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Abstract

Purpose Extrusion of the medial meniscus evaluated on magnetic resonance imaging (MRI) has been described as indirect
radiological sign for meniscus root tears. However, ultrasound detectable dynamic extrusion is observed in normal physi-
ological settings. The aim of the present study was to analyze the dynamic meniscal extrusion using ultrasound (US) exami-
nation in patients with MRI-confirmed meniscal root tears. The hypothesis was that dynamic meniscus extrusion is reduced
in patients with medial root tear but not in the healthy meniscus.

Methods Twenty-five patients with a medial root lesion of the meniscus (group I) and 25 healthy controls (group II) were
enrolled in this study. The medial meniscus extrusion (MME) of the index knee was determined using ultrasound (US) in
supine position and under full weight bearing. Standard knee MRI was used for determining whether the patients were eli-
gible for this study according to the inclusion and exclusion criteria, respectively.

Results In group I, the mean MME was 3.6 mm (+ 1.0 mm) in supine position and 3.7 mm (% 0.9 mm) under full weight
bearing according to US measurements. The mean A-extrusion was 0.1 mm (£0.2 mm) and the ratio was 1.0 (+0.1). Mean
medial meniscus extrusion on MRI was 3.9 mm (£ 0.9 mm). In group II, mean MME was 1.3 mm (£ 0.3 mm) in supine
position (US) and 2.3 mm (+ 0.4 mm) under full weight bearing (US). The mean A-extrusion was 1.0 mm (+0.4 mm) and
the extrusion ratio was 1.8 (+0.4). In this group, mean extrusion in MRI was 1.4 mm (0.7 mm). The difference in mean
ultrasound A-extrusion, ratio, and MRI extrusion between both groups was statistically significant (p <0.001).
Conclusions Based on the results of dynamic ultrasound examination of the medial meniscus, medial root tear leads to
significantly decreased dynamic medial displacement of the meniscus compared to healthy meniscus status. The absence
of dynamic meniscus extrusion may be an indicator for medial meniscus root injury and could be detected using ultrasound
(““dead meniscus sign”).

Level of evidence III.

Keywords Dynamic meniscal extrusion - Root tear - Ultrasound - Meniscal extrusion - Dynamic extrusion - Magnetic
resonance imaging

Introduction

The wedge-shaped menisci improve the congruity of femur
and tibia and provide uniform distribution of load across the
Katrin Karpinski and Theresa Diermeier have contributed equally articular surfaces, wherein the roots of the menisci play an
to this work. important role [9, 10, 20, 22, 31]. The normal forces applied
to the menisci tend to cause radial meniscus extrusion [20].
The menisci are unable to extrude radially, since the four
chondral insertion sites firmly attach the medial and lateral
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A root tear is defined as a complete radial lesion typi-
cally observed at the posterior insertion zones of the medial
and lateral meniscus [21, 22, 30]. This lesion interrupts the
circular hoop tension and leads to extrusion of the menis-
cus [22]. Radial extrusion of the meniscus is considered to
increase the peak contact pressure within the joint. Allaire
et al. [2] demonstrated that, in the medial compartment, a
posterior root tear of the medial meniscus caused a 25%
increase in peak contact pressure compared with that found
in the intact condition. This effect was comparable to a total
medial meniscectomy [2].

Meniscus extrusion is a typical finding in magnetic res-
onance imaging (MRI) of patients with medial root tears
[22]. The meniscus is considered extruded when it extends
beyond the tibial margin. Moreover, meniscus extrusion is
not a specific sign for a medial meniscus root tear. Substan-
tial medial meniscus extrusion (>3 mm) is associated with
severe meniscal degeneration, extensive tear, complex tear,
or large radial tears, respectively [6]. Numerous researchers
consider MRI as the gold standard for evaluation of menis-
cus extrusion [5, 6, 8, 13, 14, 22], although meniscus extru-
sion can be detected using ultrasound [1]. A previous study
demonstrated that meniscus extrusion may not always be a
pathological finding. In knees of healthy volunteers, a mean
meniscus extrusion of 1.1 mm was detected in supine posi-
tion [1]. During full weight bearing, mean medial menis-
cus extrusion increased to 1.9 mm [1]. The difference in
extrusion (A-extrusion 0.8 mm) between supine and stand-
ing position was described as dynamic extrusion [1]. An
explanation for this phenomenon can be observed in the
viscoelasticity of the meniscal tissue [20]. In specific, axial
load causes a temporal limited, reversible deformation of the
meniscus [7]. The collagenous fibers of the meniscus elon-
gate like a spring and subsequently increase the hoop stress
[1]. After unloading, the meniscus returns back to its original
position. Therefore, not only an increased meniscus extru-
sion may be regarded as pathologic, but also a decreased or
absent functional adaption reaction of the meniscus [1]. The
literature provides little data in terms of dynamic meniscus
extrusion under pathological conditions such as a root tear.
This raises the question of whether the dynamic extrusion
is restricted as a consequence to insufficient fixation of the
menisci at the tibial plateau. To cast a light on this matter,
the present study investigated dynamic meniscus extrusion
in knees of patient with MRI-confirmed medial root tears
and a healthy matched control group. Based on the findings
of previous MRI studies, it was hypothesized that patients
with a medial meniscus root tear will display increased
meniscus extrusion in the supine and standing position,
but a smaller dynamic meniscus extrusion. The detection
of meniscus extrusion using ultrasound could improve the
early diagnosis of root tear lesions as well as evaluation fol-
lowing surgical repair or replacement.
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Materials and methods

From March 2017 till December 2017, patients with medial
root tear on MRI were enrolled in this prospective study.
Inclusion criteria comprise age > 18 years and the radio-
logical proof of a medial meniscus root lesion on MRI. The
ghost sign, also known as empty meniscus sign [25], was
chosen as radiological criteria for a root lesion, since it can
indicate a complete disruption of the circular meniscus fibers
(Fig. 1). Exclusion criteria comprise radiological signs of
osteoarthritis > grade 2 according to Kellgren and Lawrence
classification [12], clinical signs of severe valgus deform-
ity (>2 cm malleolar distance), and patients with German
language barrier. Furthermore, patients diagnosed with other
meniscus lesions (> Stoller III) or ligament instability were
also excluded [26, 27]. Twenty-five patients consisting of
11 female and 14 male were included in the study. Age-
matched healthy volunteers with no history of knee pain
and > 18 years, facing the same exclusion criteria, served
as control group, comprising 12 female and 13 male. For
age matching, 4 age groups were defined (50-54, 55-59,
60—64 and 65-70 years, respectively). Healthy was defined
as no episode of knee pain during the last 3 months and no
previous knee surgery. The distribution of age, gender, and
body mass index (BMI) between root tear group (group I)
and healthy control group (group II) is presented in Table 1.

Fig.1 Sagittal MRI of a patient with posterior medial meniscus root
tear. The triangular white space between femur and tibia is called
“ghost sign” (white arrow). This sign indicates the absence of menis-
cus tissue and is considered to be pathognomonic for a medial root
tear
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Table 1 Age, gender, and BMI for both study groups

Root tear group Healthy control group

Age (range) in years 57.9 (50-78) 57.7 (50-70)
Gender 14 X male 13 x male

11 x female 12 x female
BMI (SD) 26.6 (+2.0) 25.3 (+4.6)

No significant difference between the groups was detectable (age: ¢
test for independent samples, p=0.910, BMI: U test, p=0.057; gen-
der: Chi-square test, p=0.777)

Clinical examination

For the healthy controls, age, weight, and length measure-
ments were obtained and BMI was calculated subsequently.
All patients were examined according to the International
Knee Documentation Committee (IKDC). Menisci were
evaluated by joint space tenderness and McMurray test.
Examination of ligamentous instability included testing of
the anterior and posterior cruciate ligament as well as medial
(MCL) and lateral (LCL) collateral ligaments, respectively.
Lower limb alignment was assessed clinically by measur-
ing the distance between the condyles, respectively between
both ankles with the patient standing upright. The distance
between medial condyles and medial malleoli was measured
by a single investigator with the caliper method. A malleo-
lar distance of more than 2 cm was interpreted as valgus
deformity. This method has been evaluated by Hinman et al.
[10]. The authors have shown that the caliper method, that
is quantifying the intercondylar and intermalleolar distances
with a caliper, is a valid measuring method of the mechani-
cal axis with a good correlation to the mechanical axis meas-
ured on whole-leg radiographs [10].

Ultrasound imaging (US)

The extrusion of the medial meniscus on the index knee
was examined using ultrasound, which has previously been
described by Achtnich et al. [1]. Previously, an intraclass
correlation (ICC) for US measurements of 0.783 (CI [0.625;
0.872]; p<0.001) in supine position and 0.900 (CI [0.820;
0.942]; p <0.001) for full weight bearing in healthy human
knees was demonstrated [1].

For this purpose, the medial femoral epicondyle of the
patient was palpated and a favorable setting at the medial
joint space was initially selected in the supine patient. A
linear scanner of a 13.5 MHz ultrasound device (Sonosite,
Siemens, Bothell, WA, USA) was placed parallel to the
fiber orientation of the MCL. The meniscus presented as a
hypo-echoic triangular structure between the femoral and
tibial cortex. The proximal tibia impressed with a reflection
phenomenon with sound cancelation. Extrusion was defined
as the distance between a tangent line parallel to the fiber

Fig.2 Unloaded ultrasound image of the medial meniscus of a
patient with a posterior root lesion. One dotted line is positioned at
the border of the medial tibial cortex and one at the outermost edge
of the medial meniscus. Meniscus extrusion is defined as the distance
between both lines (distance e, A—A'). 1 =femur, 2 =tibia

orientation of the MCL at the margin of the medial tibial
cortex and the outermost edge of the medial meniscus pre-
viously described by Nogueira-Barbosa et al. (Fig. 2) [18].
The position of the receiving transducer was marked on the
skin and the patient was, thereafter, asked to stand upright
with balanced weight bearing on both legs. The transducer
was again placed at the previously marked position and the
meniscus extrusion was measured in the above described
method. The difference of extrusion was calculated as well
as the ratio by dividing the above-mentioned determined
extrusion in standing position by the medial meniscus extru-
sion in supine position in millimeters (mm). The ultrasound
device was able to show the measurements with two digits
behind the comma.

Magnetic resonance imaging (MRI)

Digital MRI images were used to detect medial meniscus
root lesion and additional injuries of the joint or degenera-
tive changes. All acquired images of the knee were evaluated
on picture archiving and communication system worksta-
tions (PACS, Agfa, Ridgefield Park, NJ, USA). For measure-
ments, coronal proton density-weighted images with spec-
tral fat suppression were chosen where the medial femoral
epicondyle was fully visible. Calculation of the extrusion
of the medial meniscus was performed according to Costa
et al. [5]. One vertical line was placed at the outermost edge
of the medial meniscus and one vertical line at the margin
of the medial tibial plateau. The distance between both lines
was quantified and defined as the meniscus extrusion in mil-
limeter (mm) (Fig. 3).

The MRI images were scanned for other typical findings
in patients with medial root lesions such as bone marrow
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Fig.3 Measurement of meniscus extrusion on a coronal “MRI” sec-
tion in a patient with a medial meniscus root tear. One dotted line is
positioned at the border of the medial tibia and one at the outermost
edge of the medial meniscus. Meniscus extrusion is defined as the
distance between both lines (e). In this patient, a tibial bone marrow
edema is visible (white arrow)

edema (Fig. 3), effusion, cartilage damage, and linear defect.
Cartilage damage was evaluated using a modified Outer-
bridge classification for MRI [27].

US images and MRI were evaluated in the above
described methods by the senior author who is experienced
in this field of area (WP).

The study was approved by the institutional review board
of Technical University Munich, (no. 370/16 S) and con-
ducted according to the Declaration of Helsinki. All subjects
gave their written informed consent to participate in this
investigation.

Fig.4 Mean ultrasound menis-

Q

Statistical analysis

Statistical analysis was performed by Ulrike von Hehn
(medistat, Kiel, Germany) using SPSS software (SPSS,
Chicago, IL). For all statistical tests, p values less than 0.05
were considered as significant. A power analysis was per-
formed based on a previous study [1] using G*Power 3.1.9.2
(medistat, Kiel, Germany). Mean extrusion for supine and
loaded condition and standard deviation (SD) were calcu-
lated. With an effect size of 0.74, an a of 0.05, and a mini-
mum of 22 subjects, the power of the current study is 0.8.
For the description of the patient collective, the ¢ test for
independent samples was used for age, the Mann—Whitney
U test was used for BMI and the Chi-square test for gen-
der. Descriptive statistics are presented as mean + SD if not
otherwise stated. For comparison of the ultrasound findings
between the groups, the Kolmogorov—Smirnov and Shap-
iro—Wilk tests were used to confirm normal distribution. The
t test for independent samples was used to detect possible
group differences of extrusion. The Mann—Whitney U test
was used to detect group difference in the measurements of
extrusion for supine position, A-extrusion, and ratio between
the groups.

Results
Ultrasound

In the root tear group, mean MME was 3.6 mm (+ 1.0 mm)
in the supine position. In the standing position, mean MME
increased to 3.7 mm (0.9 mm). The mean A-extrusion was
0.1 mm (£ 0.2 mm) and the ratio was 1.0 (+0.1).

In the control group, mean MME was 1.3 mm
(£ 0.3 mm) in the supine position and increased to 2.3 mm
(+0.4 mm) under bipedal standing with full weight bear-
ing (Fig. 4). The mean A-extrusion in this group was
1.0 mm (+ 0.4 mm) and the extrusion ratio was 1.8 (+0.4)
(Fig. 5). The difference in mean ultrasound A-extrusion
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Fig.6 Medial meniscus extrusion measured in MRI. The group dif-
ference was statistically significant (*) (U test, p <0.001)

and ratio between the root tear and control group was sta-
tistically significant (p <0.001).

MRI

All patients of the root tear group presented with a poste-
rior ghost sign on MRI (Fig. 1). In the majority of patients
of the root tear group, meniscus extrusion of more than
3 mm could be detected on MRI with a mean MME of
3.9 mm (+0.9 mm). Eighteen patients of the root tear
group had bone marrow edema on the proximal tibia and/
or distal femur (Fig. 3). In the control group, no patient
presented with a ghost sign and mean extrusion in MRI
was 1.4 mm (£ 0.7 mm). No subchondral edema was
observed in the control group. The difference in mean
extrusion between the root tear group and the control
group was statistically significant (p <0.001) (Fig. 6).

tis (OA) [4, 8]. On MRI, an extrusion >3 mm is considered
pathological [1, 6, 22]. Several studies indicate that patho-
logical medial meniscus extrusion is a predictor for progres-
sion of knee OA [4, 8, 11, 19].

It is widely accepted that medial meniscus extrusion is
associated with meniscus root tears [9, 10, 13-15, 22, 30].
The roots of the menisci play an important role in main-
taining circumferential hoop tension and preventing medial
displacement [10, 13-15, 22]. If the meniscus root is com-
pletely detached from the tibia plateau, the medial meniscus
is displaced medially under load [3, 28]. Therefore, patho-
logical extrusion is considered to be an indirect MRI sign
of a root tear [22]. Furthermore, the ghost sign is a typical
finding on MRI in patients with a root tear lesion of the
meniscus [25] (Fig. 1). Costa et al. [6] detected root tears
in 42% of patients having a major medial extrusion >3 mm
MRI. In the study by Choi et al. [5], the mean meniscus
extrusion on MRI for root tears was 3.8 mm + 1.4 mm. This
value is comparable to the 3.9 mm +0.9 mm extrusion on
MRI found in the present study.

The biomechanical consequence of medial meniscus dis-
placement is a significant increase in loads in the medial
compartment as described by Allaire et al. [2]. The clini-
cal consequence of this overload is bone marrow edema in
the subchondral bone of the femur and tibia [22] (Fig. 3).
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Some studies have shown that posterior medial root tears
and extrusion are associated with spontaneous osteonecrosis
of the knee [23, 27].

In addition, the literature provides information of menis-
cus extrusion in physiological setting. Subsequently, menis-
cus extrusion should not always be regarded as a pathologi-
cal finding [1, 11, 19, 24]. In specific, a certain degree of
meniscal extrusion occurs with knee joint movement in
the physiological state [29]. Rowland et al. [24] used ultra-
sound to assess the lateral meniscus in cadaver knees in
unloaded and static axial load (70 kg) conditions, respec-
tively. In this study, significant differences in extrusion were
noted between loaded and unloaded state. Using ultrasound
measurements, Achtnich et al. [1] demonstrated that medial
meniscus extrusion is an age-dependent phenomenon in the
healthy knee and depends on the load-bearing condition.
They found that the mean medial meniscus extrusion was
1.1 mm in supine and 1.9 mm in the standing position [1].
With increasing age and BMI, a significant increased medial
meniscus extrusion could be observed [1]. Medial meniscus
on US is significantly extruded by weight bearing in healthy
knees and in knees with severe osteoarthritis [11]. How-
ever, in knees with grade 4 OA, no dynamic displacement is
observed [11]. Patel et al. [19] evaluated meniscal extrusion
in loaded and unloaded open MRI. These authors included
patients with a mean age of 53 years and no radiological
signs of osteoarthritis. They found that the medial menis-
cus during unloaded conditions had an extrusion of 1.0 mm
with increasing medial meniscus extrusion to 1.6 mm under
loading [19]. These results suggest that dynamic meniscus
extrusion is most likely a physiological phenomenon [1, 11].
Achtnich et al. [1] interpreted this difference as a functional
reaction of the medial meniscus on load. The elastic prop-
erties of the meniscal tissue allow a certain radial displace-
ment under axial load. However, this physiological extrusion
is prevented by the circular hoop stresses, which arise as a
consequence to the attachment site of the meniscal roots on
the tibia plateau [1, 22].

From this point of view, not just an absolute increased
meniscus extrusion might be indicative for a dysfunction,
but rather an increased or absent functional adaption reac-
tion [1]. The present study demonstrates that loss of dynamic
extrusion can be used to highlight meniscus lesions with
biomechanical relevance.

In contrast to other structures in the knee joint, ultra-
sound is rarely used as a diagnostic tool for meniscal inju-
ries, although ultrasound imaging, compared to MRI, has
the advantage of dynamic evaluation of the knee joint [1].
One possible reason for the rare application of ultrasound
in the diagnosis of meniscal pathologies is that the reli-
ability varies considerably and is regarded as not satisfac-
tory [16]. Nevertheless, Muresan et al. [17] demonstrated
in a prospective study with athletes that static ultrasound
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examination of medial meniscal lesions by an experienced
examiner has a specificity of 77.7% and a sensitivity of
88.8%.

A previous study by Verdonk et al. [30] examined
dynamic meniscus extrusion in patients after meniscus
transplantation. They used ultrasound and MRI to compare
lateral meniscal extrusion under different loading condi-
tions. Verdonk et al. [30] state that both US and MRI are
adequate measurement devices for evaluating laterally
directed extrusion of the normal and transplanted lateral
meniscus. In line with the previous findings, we demon-
strate that healthy controls have load-dependent meniscus
extrusion.

The current study has some limitations which should
be addressed. First, the ultrasound examinations were
only performed by one examiner. This approach was due
to practicality. Patient recruitment and ultrasound exami-
nation were performed during the routine consultations. It
is well established that US is a highly operator-dependent
imaging method, though the previous studies show that
extrusion measurement by ultrasound has a good intraclass
correlation coefficient [1, 18]. Furthermore, the extrusion
results of the US examination did not differ significantly
from the extrusion evaluated with MRI. Second, meniscus
extrusion was only measured as radial displacement on
coronary plane [5, 6, 22]. The anterior-to-posterior direc-
tion was not assessed. Medial meniscal root tears are most
frequently observed in the elderly [22], but the results
from our study might also be applicable for different sub-
sets of patients. In contrast, lateral root tears are more
likely to appear in younger patients in combination with a
cruciate ligament tear [22]. Furthermore, measurement of
the mechanical axis would have been desirable, because
this method allows a precise evaluation of the mechanical
axis. It is well known that medial root tears are associ-
ated with varus deformity [22]. The majority of patients of
the root tear group had whole-leg radiographs, but not in
the control group. It would be unethical to expose healthy
knees to ionizing radiation without any medical indication.
Therefore, the caliper method (measuring the intercondy-
lar and intermalleolar distances with a caliper) was used to
exclude study participants with valgus deformity. Hinman
et al. [10] have shown that the caliper method is a valid
measure of the mechanical axis with a good correlation to
the mechanical axis measured on whole-leg radiographs.

Ultrasound imaging is a favorable method due to the
ubiquitous availability and user-friendly handling. While the
measurement of total extrusion might be dependent on the
investigator, greater extrusions can easily be detected. There-
fore, US imaging of meniscus extrusion might be an alterna-
tive method to detect root tear lesions and furthermore might
be a feasible option to evaluate meniscus function following
root repair or meniscus transplant surgery.
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Conclusion

The present study demonstrates that medial root tear of the
meniscus leads to significantly increased medial meniscus
extrusion with an extended extrusion also under unloaded
condition. Therefore, the absent of dynamic extrusion com-
ponent might be an indicator for medial root injury and
could be easily detected using ultrasound. The “dead menis-
cus sign” can be a useful term for this finding.
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