was that the cleft width significantly increased during knee 125 
flexion, which would help diagnose MMPRT. Several characteristic MRI signs detect MMPRT, which have 126 
high diagnostic sensitivity [7, 15, 18, 20]. Despite several characteristic signs of MMPRT, the diagnosis of 127 
MMPRT remains difficult for clinicians or radiologists who are unfamiliar with this pathology. This study 128 
demonstrated that cleft width significantly increased with knee flexion. This finding suggests that the cleft sign 129 
might be identified more easily by knee flexion, which might lead to an improvement in diagnosis accuracy. In 130 
the normal knee, the MM posterior root is connected to the anatomical attachment, knee extension (Fig. 2a), 131 
and knee flexion (Fig. 2b). In cases where the duration from injury to MRI is short, we often encounter an 132 
unclear cleft sign, and the MM posterior root seems to connect with the anatomical attachment (Fig. 2c). 133 
However, at knee flexion, an increased cleft width was observed, and a vertical liner defect could clearly be 134 
observed (Fig. 2d). The increase in the cleft width is termed the ‘graben sign’, which might help in diagnosing 135 
MMPRT. The graben sign was identified in all patients; six patients had negative cleft sign in extension and a 136 
positive graben sign in flexion. In addition, in the case where the cleft sign is apparent in the knee extension 137 
(Fig. 2e), the graben sign was easily identified (Fig. 2f). In the institute where the MRI examination is available 138 
under the knee-flexed position, the diagnosis would be more easier using the ‘graben sign’, which may raise the 139 
index of suspicion or prevent misinterpretation of the signs of MMPRT.  140 
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There are many studies evaluating static MM evaluations using MRI under knee extension, and few 141 
studies have focused on the MM movement under knee flexion [16, 19, 26]. The MM posterior root serves as 142 
an anchor to regulate the meniscal movement during knee motion and load bearing, and MM in normal knees 143 
shows minimal posteromedial shift during knee flexion [22]. In contrast, the extent of posterior MM movement 144 
during flexion was greater in the knees with MMPRT than in normal knees. The extruded volume of the MM 145 
was 1067 ± 337 mm3 in knees with MMPRT compared to 205 ± 159 mm3 in normal knees [23]. That study also 146 
demonstrated that the extruded MM expanded to the posteromedial direction. The increase in the cleft width at 147 
90º might approximate meniscal movement in the medial and posterior directions during knee flexion. Cleft 148 
width at 90º (reflecting MM posterior root movement in the medial direction by knee flexion) was correlated 149 
with the MMPE (reflecting MM posterior root movement in the posterior direction by knee flexion) in this study, 150 
which might be confirmed by the fact that the MM’s characteristic movement shifts to the posteromedial 151 
direction as mentioned above. 152 

Duration from injury to surgery was associated with MM medial extrusion (MMME) due to the loss 153 
of meniscus hoop function. A previous study demonstrated that MMME progresses after MMPRT rapidly and 154 
longer duration from injury to MRI was correlated with greater MMME [8]. In this study, cleft width at knee 155 
extension was correlated with the time from injury to MRI and it may reflect the MMME progression after 156 
injury. A similar study showed that preoperative larger MMME was related to an increased posterior (or 157 
posteromedial) shift of the MM by knee flexion [10]. The meniscus become degenerative and swollen after 158 
damage, possibly due to the disorganization of the collagen structure or changes in its components [6, 17, 23]. 159 
Swollen menisci are easily caught between the femur and tibia during knee flexion and cause excessive 160 
meniscus shift, which might be one of reasons that the cleft width and MMPE at knee flexion was correlated 161 
with the time from injury to MRI. Furthermore, a larger cleft width and MMPE at knee flexion, which might 162 
approximate the increased meniscus movement during knee flexion, would be related to greater suture tension 163 
and increased risk of suture cut-out after meniscal repair [5, 24, 25]. Thus, these results suggest that accurate 164 
and early diagnosis may be essential to prevent increased cleft width at knee flexion. Further studies on the 165 
relationship between cleft width and clinical outcomes are warranted. In this study, all patients had a positive 166 
graben sign; six patients (27%) had a negative cleft sign in extension and a positive graben sign in flexion. These 167 
patients had a shorter duration from injury to MRI (22.5 ± 18.1 days) compared to that of other patients (84.0 ± 168 
55.4 days) (p<0.001). This indicates that the diagnosis of MMPRT is sometimes difficult, particularly if MRI is 169 
performed relatively soon after MMPRT. This also corresponds with our finding that cleft width was correlated 170 
with the time from injury to MRI. Thus, the graben sign could be useful in the diagnosis of MMPRT, especially 171 
in patients who have not been injured for a long time. 172 

This study had several limitations. First, this study was inherently limited by its retrospective design, 173 
and only a few patients were included in this study. Second, there was a significant difference in the proportion 174 
of males and females and the average age of patients in this study was higher than that reported in other studies, 175 
which might have led to selection bias. Third, the inclusion criterion regarding patients’ memories of their 176 
painful popping episodes could have resulted in a recall bias. Fourth, MRI examinations of the knees at 10° and 177 
90° of flexion were not performed using the same coronal and sagittal sections, which is a prominent limitation 178 
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of this study. Normally, the tibia rotates internally as the knee flexes. Thus, a torn MM posterior root may cause 179 
pathological tibial external rotation in the knees with MMPRT during knee flexion. Fifth, evaluations were 180 
conducted in non-weight-bearing conditions and not in weight-bearing conditions [13]. Sixth, no control group 181 
can be used as a comparison group for MMPE, which also occurs, to some extent, in healthy knees. Seventh, 182 
open MRI is not available at all institutions, and the use of the results obtained in this study may be limited. 183 
Eighth, this study did not analyse how the diagnostic accuracy of MRI for MMPRT was improved by the graben 184 
sign; hence, the definite clinical impact of the graben sign remains unknown. Finally, this is a time zero study, 185 
and therefore, the association between cleft width and postoperative clinical outcomes could not be assessed. 186 

We focused on the difference in cleft width on coronal imaging for the diagnosis of MMPRT using 187 
open MRI. Based on this study, increased cleft width under knee flexion, otherwise known as the graben sign, 188 
may help in the diagnosis of MMPRT.  189 
 190 
Conclusions 191 
 Herein, we demonstrated the differences in the cleft width during knee extension and flexion using 192 
open MRI. The graben sign, during knee flexion, may help in the diagnosis of MMPRT, especially in cases 193 
where the cleft sign is unclear during knee extension. 194 
 195 
List of abbreviations 196 
MM, medial meniscus; MRI, magnetic resonance imaging; MMPRT, medial meniscus posterior root tear; 197 
MMPE, medial meniscus posterior extrusion; OA, compartment osteoarthritis; MTP, medial tibial plateau  198 
  199 
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  275 
Tables 276 
Table 1. Patients’ demographics and clinical characteristics 277 

 
Values 

Sex, male/female 5/17 

Age, years   65.1 ± 8.0 

Height, m 1.57 ± 0.1 

Weight, kg  62.4 ± 9.5 

Body mass index, kg/m2 25.3 ± 3.1 

Femorotibial angle, ˚ 177.8 ± 1.1 

Time from injury to MRI, days 74.4 ± 41.6 

Data are displayed as means ± standard deviation. MRI, magnetic resonance imaging 278 
 279 
 280 
 281 
 282 
Table 2. Radiographic measurements 283 

 
Values  

Cleft width at 10º, mm 5.0 ± 2.6 

Cleft width at 90º, mm 7.5 ± 3.7 

Difference in the cleft width, mm 2.4 ± 1.5 

MMPE at 90˚, mm 3.6 ± 1.3 

Data are displayed as means ± standard deviation.  284 
Cleft width, cleft sign width; MMPE, medial meniscus posterior extrusion 285 
 286 
 287 
 288 
 289 
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 290 
Table 3. Correlation analysis between MMPE and cleft width 291 

 
MMPE at 90˚ 

Cleft width at 10º R = 0.61, P = 0.003* 

Cleft width at 90º R = 0.70, P < 0.001* 

Difference in cleft width  R = 0.65, P = 0.001* 

Cleft width, cleft sign width; MMPE, medial meniscus posterior extrusion 292 
*Significance was determined with use of separate univariate linear regression models P < 0.05 293 
 294 
 295 
 296 
 297 
 298 
Table 4. Correlation analysis between time from injury to MRI and radiographic measurements 299 

 
Time from injury to MRI 

Cleft width at 10º R = 0.54, P = 0.009* 

Cleft width at 90º R = 0.65, P = 0.001* 

Difference in cleft width  R = 0.64, P = 0.001* 

MMPE at 90˚ R = 0.47, P = 0.026* 

Cleft width, cleft sign width; MMPE, medial meniscus posterior extrusion 300 
*Significance was determined with use of separate univariate linear regression models P < 0.05 301 
 302 
 303 
  304 
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Figure legends 305 
 306 
Fig. 1 MRI measurements (coronal imaging)  307 
(a) The measurement of the cleft width at 10º, which was defined as the distance between the lateral border of 308 
the MTP and the edge of the MM posterior root at a 10º knee-flexed position. (b) The measurement of cleft 309 
width at 90º, which was defined as the distance between the lateral border of the MTP and the edge of the MM 310 
posterior root at a 90º knee-flexed position. 311 
Cleft width, cleft sign width; MRI, magnetic resonance imaging; MTP, medial tibial plateau; MM, medial 312 
meniscus 313 
 314 
Fig. 2 MRI images in the coronal view  315 
Normal knee (a, b). The MM posterior root is connected with the native attachment at (a) 10º knee flexion and 316 
(b) 90º knee flexion. (c-e) knees with MMPRT. (c) Cleft sign is unclear at 10º knee flexion (yellow arrowhead). 317 
(d) Graben sign is clear at 90º knee flexion (yellow arrow). (e) Cleft sign is clear and obvious and cleft width at 318 
10º is 8.1 mm (white arrowhead). (f) Increased cleft width is observed, and the cleft width at 90º is 12.5 mm 319 
(white arrow). 320 
Cleft width, cleft sign width; MRI, magnetic resonance imaging; MMPRT, medial meniscus posterior root tear 321 
 322 


