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Abstract

Purpose To investigate the stabilizing effect of a lateral meniscus posterior root repair in an ACL and root deficient knee.
Methods The hypothesis of the current study was that a sequential transection of the posterior root and the meniscofemoral
ligaments in an ACL-deficient knee increases rotational instability, and conversely, a repair of the meniscus root reduces the
internal tibial rotation. Therefore, eight human knee joints were tested in a robotic setup (5 N m internal torque, 50 N m ante-
rior translation load). Five conditions were tested: intact, ACL cut, ACL cut + lateral meniscus posterior root tear (LMRT),
ACL cut+LMRT + transection of the MFL and ACL cut + lateral meniscus root repair. The angles of internal tibial rotation
as well as anterior tibial translation were recorded.

Results Transection of the lateral meniscus posterior root increased the internal tibial instability as compared to the ACL-
insufficient state. A significant increase was detected in 60° and 90° of flextion. Sectioning of the meniscofemoral ligament
further destabilized the knees significantly at all flexion angles as compared to the ACL-deficient state. Even in 30°, 60° and
90° a significant difference was detected as compared to the isolated root tear. A tibial fixation of the lateral meniscus root
reduced the internal tibial rotation in all flexion angles and led to a significant decrease of internal tibial rotation in 30° and
90° as compared to the transection of the root and the MFL. The anterior tibial translation was increased in all conditions
as compared to the native state.

Conclusion A lateral meniscus root repair can reduce internal tibial rotation in the ACL-deficient knee. To check the con-
dition of the lateral posterior meniscus root attachment is clinical relevant as a lateral meniscus root repair might improve
rotational stability.
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ment (ACL). The reported incidence of these tears adds up

< Andreas B. Imhoff

imhoff @tum.de from 14 to 15% [7, 13, 25].
Philipp Forkel The consequences of these tears are strongly influenced
Ph.forkel @tum.de

by the integrity of the meniscofemoral ligaments [11, 15].

Department of Sports Orthopacdic Medicine, Technical The intact meniscofemoral ligaments stabilize the menis-

University of Munich, Ismaninger Str. 22, 81675 Munich,
Germany

Department of Orthopaedics and Sportsorthopaedics,
Technical, University of Munich, Ismaninger Str. 22,
81675 Munich, Germany

Clinic of Orthopaedic and Trauma Surgery,
Martin-Luther-Hospital, Caspar-TheyB-Str.27-31,
14369 Berlin, Germany

@ Springer

cal ring and diminish the negative effect of a posterior
meniscus root tear in the lateral compartment. A significant
increase in the intraarticular pressure due to a rupture of
the complete ring can only be expected in case of a com-
plete posterior detachment with an additional rupture of
the meniscofemoral ligaments [11, 15, 21]. Thus, lateral
meniscus root tears might have a better prognosis in case of
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an intact meniscofemoral attachment than root tears with a
complete rupture of the root and the meniscofemoral liga-
ments [11, 21].

Unfortunately, untreaded or overseen isolated lateral
meniscus root tears left in situ at the time of an ACL recon-
struction lead to slight joint space narrowing over time and
promoted an early onset of an osteoarthristis [31].

To overcome this, a fixation of the meniscus is useful to
restore the intraarticular pressure distribution and therefore
should be performed additionally to the ACL reconstruction
[12]. The positive effect of a transtibial repair of the lateral
meniscus posterior horn to restore the intraarticular pres-
sure in case of a complete lateral meniscus posterior root
tear (root tear and rupture of the MFL) was pointed out by
several studies [11, 15, 21].

Biomechanical studies prove that a loss or rupture of the
meniscus tissue leads to an increased laxity in the ACL-
deficient knee [1, 27, 28, 32].

Today, the role of the meniscofemoral ligaments as a sec-
ondary stabilizer against the posterior drawer is well known
[3, 16], but their contribution to rotational stability in case
of a root tear and an ACL rupture was investigated by two
studies only [14, 32]. Furthermore, only one of these bio-
mechanical studies distinguished between an isolated root
tear of the lateral meniscus and a transection of the menis-
cofemoral ligaments [14]. Also clinical data demonstrate an
expectable increase of anterolateral rotational instability in
case of an ACL rupture and an additional lateral meniscus
root tear [26].

Despite many recommendations to perform a root repair
in case of a root tear [5, 12, 14, 17, 26], a study proving
that rotational instabilitiy can be reduced by a root repair,
is still missing. The hypothesis of the current study is that
a sequential transection of the posterior root and the menis-
cofemoral ligaments in an ACL-deficient knee increases
rotational instability, and conversely, a repair of the menis-
cus root reduces the internal tibial rotation. A repair of the
meniscus root is clinically relevant in the ACL injured and
root deficient knee.

Therefore, a biomechanical robotic setup was established
to investigate the stabilizing effect of lateral meniscus root

Table 1 The table presents the MRI findings prior to testing

tears with and without disruption of the meniscofemoral
ligaments in a human ACL-deficient knee. In addition to
that, the study examined the effect of a root reconstruction/
refixation on stability restoration against internal tibial rota-
tion of the root injured knee.

Methods

Eight human cadaveric knees were used in this study. The
knee joints were obtained from MedCure, Orlando, USA
(median age 62 years, range 54-70). Exclusion criteria
were previous known ligament/ meniscal trauma, ligament
/meniscus surgery and severe osteoarthritis. The specimens
were thawed at room temperature for 24 h in advance.
Prior to biomechanical testing all specimens were exam-
ined by MRI to confirm intact ligament and meniscus

Fig.1 MRI coronal plane of a right knee, the intact meniscofemoral
ligament is visible (white arrow), the lateral and medial menisci are
intact

Median age Sex Extremity

Shape of MFL

62 (50-70 years) 6 Male/7 female 5 Right knees/3 left

knees mens

Strong in all speci-

Status of cartilage Status of ligaments Status of menisci
(chondromalacia)
2 Grade 0/3 Grade Intact 8/8 Intact 8/8

1/2 Grade 2/1

Grade 3

Additionally, the patient’s age, sex and knee side are given

The shape of the MFL is described, the status of the tibiofemoral cartilage is documented (chondromalacia) and the status of the other knee liga-

ments and the meniscus is explained for each specimen
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structures as well as evidence of at least one meniscofem-
oral ligament (Fig. 1) (MFL; anterior or posterior menis-
cofemoral ligament) The status of the cartilage, the meniscus
and ligaments and the specimens age and sex are given in
Table 1.

The femur and the tibia were dissected from soft tissue
and muscles at least 15 cm proximal and distal to the joint
line. The specimens were embedded with a polyurethane
system (RenCast® FC isocyanate/FC 52 polyol) in a custom-
made carrier.

The femur of the specimens was mounted to the robotic
system Stiubli RX 90 B (Stdubli, Germany, Bayreuth). The
acting loads were measured by a JR3 90M40A3 force torque
sensor (JR3 Inc. USA, Woodland). The tibia was rigidly con-
nected to the base of the setup fully extended. By neutral-
izing hyperextension to neutral (0° of extension) the flexion
angles (0°; 30°; 60°; 90°) and the loading coordinate system
were determined. To eliminate the influence of the femur
mass and the potting device and to measure the acting forces
on the level of the joint line, half of every specimen’s weight
was subtracted from the force measurements. All forces per-
pendicular to the tibia axis and the torques within the sagittal
plane were neutralized. The axial force during all testing
conditions was set to 20 N compression. Then a torque of
+ 5 N m around the tibial axis was applied for internal rota-
tion. The angle of internal rotation was measured at 5 N m
of applied torque with a tolerance of + 0.1 N m. The rotation
was determined with direct kinematics. The accuracy was
0.5 mm and 0.001°.

In addition to that, the anterior tibial translation at 20°
of flexion was measured for all conditions. A force of 50 N
was applied to translate the femur in a posterior direction to
measure the distance of tibial translation against the femur.

Prior to testing a posterolateral approach was created
in all specimens. First, the popliteus muscle was visual-
ized. Then the posterior lateral capsule was incised and

Fig. 2 Posterolateral approach a
to a right knee. a The capsule

is dissected above the popliteus

muscle, the lateral meniscus

and the meniscofemoral liga-

ments are intact. b The lateral

meniscus posterior horn is

detached from the tibia and

the meniscofemoral ligaments

are detached. A suture (2#fiber

wire, Arthrex, Naples, USA)

was led through the lateral

meniscus posterior horn for

tibial fixation [
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the anterior and the posterior cruciate ligament, the lateral
meniscus and the meniscofemoral ligaments were identified
(Fig. 2a, b).

Five different conditions were tested as follows:

1. Intact structures (intact)
ACL cut (ACL cut)

3. ACL cut and lateral meniscus posterior root tear (ACL
cut+LMRT)

4. ACL cut and lateral meniscus posterior root tear and
transection of the meniscofemoral ligament (ACL
cut+LMRT+ MFL)

5. ACL cut and lateral meniscus posterior root tear and
transection of the meniscofemoral ligament (MFL) and
transtibial fixation of the lateral posterior meniscus root.
(ACL cut+LMRR) (Fig. 3).

The fixation of the lateral meniscus posterior horn was
reattached to its anatomical origin using a modified Mason-
Allen stitch in the lateral meniscus posterior horn (2# fiber

Fig.3 Graphic displaying a transtibial meniscus fixation. The fiber
wire® (#2, Arthrex, Naples, USA) is fixed at the anteromedial cortex
of the tibia
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wire, Arthrex, USA, Naples). The suture was passed through
a tibial tunnel (diameter 2 mm) (ACL cut+ LMRR) in the
center of the anatomical origin of the posterior lateral menis-
cus root insertion [18, 19]. Then the suture was fixed to the
anteromedial cortex of the proximal tibia and tensioned
close to extension using a button plate (DepuySynthes, USA,
Warsaw).

An IRB approval was not obtained in this study. All speci-
mens were obtained from med Cure, Orlando, USA for bio-
mechanical testing. The use and disposal of the specimen
was in accordance to med Cure guidelines.

Statistical analysis

Statistical analysis was performed using MATLAB R2016
a (MathWorks, Natick, USA). Continuous variables were
expressed as means and standard deviation. The results were
expressed in bar diagrams. To test for significant changes
first a two-way ANOVA was performed. Then a Fisher’s
least significant difference procedure was used to compare
the different conditions against each other. The level of sig-
nificance was set at a p value of 0.05.

A post hoc power analysis was performed using G*Power
3.1.9.2 (Franz Paul, Kiel, Germany) to determine the power
of the results. An effect size of 0.66 and an alpha value of
0.05 in a cohort of 8 specimens led to a power of 0.85 at 30°
of flexion. At 60° (effect size 0.93) 0.99 and at 90° (effect
1.54) 1.00. The results at 0° were underpowered with an
effect size of 0.19 and a power of 0.12.

Results

The findings of this study are expressed below in tables and
bar diagrams. The results are presented as means (+ SD).
For better traceability the bar diagrams show the intact sub-
tracted angles only. In contrast to that, the results of the
simulated Lachman test demonstrate the distances in mm as
compared to the intact condition.

Internal tibial rotation (5 N m torque)

Cutting the lateral meniscus posterior root led to a slight
increase of internal rotation in all flexion angles as com-
pared to the intact and ACL-insufficient state. The additional
transection of the MFL increased the internal tibial rotation
significantly as compared to the ACL-insufficient state in
all flexion angles. Even in 30° (p =0.001), 60° (»p=0.001)
and 90° (p =0.001) the internal rotational instability signifi-
cantly increased as compared to the lateral meniscus root
tear alone. A root repair, addressing the lateral posterior
root alone without a fixation of the MFL reduced the inter-
nal rotational instability in all conditions and resulted in a

significant decrease of internal rotational instability as com-
pared to the additional MFL transection in 30° (p =0.002),
60° (p=0.017) and 90° (p =0.000) of flexion Tables 2, 3;
Fig. 4.

Anterior tibial translation at 20° of flexion (20 N
axial load; 50 N anterior load)

The anterior tibial translation increased by sequen-
tial transection of all structures. The increase was sig-
nificant as compared to the intact state for all conditions
(ACL cut; p=0.004; ACL cut+LMRT; p=0.001; ACL
cut+ LMRT + MFL; p=0.001). Comparing the dif-
ferent conditions (ACL cut; ACL cut+ LMRT; ACL
cut+LMRT +MFL) the instability progressed but the differ-
ences were not significant. The lateral meniscal root repair
reduces the anterior translation without significant changes
as compared to the cutting conditions of the root, the MFL
and the ACL (Table 4; Fig. 5).

Discussion

The most important finding of this study was the stabiliz-
ing effect of a transosseous lateral meniscus root repair on
internal tibial rotation in the ACL and root deficient knee.
A root repair restored the function of the meniscus ring and
reduced the internal tibial rotation. This root repair was effi-
cient although the meniscofemoral ligaments were left tran-
sected. Especially in 30° and 90° of flexion the single root
repair led to a significant restoration of the tibial internal
rotation as compared to the complete meniscus detachment
(ACL cut+LMRT + MFL).

The function of the meniscofemoral ligaments as con-
tributors to posterior stability is well known [3, 4, 16, 24]
and the stabilizing effects of the meniscofemoral ligaments
and the posterior lateral meniscus root on internal rotation
in the ACL-insufficient knee were proven by Frank et al.
[14] recently. They demonstrated a significant increase of
tibial internal rotation in case of a complete transection of
the meniscofemoral ligaments and the cut of the meniscus
posterior root. The results of the current study confirm these
findings. A sequential transection of these structures resulted
in an increase of the internal rotational instability.

Regarding the anterior tibial translation, the results of the
current study reveal the increase of antero-posterior instabil-
ity due to a root injury and a MFL transection. However, the
increase of antero-posterior translation was not significant
when comparing the different transection modes with each
other.

Taken together, a repair of the meniscus root in case of
a detachment and an ACL tear seems to be reasonable to
restore the stability of the injured knee (Table 4).
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Fig.4 The bar diagrams
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Table2 The results of internal n Mean0° SD Mean30° SD Mean60° SD  Mean90° SD
tibial rotation of each state are
presented in this table Intact 8 1118 347 1581 206 15.90 2.83 14.15 5.41
ACL cut 8 12.11 4.03 1597 236 16.08 3.04 14.43 5.57
ACL cut+LMRT 8 1231 420 16.15 2.39 16.53 296 14.96 5.55
ACL cut+LMRT+MFL 8 1243 423 16.69 2.37 1698 295 1571 5.63
ACL cut+LMRR 8 12.33 413 16.22 247 16.68 2.89 14.85 5.25

The possible stabilizing effect of a root repair of the
lateral meniscus posterior horn was not investigated yet.
Therefore, a fixation was performed using a typical tran-
sosseous fixation technique. A variety of fixation tech-
niques have been described already [2, 6, 12, 17, 22,
23]. Until recently the impact of meniscus root tears was
mainly discussed regarding the pressure distribution in the
knee and their potential contribution to the onset of an
osteoarthritis [9, 29-31]. Therefore, root repairs of the
medial and lateral meniscus are performed to restore the
intraarticular pressure distribution. In case of an isolated
posterior root tear of the lateral meniscus and an intact
meniscofemoral ligament a significant increase of the
intraarticular pressure cannot be expected [11, 15]. A sig-
nificant increase can be expected in case of a type 3 lesion

@ Springer

(complete detachment of the root and the meniscofemoral
ligament) [11, 13, 20] only. However, the destabilizing
effect of a lateral meniscectomy on the ACL-deficient
knee was described by Musahl et al. [28]. They found an
increase of anterior tibial translation of the ACL-deficient
knee in case of a lateral meniscectomy in a biomechanical
study simulating a pivot shift maneuver.

The current study shows a destabilizing effect of a tran-
section of the lateral meniscus posterior attachments on the
ACL-deficient knee. These findings highlight the importance
to check the integrity of the posterior meniscus attachments
in case of an ACL reconstruction.

The fixation of the lateral meniscus posterior root led to
a significant decrease of the rotational instability as com-
pared to the complete detachment of the meniscus posterior
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Table 3 The intact subtracted values are presented

ACL

ACL cut+LMRT ACL

— Intact P value

SD  ACL cut

mean 30°

ACL

ACL cut+LMRT ACL

— intact P value

SD  ACL cut

n Mean 0°

cut+LMRR —
intact P value

cut+LMRT +MFL

— intact P value

— Intact P

value

cut+LMRR —
intact P value

cut+LMRT +MFL
— intact P value

— intact P

value

n.s

0.000
0.001

n.s

035 X
0.41
0.63
0.52

0.17
0.34
0.88
0.41

n.s

0.007
n.s

n.s

090 X

8 093

n.s

n.s

1.04
1.04
0.94

1.12
1.25
1.15
n Mean 60°

0.002

n.s

ACL

ACL cut+LMRT ACL

— intact P value

SD ACL cut

Mean 90°

ACL

ACL cut+LMRT ACL

— intact P value

SD ACL cut

cut+LMRR —
intact P value

cut+LMRT +MFL
— intact P value

— intact P

value

cut+LMRR —
intact P value

cut+LMRT +MFL
— intact P value

— intact P

value

0.041
n.s

0.000
0.001

0.011

0.19 X
0.24
0.34
0.58

0.29
0.82
1.57
0.70

0.000
n.s

0.000
0.001

0.001

029 X
0.32

8 0.18
8 0.63

0.000

0.017

0.45
0.46

1.08
8 0.78

The mean internal rotation is given with standard deviation and p values

Anterior translation of the tibia in 20 ° flexion (20 N axial load; 50 N anterior load)

I intact
[ AcL cut

[ ACL cut+LMRT
[CJACL cut+LMRT+MFL
[_JACL cut+LMRR

Fig.5 The bar diagrams represent the tibial anterior translation in 20°
of flexion (20 N axial load, 50 N anterior load) in mm

Table 4 The results of the tibial anterior translation (20 N axial and
50 N anterior load) are presented as means (mm) and standard devia-
tions

n  mm (20° flexion; 20N axial SD
load; 50 N anterior load)

Intact 8 6.03 1.61
ACL cut 8 849 3.99
ACL cut+LMRT 8 9.02 4.33
ACL cut+LMRT+MFL 8 9.00 4.38
ACL cut+LMRR 8 893 4.03

horn and the meniscofemoral ligament by readapting the
meniscus ring to the tibia alone without reconstruction of
the meniscofemoral attachment.

The results of this recent biomechanical study prove the
value and the efficacy of a root repair of the lateral menis-
cus in the ACL-deficient knee to reduce the tibial rotational
instability.

The studies of Frank et al. and Shybut et al. [14, 32] as
well as clinical data by Minami et al. [26] suggest that a
repair of the lateral meniscus posterior horn is recommended
to restore the meniscus ring to reduce the tibial internal rota-
tion of the ACL and root injured knee.

Some limitations apply to this study. The robot study did
not simulate possible stabilizing effects of muscle and sur-
rounding soft tissue activation, although this study provided
data supporting a stabilizing effect of lateral meniscus root
repair, without taking other structures into consideration.
Studies have shown that a root repair itself is a weak con-
struct that does not resist close to native forces as compared
to the intact meniscus [6, 8, 10, 22]. Therefore, the presented
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data serve as a time zero study without investigating surviv-
ability and healing of the repair. Further, the created defects
were artificial and may not reflect all facets of possible
meniscus injuries. Lastly, the fixation of the meniscus was
performed under ideal circumstances, which may be more
challenging in a clinical situation. However, in this setup
the construct was robust enough to resist the forces and tor-
ques applied in this study (50 N, 5 N m). But load to failure
testing reveals a potential risk of slippage and failure of the
construct [6, 10, 22].

In summary, the study supports the positive stabilizing
effect of the meniscus root attached to the tibia in case of a
complete artificial detachment in the ACL-deficient knee.

Therefore a repair of the lateral meniscus posterior root
seems to be clinically relevant in case of a typical combi-
nation of an ACL tear and an additional root tear. Leaving
these tears untreated in situ might reduce postoperative knee
stability after isolated ACL reconstruction.

Conclusion

Lateral meniscus root tears and an additional tear of the
meniscofemoral ligaments contribute to an increase of
instability of the ACL-deficient knee. A repair of the lateral
meniscus posterior root can reduce the amount of internal
rotational instability. When performing an ACL recon-
struction these lateral meniscus root tears should not be
left untreated. The surgeon should aim to restore the tibial
attachment of the meniscus posterior root.
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