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Anterior Mobility of the Posterior Horn of the Lateral
Meniscus Is Associated With Abnormal Magnetic
Resonance Imaging Findings of Anteroinferior
Popliteomeniscal Fascicle and Posterosuperior

Popliteomeniscal Fascicle as Well as a Clinical History
of Catching or Locking Symptoms

Jun Suganuma, M.D., and Ryuta Mochizuki, M.D.
Purpose: To identify predictors of anterior mobility of the posterior horn of the lateral meniscus (PHLM) among patient
demographics (age, sex), clinical characteristics (a history of catching or locking symptoms [CLS], body mass index,
alignment of limb), and magnetic resonance imaging (MRI) findings of 4 restraints: anteroinferior popliteomeniscal
fascicle (aiPMF), posterosuperior popliteomeniscal fascicle (psPMF), posteroinferior popliteomeniscal fascicle (piPMF), and
meniscofibular ligament (MFibL). Methods: Between October 2010 and December 2014, patients who underwent
arthroscopic measurement of mobility of the PHLMwere identified. The Sakai classification was used to classify aiPMF and
psPMF on MRI into the following 3 types: type A, the fascicle was depicted with obvious continuity and with a low-
intensity band; type B, depicted with continuity but with an ambiguous intensity structure; and type C, depicted with
discontinuity or not visible. Magnetic resonance images of the piPMF and MFibL were evaluated as presence or absence.
The mobility of the PHLM was measured arthroscopically at traction forces of 10 and 20 N. Results: A total of 73 patients
(47 men, mean age 41.8 � 19.3 years) were included. Multivariate regression analyses revealed aiPMF type C and psPMF
types B and C to be independent factors associated with mobility at both traction forces, and CLS was an independent
factor at a traction force of 20 N. Compared with that of type A, the increased mobility of aiPMF type C was 5.0 mm (P ¼
.019) and 5.6 mm (P ¼ .011) at 10 and 20 N, respectively; the increased mobility of psPMF type B was 2.5 mm (P ¼ .007)
and 3.5 mm (P ¼ .0003), respectively; and the increased mobility of psPMF type C was 3.3 mm (P ¼ .021) and 3.6 mm
(P ¼ .014), respectively. The increased mobility associated with CLS was 3.5 mm at 20 N (P ¼ .022). Con-
clusions: Anterior displacement of the PHLM induced by an external traction force at 90� of flexion of the knee joint was
associated with abnormal MRI findings of the anteroinferior popliteomeniscal fascicle and posterosuperior pop-
liteomeniscal fascicle, as well as a history of catching or locking symptoms. Clinical Relevance: Understanding signs and
symptoms and associated pathology in patients with symptomatic anterior mobility of the posterior horn of the lateral
meniscus may help guide best treatment.
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Arthroscopy, Sports Medicine, and Rehabilita
ypermobility of the posterior horn of the lateral
Hmeniscus (PHLM) has been described as a cause of
knee pain,1 a catching sensation, and recurrent sublux-
ation of the lateral meniscus (RSLM),2-11 and it is treated
for these symptoms. Several methods of surgical inter-
vention have been reported, including meniscal repair
with the PHLM sutured to the posterior capsule,2,3,12,13

thermal shrinkage of the posterolateral corner,5,6 and
repair or reconstruction of damaged popliteomeniscal
fascicles (PMFs).1,10,14-17 However, there are some cases
in which the symptoms recur over time.2,6,10,12,13

The following structures have been described as
having a role in guiding and restraining the movement
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of the lateral meniscus (LM): anterior and posterior
meniscofemoral ligaments,18-20 posterior meniscotibial
ligament,21,22 posteroinferior PMF (piPMF),21,22

meniscofibular ligament (MFibL),23,24 posterosuperior
PMF (psPMF),25-28 anteroinferior PMF (aiPMF),25-28

and lateral meniscotibial ligament.21,22 Although
recent studies have precisely explained the structure of
the restraints of the PHLM,21,22 there have been no
biomechanical studies investigating how much each
structure restrains the mobility of the PHLM and what
restraint is the most important to the PHLM, except for
the study by Simonian et al.27 in cadavers that showed
that disruption of the aiPMF and psPMF resulted in
increased mobility.
Although hypermobility of the PHLM can be diag-

nosed easily on arthroscopy,9,13,14 it is not easy to
determine which restraint is malfunctioning and how
much a particular defective restraint contributes to the
hypermobility. Thus, when symptoms caused by
hypermobility of the PHLM emerge, it is difficult to
know which restraints should be treated or what other
treatment should be chosen. We therefore measured
the mobility of the PHLM on arthroscopy at 90� of
flexion of the knee joint to evaluate associations be-
tween its mobility and patient demographics, clinical
characteristics, and magnetic resonance imaging (MRI)
findings of the restraints. When selecting the patient
demographics to study, we chose age and sex because
age is reported to be associated with abnormal aiPMF
and psPMF on MRI,28 and women are reported to be
more predisposed to RSLM than men.9 When selecting
clinical characteristics, we chose a history of catching or
locking symptoms (CLS), body mass index (BMI), and
limb alignment because there are reports indicating
associations between BMI and meniscus extrusion,29 as
well as between limb alignment and meniscal tears.30 In
selecting the restraints to study, we chose 4 structures
that seemed to be anatomically the most effective for
controlling the mobility of the PHLM: aiPMF, psPMF,
piPMF, and MFibL. The reason we did not select the
meniscofemoral ligament or the posterior meniscotibial
ligament is that the former induces anterior displace-
ment of the PHLM throughout knee flexion,19 and the
latter is close to the tibial insertion site of the
PHLM.21,22 Furthermore, the posterior capsular liga-
ment was also not selected because it becomes slack at
90� of flexion of the knee joint, while the lateral
meniscotibial ligament is located too anteriorly to con-
trol the anterior mobility of the PHLM.21,22

When symptoms caused by hypermobility of the
PHLM emerge, it is difficult to know which restraints
should be treated. This study identifies predictors of
anterior mobility of the PHLM among patient de-
mographics (age, sex), clinical characteristics (CLS,
BMI, alignment of limb), and MRI findings of 4 re-
straints (aiPMF, psPMF, piPMF, MFibL). We
hypothesized that aiPMF, psPMF, and other risk factors
would be associated with anterior mobility of the
PHLM.

Methods
Institutional review board approval was obtained

before starting this prospective study for arthroscopic
measurementsof themobilityof thePHLM.The inclusion
criteria were (1) a visit to our knee joint clinic between
October 2010 and December 2014 with a complaint of
knee pain, including the lateral compartment, and the
need to undergo diagnostic arthroscopy and/or surgical
treatment; (2) anteroposterior and lateral radiographs of
the knee joint; (3) proton density-weighted (PDW) MRI
data, including coronal and sagittal images of the knee
joint and anteromedial to posterolateral 45� oblique
coronal images of the aiPMF and psPMF;31 and (4) videos
of arthroscopy of the knee joint. Patients with any of the
following were excluded: knee joints with previous sur-
gical treatment; anteroposterior or varus-valgus insta-
bility; open epiphyseal lines on radiographs;
osteoarthritis of grade �2 in the lateral compartment on
radiographic examination according to the Kellgren-
Lawrence grading system; a tear or anomaly of the LM
onMRI, except for the aiPMF, psPMF, piPMF, andMFibL;
and abnormal morphology of the LM on arthroscopy,
except for the 4 evaluated restraints.
The study population consisted of 2 groups of knee

joints (Fig 1). Group A consisted of joints with no history
of catching or locking symptoms. The final diagnoses in
this group were based on clinical, MRI, and arthroscopic
findings. Group A was subclassified into the following 2
subgroups to investigate whether the location of knee
pain influenced the anterior displacement of the PHLM.
Knee joints whose dominant pain was not located in the
lateral compartment were assigned to group A1, and
those whose dominant pain was in the lateral
compartment were assigned to group A2. Group B
consisted of joints with a history of mechanical locking
episodes and pain on the lateral joint line, with these
being diagnosed as RSLM.9 Group B consisted of patients
with RSLM, and group A was recruited as a control
group. BMI and limb alignment were measured in all
patients. Measurement of limb alignment was per-
formed on a physical examination before any other
examinations by the same orthopedist (J.S.). Patients
were placed in the supine position on an examination
table with their hips and knees extended. In patients
with genu varum, the left-right distance between the
medial margins of the knee joints was measured using a
ruler. In patients with genu valgum, the left-right dis-
tance between the medial malleoli of the tibias was
measured using a ruler. The limb alignments were
classified into 3 groups. In group 1, which indicated
valgus alignment, the distance between the medial
malleoli was >3.0 cm; in group 2, which indicated



Fig 1. Flowchart depicting patient selection and classification. (F, female; M, male.)

THE ANTERIOR MOBILITY OF THE PHLM 3
intermediate alignment, limb alignment did not meet
the criteria for either group 1 or 3; and in group 3, which
indicated varus alignment, the distance between the
medial margins of the knee joints was >3.0 cm.
MRI of the aiPMF, psPMF, piPMF, and MFibL was

examined.MRI depicting the popliteus tendon (PT) at the
level of the LM was used to evaluate the aiPMF and
psPMF. MRI of the aiPMF and psPMF was classified ac-
cording to the Sakai classification31 into the following 3
groups: type A, the fascicle was depicted with obvious
continuity and with a low-intensity band; type B, the
fascicle was depicted with continuity but with ambiguous
intensity structure; and type C, the fascicle was depicted
with discontinuity or was not visible in any of the images.
MRI of the piPMF and MFibL was assessed according to
presence or absence (pre/ab). The piPMF was considered
present if a structure was visualized running between the
inferiormargin of the posterior third of the LMand the PT
located distal to the tibial plateau.21 The MFibL was
considered present if a curvilinear or straight hypointense
structure anterior to the PT was visualized running be-
tween the inferior margin of the posterior third of the LM
and the apex of the fibular head.32 When the MFibL or
piPMF was unrecognized, ambiguous, or interrupted, it
was considered absent.

Measurement of Mobility of the PHLM
The arthroscopic force displacement (FD) measuring

instrument for assessing the mobility of the PHLM
consisted of 4 parts: a probe, a probe holder, a con-
necting cable, and the FD measuring unit (F-S Master;
Imada). The first 3 parts were specially made for the
present study by Teijin Nakashima Medical (Okayama,
Japan) to facilitate accurate measurement (Fig 2). The
F-S Master measuring unit consisted of a load cell, a
load cell sliding device, a digital analyzer, and software
that depicted an FD curve on a computer. The force
measurement error, including the device’s internal
resistance, was less than 0.05 N according to the
manufacturer.
First, an ordinary arthroscopic examination was

performed through the anteromedial and anterolateral
portals using a 30� arthroscope. The hip joint was then
flexed to 45�, the knee joint was flexed to 90�, and the
leg was circumducted externally. The proximal tibia
was fixed to the operating table to prevent ante-
roposterior movement of the tibial condyle during the
measurement. The hook of a probe was placed on
the femoral peripheral rim of the PHLM just medial to
the hiatal portion (or psPMF) through the antero-
lateral portal (Fig 3). The probe holder was fixed to the
tibial condyle using a fixation belt, and the basal part of
the probe was then fixed to the probe holder. One end
of the connecting cable was fixed to the probe holder,
and the other end was fixed to a load cell on a sliding
device on a tripod (Fig 2). The probe could be moved
forward or backward along its long axis by rotating the
sterilized handle. The data measured by the load cell



Fig 2. Diagram showing how to measure
the mobility of the PHLM. The arthroscopic
views and FD curve were examined
simultaneously on the display during the
measurement. (FD, force displacement;
LFC, lateral femoral condyle; LTP, lateral
tibial plateau; PHLM, posterior horn of the
lateral meniscus.)
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and sliding device were sent through a digital analyzer
to a computer, where an FD curve was depicted and
recorded.
The mobility of the PHLM was measured by the

same orthopedist (J.S.). First, the probe was pulled
until a 20.0-N traction force was reached, and then
the probe was pushed back until it reached the initial
position in the joint. A safe traction force with respect
to the restraints was selected according to a study by
Gupte et al.33 that found a mean load to failure of the
anterior meniscofemoral ligament (mean cross-
sectional area is 14.7 mm2) of 300.5 N, and 20 N is
one-fifteenth of this force. The probe was moved at a
speed of approximately 2.0 to 3.5 mm/s. The same
Fig 3. Applying a traction force to the PHLM
using a probe. A 30� arthroscope and a probe
were introduced through anteromedial and
anterolateral portals, respectively, with the
knee jointflexedat90� andan imageof the left
knee beingused. (A)Diagramshowinghow to
adjust theprobeonto thePHLMof the leftknee
joint. The tip of the probe was placed on the
femoralperipheral rimof thePHLMjustmedial
to thepsPMF.(B)Theforcedisplacementcurve
depicted at bottom right shows the traction
force starting to decrease after reaching 20 N.
(LFC, lateral femoral condyle; LM, lateral
meniscus; LTP, lateral tibial plateau; PHLM,
posterior horn of the lateral meniscus; PT,
popliteus tendon; psPMF, posterosuperior
popliteomeniscal fascicle.)
measurement was repeated 3 times. When apparent
undulations or notches were depicted on the FD
curve, indicating that the probe had touched the
articular cartilage, the data were discarded, and the
position of the probe was adjusted. However, small
notches depicted in the data in cases with a history of
locking symptoms were accepted because slight con-
tact between the highly deformed LM and the artic-
ular cartilage during traction could not be avoided.
The FD curves always showed hysteresis, and there-
fore, the FD curves obtained when the PHLM was
pulled anteriorly were used for measurement (Fig 4).
The anterior displacement (in millimeters) of the
PHLM at traction forces of 10.0 and 20.0 N was



Fig 4. FD curve. (A) Diagram illustrating measurement of displacement of the PHLM on the FD curve at traction forces of 10 and
20 N. FD curves when the PHLM was pulled anteriorly were used for measurement. The anterior displacement of the PHLM at
traction forces of 10.0 and 20.0 N was calculated from the FD curve and recorded as D10 and D20, respectively. (B) An actual FD
curve as shown on a computer display. (FD, force displacement; PHLM, posterior horn of the lateral meniscus.)
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calculated from the third FD curve and recorded as
D10 and D20, respectively. The reason we used 10
and 20 N was that we wished to compare our results
with those of a previous study that used 10 N,27 and
we expected to discover a hidden risk factor when
using 20 N. The reason we used the third FD curve is
that we measured meniscal mobility 5 times in a pilot
study using a traction force of 20 N and found that
the mobility increased slightly until the third mea-
surement and that almost no increase occurred after
that. Therefore, we decided to use the third FD curve
for the measurement. The standard deviations and
standard errors of the third to fifth repeated mea-
surements were 0.13 mm and 0.07 mm, respectively,
at 10 N, and 0.15 mm and 0.09 mm at 20 N.

Statistical Analysis
All statistical analyses were performed with IBM SPSS

Statistics, Version 20.0 (IBM), with a P value of .05
indicating statistical significance.
Interobserver and intraobserver errors in determining

the type of aiPMF and psPMF and the pre/ab status of
the piPMF and MFibL on MRI were calculated with k
statistics using all knee joints. To determine interob-
server error, 3 PMFs and MFibLs were classified inde-
pendently by 2 examiners (J.S., R.M.) blinded to the
patients’ names. To determine intraobserver error, 3
PMFs and MFibL were classified twice by the same
examiner (J.S.) with an interval of 1 month between
measurements.
After categorizing several discrete variables to ensure

effective statistical analysis, the final variables consid-
ered as risk factors included age, sex, CLS, BMI, align-
ment of limb (groups 1, 2, and 3), aiPMF type (A, B,
and C), psPMF type (A, B, and C), piPMF (pre/ab), and
MFibL (pre/ab). The mean and standard deviation were
calculated to characterize continuous variables, and
percentages were calculated for discrete variables. Un-
paired t tests were used to compare the mean values of
age, BMI, and anterior displacement of the PHLM be-
tween groups A1 and A2, as well as between groups A
and B. The c2 test or Fisher exact test was applied to
compare proportions of joints according to sex, CLS,
limb alignment groups, types, and pre/ab status of lig-
aments between groups A1 and A2, as well as between
groups A and B. To identify potential predictors of
anterior mobility of the PHLM at 10- and 20-N traction
force, univariate regression analysis was used to
examine demographic and clinical characteristics and
MRI findings. Multivariate regression analysis was then
used to assess and select the best combination of sig-
nificant factors in the univariate analysis. The results of
the regression analyses are presented as mobility in
millimeters (regression coefficient) with accompanying
95% confidence intervals.
Results
Seventy-nine patients underwent arthroscopic mea-

surement of mobility of the PHLM during the above-
mentioned period. Of these, 6 were excluded because it
was not possible to complete the measurement. Five of
these patients had a stiff lateral compartment with
insufficient space for the measurement, whereas the
PHLM of the other patient showed high mobility, and a
probe slipped off the PHLM during measurement.
Therefore, 73 patients (47 men and 26 women) with a
mean (SD) age of 41.8 (19.3) years (range, 14-83 years)
were ultimately enrolled (Fig 1). Group A included 64
patients/64 knees (45 men and 19 women; mean [SD]



Table 1. Patient Demographics, Clinical Characteristics, MRI Findings, and Anterior Displacement of the PHLM

Predictor and Anterior Displacement

Group A

Group B P ValueyGroup A1 Group A2 P Value* Total

Age, mean � SD, y 42.3 � 19.7 41.5 � 18.3 .88 42.0 � 19.1 39.9 � 21.3 .75
Sex .97 .0048

Male 31 (48) 14 (22) 45 (62) 2 (3)
Female 13 (20) 6 (9) 19 (26) 7 (10)

CLS 0 (0) 0 (0) 0 (0) 9 (100) <.0001
BMI, mean � SD 21.8 � 2.2 21.6 � 1.3 .59 21.8 � 1.9 22.2 � 3.2 .59
Alignment of legs .22 .062

Group 1 (valgus) 2 (3) 0 (0) 2 (3) 2 (3)
Group 2 27 (42) 9 (14) 36 (49) 4 (5)
Group 3 (varus) 15 (23) 11 (17) 26 (36) 3 (4)

aiPMF .25 <.0001
Type A 34 (53) 13 (20) 47 (64) 2 (3)
Type B 10 (16) 6 (9) 16 (22) 4 (5)
Type C 0 (0) 1 (2) 1 (1) 3 (4)

psPMF .26 <.0001
Type A 24 (38) 13 (20) 37 (51) 0 (0)
Type B 17 (27) 4 (6) 21 (29) 3 (4)
Type C 3 (5) 3 (5) 6 (8) 6 (8)

piPMF .80 .042
Presence 14 (22) 7 (11) 21 (29) 0 (0)
Absence 30 (47) 13 (20) 43 (59) 9 (12)

MFibL .53 .090
Presence 10 (16) 6 (9) 16 (22) 0 (0)
Absence 34 (53) 14 (22) 48 (66) 9 (12)

Anterior displacement of the PHLM, mean � SD, mm
D10 6.2 � 3.1 5.8 � 2.8 .64 6.0 � 3.0 10.7 � 6.9 .0005
D20 10.5 � 3.7 10.0 � 3.6 .63 10.3 � 3.6 18.4 � 5.1 <.0001

NOTE. Values are presented as number (%) unless otherwise indicated. Types A, B, and C indicate Sakai classifications of the popliteomeniscal
fascicle.
aiPMF, anteroinferior popliteomeniscal fascicle; BMI, body mass index; CLS, a history of catching or locking symptoms; D10, anterior

displacement at a traction force of 10.0 N; D20, anterior displacement at a traction force of 20.0 N; MFibL, meniscofibular ligament; MRI,
magnetic resonance imaging; PHLM, posterior horn of the lateral meniscus; piPMF, posteroinferior popliteomeniscal fascicle; psPMF, poster-
osuperior popliteomeniscal fascicle.
*P value between group A1 and group A2.
yP value between group A and group B.
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age 42.0 [19.1] years; age range, 14-83 years). The final
diagnoses in this group included isolated medial
meniscal tear (14 joints); patellofemoral disorder,
including bipartite patella (9 joints); grade 2 or 3 uni-
compartmental medial osteoarthritis with medial
meniscal degeneration or tear (21 joints); synovitis,
especially at the posterolateral corner (5 joints); and
persistent pain of unknown cause at the posterolateral
corner (15 joints). Group A1 included 31 men and 13
women, and group A2 included 14 men and 6 women.
Group B included 9 patients/9 knees (2 men and 7
women; mean [SD] age [21.3] years; age range, 16-70
years).
The interobserver errors for the aiPMF, psPMF,

piPMF, and MFibL were 0.68, 0.70, 0.63, and 0.41,
respectively, while the intraobserver errors were 0.74,
0.75, 0.68, and 0.46, respectively. Both the inter- and
intraobserver reliability measures for aiPMF, psPMF,
and piPMF showed substantial agreement while those
for MFibL showed moderate agreement.
The patient demographics, clinical characteristics,
MRI findings, and anterior displacement of the PHLM
are shown in Table 1. There were no significant dif-
ferences in patient demographics, clinical characteris-
tics, MRI findings, or anterior displacement of the
PHLM between groups A1 and A2. To the contrary,
when groups A and B were compared, we found sig-
nificant differences in the mean values of D10 and D20,
with the values being significantly higher in group B
than in group A (P ¼ .0005 and P < .0001, respec-
tively). A significant difference was found in the dis-
tribution of the knee joints according to sex, with
females predominating in group B (P ¼ .0048). The
distributions of joints also showed significant between-
group differences according to aiPMF and psPMF, with
type C predominating in group B (P < .0001), and ac-
cording to piPMF, with it being present in significantly
less subjects in group B (P ¼ .042). However, there
were no significant differences in the mean values of
age or BMI between groups A and B, or in the



Table 2. Linear Regression Analyses of Associations of D10 and D20 With Independent Variables Including Demographic and
Morphologic Factors on MRI

Predictor

D10 (Adjusted R2 ¼ .348) D20 (Adjusted R2 ¼ .514)

R Coeff (95% CI), P Value R Coeff (95% CI), P Value R Coeff (95% CI), P Value R Coeff (95% CI), P Value

(Univariate Analysis) (Multivariate Analysis) (Univariate Analysis) (Multivariate Analysis)

Intercept 3.7 (2.2 to 5.2), <.0001 8.0 (6.5 to 9.5), <.0001
Age �0.013 (�0.061 to 0.035), .60 0.012 (�0.045 to 0.069), .68
Sex

Male Reference Reference Reference Reference
Female 2.1 (0.22 to 3.95), .029 0.9 (�0.8 to 2.5), .31 2.7 (0.45 to 4.84), .019 0.7 (�1.1 to 2.4), .45

CLS 4.7 (2.1 to 7.3), .0005 0.3 (�2.6 to 3.2), .84 8.1 (5.3 to 10.8), <.0001 3.5 (0.5 to 6.5), .022
BMI �0.12 (�0.56 to 0.32), .60 0.07 (�0.5 to 0.6), .80
Alignment of legs

Group 1 (valgus) 1.4 (�2.7 to 5.5), .49 4.5 (�2.2 to 9.2), .06
Group 2 Reference Reference
Group 3 (varus) �0.11 (�2.0 to 1.8), .91 0.2 (�2.0 to 2.4), .84

aiPMF
Type A Reference Reference Reference Reference
Type B 1.9 (0.08 to 3.8), .041 1.2 (�0.6 to 2.9), .18 3.1 (1.0 to 5.2), .0043 1.8 (�0.02 to 3.6), .053
Type C 7.9 (4.2 to 11.5), <.0001 5.0 (0.8 to 9.2), .019 10.4 (6.3 to 14.5), <.0001 5.6 (1.3 to 9.9), .011

psPMF
Type A Reference Reference Reference Reference
Type B 3.1 (1.4 to 4.8), .0006 2.5 (0.7 to 4.3), .007 4.4 (2.5 to 6.3), <.0001 3.5 (1.7 to 5.4), .0003
Type C 5.8 (3.7 to 8.0), <.0001 3.3 (0.5 to 6.1), .021 7.6 (5.2 to 10.0), <.0001 3.6 (0.7 to 6.4), .014

piPMF
Presence Reference Reference Reference Reference
Absence 2.7 (0.8 to 4.7), .0063 0.8 (�1.0 to 2.6), .37 3.0 (0.7 to 5.3), .011 0.15 (�1.7 to 2.0), .87

MFibL
Presence Reference Reference
Absence 0.18 (�2.0 to 2.4), .87 0.45 (�2.2 to 3.1), .73

NOTE. Types A, B, and C indicate Sakai classifications of the popliteomeniscal fascicle.
aiPMF, anteroinferior popliteomeniscal fascicle; BMI, body mass index; CI, confidence interval; CLS, a history of catching or locking symptoms;

D10, anterior displacement at a traction force of 10.0 N; D20, anterior displacement at a traction force of 20.0 N; MFibL, meniscofibular ligament;
MRI, magnetic resonance imaging; piPMF, posteroinferior popliteomeniscal fascicle; psPMF, posterosuperior popliteomeniscal fascicle; R Coeff,
regression coefficient; R2, coefficient of determination.
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distribution of knee joints according to limb alignment
or presence of MFibL.
Results of the univariate and multivariate analyses

are shown in Table 2. The univariate analysis showed
that age, BMI, limb alignment, and MFibL were not
associated with D10 or D20. However, female sex was
associated with D10 and D20, with regression co-
efficients of 2.1 and 2.7 for traction forces of 10 and 20
N, respectively, indicating that women showed higher
anterior displacement than men by 2.1 and 2.7 mm at
10 and 20 N, respectively. CLS was associated with D10
and D20, with CLS inducing 4.7 and 8.1 mm of anterior
displacement, respectively. Type B and C aiPMF were
associated with D10 and D20, with type B inducing 1.9
and 3.1 mm of anterior displacement compared with
type A at traction forces of 10 and 20 N, respectively,
and type C inducing 7.9 and 10.4 mm of anterior
displacement. Type B and C psPMF were also associated
with D10 and D20, with type B inducing 3.1 and 4.4
mm of anterior displacement compared with type A at
traction forces of 10 and 20 N, respectively, and type C
inducing 5.8 and 7.6 mm of anterior displacement.
Furthermore, absence of piPMF was associated with
D10 and D20, with it inducing 2.7 and 3.0 mm of
anterior displacement at traction forces of 10 and 20 N,
respectively.
After statistical analysis with univariate regression, 5

of the 9 independent variables were identified as po-
tential predictors with P < .05 at a 10- and 20-N trac-
tion force: sex, CLS, aiPMF, psPMF, and piPMF.
Multivariate regression analysis, including these 5 po-
tential predictors, revealed that aiPMF and psPMF were
associated with D10 and D20, and CLS was associated
with D20. That is, aiPMF type C and psPMF types B and
C were independent factors associated with anterior
mobility of the PHLM at both traction forces, and CLS
was an independent factor at a traction force of 20 N.
For aiPMF, the increased mobility of type C in com-
parison with type A was 5.0 mm at 10 N (P ¼ .019) and
5.6 mm at 20 N (P ¼ .011). For psPMF, in comparison
with type A, the increased mobility of type B was 2.5
mm at 10 N (P ¼ .007) and 3.5 mm at 20 N (P ¼ .0003),
and the increased mobility of type C was 3.3 mm at 10
N (P ¼ .021) and 3.6 mm at 20 N (P ¼ .014). CLS was
responsible for increased mobility of 3.5 mm at 20 N
(P ¼ .022).
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The setup of instruments that did not require sterili-
zation was made before surgery and took approxi-
mately 10 minutes. The setup of sterilized instruments
and measurement of the mobility of the LM were made
during surgery and took approximately 15 minutes.
There were no adverse events associated with arthro-
scopic measurement of mobility after surgery.

Discussion
The amount of anterior displacement of the PHLM

induced by external traction forces of 10 and 20 N at
90� of flexion of the knee joint was associated with
aiPMF type C and psPMF types B and C. Furthermore,
CLS was also associated with anterior displacement at a
20-N traction force.
The 9 parameters of age, sex, CLS, BMI, alignment of

legs, aiPMF, psPMF, piPMF, and MFibL were examined
as potential factors affecting the mobility of the PHLM
in regression analysis. Anatomically, the aiPMF runs
distally from around the inferior margin of the PHLM to
the PT, and the psPMF runs proximally from the su-
perior margin of the PHLM to the PT.21,22 The efficacy
of these 2 restraints was proven by Simonian et al.27 As
for the psPMF and MFibL, these restraints run in a
posterior direction from the inferior margin of the
PHLM to the PT and the apex of the fibula head,
respectively,21-24 and they seem to be effective for
controlling anterior mobility of the PHLM and poten-
tially act as secondary restraints at 90� of flexion of the
knee joint. However, MFibL, as well as age, BMI, and
limb alignment, was not found to be significant in the
univariate analysis, and piPMF and sex were not sig-
nificant in the multivariate regression analysis.
One of the predictors detected as affecting the

mobility of the PHLM was psPMF type B, with mobility
expected to increase by 2.5 mm at 10 N (P ¼ .007) and
by 3.5 mm at 20 N (P ¼ .0003) in comparison with type
A. This significant difference in mobility between
psPMF types A and B indicates that continuity of the
psPMF on oblique coronal PDW MRI is not enough to
show sound stability of the PHLM and that a low-
intensity band with obvious continuity on MRI is
necessary. Furthermore, when patients have a symp-
tom caused by hypermobility of the PHLM and that is
confirmed by later arthroscopy, repair or reconstruction
of the psPMF in patients showing as type B or C on MRI
is reasonable because the treated psPMF can be ex-
pected to show significantly less mobility.
Another significant predictor of PHLM mobility was

aiPMF type C, with mobility in comparison with type A
expected to increase by 5.0 mm at 10 N (P ¼ .019) and
by 5.6 mm at 20 N (P ¼ .011). These results show that,
as far as the aiPMF is concerned, its absence or
discontinuity on MRI seems to be necessary to show a
statistically significant increase in mobility of the PHLM
in comparison with type A. Furthermore, repair or
reconstruction of a discontinuous or absent aiPMF is a
reasonable approach to significantly reduce hypermo-
bility of the PHLM.
The other significant predictor at a 20-N traction force

was CLS, with mobility expected to increase by 3.5 mm
(P ¼ .022). It is noteworthy that the multivariate
regression analysis did not reveal CLS to be a significant
predictor at a traction force of 10 N, with the increased
mobility being only 0.3 mm (P ¼ .84). The discrepancy
between the results at 10 and 20 N seems to be related
to something detectable only with a larger traction
force, and a potential factor could be slightly increased
ease of deformation of the PHLM caused by its me-
chanical locking.
Simonian et al.27 objectively evaluated the stability of

the LM before and after sequential sectioning of the
aiPMF and psPMF in cadavers. They reported that
cutting the aiPMF resulted in increased motion of 1.8
mm with a 10-N load and that cutting the psPMF
resulted in an increased motion of 1.0 mm. They stated
that the aiPMF seemed to lend a greater amount of
control to meniscal motion. Our study seemed to show
similar results to this previous one. The difference in
mobility between aiPMF types A and C at 10 N was 5.0
mm, and that between psPMF types A and C was 3.3
mm, showing that discontinuity of the aiPMF on MRI
induced higher mobility than discontinuity of the
psPMF. Furthermore, the mean anterior motion of the
LM with intact aiPMF and psPMF was 3.6 mm, and in
this study, the expected mobility of knee joints with
aiPMF type A and psPMF type A (indicating intact
aiPMF and psPMF) at 10 N was 3.7 mm, the intercept of
the multivariate analysis (Table 2). However, in the
study by Simonian et al.,27 the mean motion after
cutting both PMFs was 6.4 mm, while the expected
mobility of joints with both PMFs being of type C on
MRI was 12.0 mm, which was calculated by adding the
intercept and regression coefficients of aiPMF type C
and psPMF type C (Table 2). The reason our results
showed mobility approximately 2 times higher than
that in the cadaver study may be that most of our cases
in which both PMFs were of type C had a history of
locking symptoms. The previous results showing that
the PHLM did not become locked after cutting both
PMFs support the thinking that locking of the PHLM
does not occur at 90� of flexion of the knee joint in
cases with only isolated disruption of both PMFs but
needs disruption of other restraints of the PHLM as
well. Therefore, the direct effect of sectioning an
anatomic restraint on meniscal mobility seems to be
significantly different from that measured when the
restraint is damaged in vivo. When studying the
popliteal hiatus of the knee, Grassi et al.22 reported that
the aiPMF blends with the MFibL at the inferior margin
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of the LM, which might explain the discrepancy be-
tween the results of meniscal mobility in the anatomic
and clinical studies.
Kimura et al.34 investigated on arthroscopy the

meniscotibial coronary ligament of the PHLM, which is
believed to include the piPMF by Grassi et al.22 The
prevalence of piPMF in anatomic studies varies from
17% to 100%,21,35,36 while the prevalence in magnetic
resonance arthrography was reported to be 40%.36 In
this study, the piPMF was absent in 71% of joints.
Although the consistency and prevalence of the piPMF
remain somewhat controversial, when the running
direction of the ligament is considered, it seems to
work as a checkrein when the PHLM moves exces-
sively anteriorly. We expected that absence of the
piPMF might be a risk factor for hypermobility of the
PHLM, but although univariate analysis identified
piPMF as a potential risk factor, piPMF was not finally
demonstrated to be a risk factor in the multivariate
analysis.
Bozkurt et al.23 reported that the MFibL, which is a

capsular ligament running between the apex of the
fibular head and the posterior part of the midportion of
the LM, was recognized in 100% of 50 cadaveric knee
joints. Another anatomic study also showed 100%
prevalence of this ligament.24 However, the ligament
was demonstrated in 42.5% of knees on PDW fast spin
echo MRI studies, with this prevalence increasing to
63% in the presence of fluid in the posterolateral joint
space and reducing to 16% in the absence of fluid.32 In
this study, the prevalence of the MFibL on MRI was
22%. A lack of biomechanical study of this ligament
makes it difficult to understand its function thor-
oughly, although anatomic studies show that the
MFibL seems to restrain anterior displacement of the
LM, and the PHLM does not seem to be able to dislo-
cate anteriorly without damaging this ligament.
However, univariate analysis failed to identify MFibL
as a potential risk factor, probably because of the low
prevalence of this ligament on MRI and relatively low
inter- and intraobserver agreement for MRI evaluation
of the MFibL.
In this study, we used group A as a control group for

group B. However, there is a concern about whether
group A2 included joints with lateral knee pain induced
by hypermobility of the PHLM. In this study, there was
no knee joint without any pain in the lateral
compartment because the institutional review board
approval included lateral pain as an inclusion criterion.
However, for patients in group A1, pain in the lateral
compartment was always very slight and knee pain
predominated in the medial or patellofemoral com-
partments. Therefore, given that we were ethically not
allowed to measure the mobility of the PHLM of knee
joints without pain, we considered group A1 the control
group. Furthermore, none of the patients showed a
positive figure-4 test1 in group A2, and we found no
significant differences in all the parameters between
groups A1 and A2 (Table 1). Thus, we also considered
group A2 part of the control group; even if knee joints
with hypermobility of the PHLM were included in
group A2, there should be very little effect on the re-
sults of the regression analyses. Therefore, including
group A2 in this study does not seem to have
compromised the results.

Limitations
This study has several limitations. First, due to the

relatively short duration of the study, the number of
patients who participated in the measurement was 73.
The expected sample size for 5 independent predictors
in multivariate regression analyses was 92. Therefore,
this study was underpowered, and the results could be
subject to a type II error. Second, standing ante-
roposterior radiographs could not be used for the
measurement of limb alignment because some patients
could not load their weight on their disordered leg at
hospitalization and the chance to take the radiograph
was lost after they left the hospital. Although clinical
examination of limb alignment and measurement of
limb alignment on digital photographs are different,
both are based on an inspection of the legs, and digital
photographs were reported to be highly reliable for
measuring the leg alignment.37 Third, the amount of
meniscal mobility can change with the traction speed of
the probe. Although we attempted to maintain a con-
stant speed, we had to decrease the speed when the
mobility of the meniscus was high because the probe
was liable to slip off the meniscus. Fourth, the meniscal
mobility measured using a probe can be influenced not
only by the restraints of the PHLM but also by the
mechanical property of the meniscus, which must be
related to the ease of deformation of the PHLM.
Although we could not measure any indices of the
mechanical properties of the LM, there was no case
where signal intensity of the PHLM on MRI was
diffusely high, which indicates degeneration of the
PHLM.38 Fifth, this study was performed at 90� of
flexion of the knee joint. As the flexion angle of the
knee joint changes, the positions of the PHLM39 and the
PT40 change, and the tension of the restraints of the LM
also changes.17,19 Therefore, different results might be
obtained if the meniscal mobility is measured with the
knee joint at a different flexion angle.

Conclusions
Anterior displacement of the PHLM induced by an

external traction force at 90� of flexion of the knee joint
was associated with abnormal MRI findings of the
anteroinferior popliteomeniscal fascicle and poster-
osuperior popliteomeniscal fascicle, as well as a history
of catching or locking symptoms.
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