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Abstract

Purpose The menisci are thought to modulate load trans-
fer and to absorb shocks in the knee joint. No study has
experimentally measured the meniscal functions in the
intact, in vivo joint loaded by physiologically relevant mus-
cular contractions.

Methods Right knee joints of seven New Zealand white
rabbits were loaded using isometric contractions of the
quadriceps femoris muscles controlled by femoral nerve
stimulation. Isometric knee extensor torques at the maxi-
mal and two submaximal force levels were performed at
knee angles of 70°, 90°, 110°, and 130°. Patellofemoral and
tibiofemoral contact areas and pressure distributions were
measured using Fuji Presensor film inserted above and
below the menisci and also with the menisci removed.
Results Meniscectomy was associated with a decrease in
tibiofemoral contact area ranging from 30 to 70 % and a
corresponding increase in average contact pressures. Con-
tact areas measured below the menisci were consistently
larger than those measured on top of the menisci. Contact
areas in the patellofemoral joint (PFJ), and peak pressures
in tibiofemoral and PFJs, were not affected by menis-
cectomy. Contact areas and peak pressures in all joints
depended crucially on knee joint angle and quadriceps
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force: The more flexed the knee joint was, the larger were
the contact areas and the higher were the peak pressures.
Conclusions In agreement with the literature, removal of
the menisci was associated with significant decreases in
tibiofemoral contact area and corresponding increases in
average contact pressures, but surprisingly, peak pressures
remained unaffected, indicating that the function of the
menisci is to distribute loads across a greater contact area.
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Introduction

Menisci in the knee are fibro-cartilaginous structures
thought to transfer loads across the tibiofemoral joints and
act as shock absorbers in the knee [1, 33]. They are also
implicated in joint proprioception, lubrication, and nutri-
tion of the adjacent cartilages [1]. Partial meniscectomy
and complete meniscectomy have been associated with
an increased risk of knee osteoarthritis [24, 30, 31], and
meniscectomy in the rabbit knee is a frequently used exper-
imental model for post-traumatic osteoarthritis (OA) [10,
28, 30, 31] that is thought to mimic the human condition
well [11, 21].

Experimental and theoretical works in cadavers suggest
that the loss of the menisci results in a 30-80 % decrease
in tibiofemoral contact area and a 170-400 % increase in
average and peak contact pressures [7, 34], with the effects
depending on changes of axial force during gait cycle with
two peak loads at 14 and 45 % of gait cycle [4]. Therefore,
these factors were identified as risk factors developing car-
tilage degeneration and osteoarthritis.
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Most experimental studies aimed at investigating the
effects of the menisci on pressure distributions in the knee
are based on research using ex vivo approaches or cadaver
specimens [4, 7, 13, 34]. Furthermore, the loading condi-
tions are simulated using robots or material testing devices
and the joints are largely dissected. Although these models
have provided great insight into knee joint kinematics and
kinetics for boundary conditions consistent with the experi-
mental setups, they do not represent physiological loading
conditions of the intact joint loaded by muscular contrac-
tions [4, 7, 13, 34]. In order to approach physiological
loading conditions, controlled muscular contractions were
applied by stimulating the quadriceps muscle through a
femoral nerve electrode.

Therefore, the aim of this study was to quantify tibi-
ofemoral and patellofemoral contact areas and pressures
while the knee was loaded by controlled muscular contrac-
tions prior to and following bilateral meniscectomy. Based
on previously published studies and clinical experience, it
was hypothesized that following meniscectomy peak pres-
sures increase and contact areas decrease in the tibiofem-
oral joints, while the patellofemoral joint (PFJ) remained
unaffected.

Materials and methods

In order to measure contact area and peak pressure, pres-
sure-sensitive film was inserted into the tibiofemoral and
PFJs of New Zealand white rabbits, above and below the
menisci, and prior to and following meniscectomy. Meas-
urements were made during submaximal and maximal
isometric knee extensor contractions at different knee
joint angles in order to simulate physiologically occurring
conditions.

Animals

Seven 1-year-old female New Zealand white rabbits (aver-
age mass = 5.6 kg; range 4.7-6.5 kg, Riemens, St. Aga-
tha, ON, Canada) were used for this experiment. Rabbits
were tranquilized with 0.18 ml Atravet (25 mg/ml; Veto-
quionol NA. Inc., Lavaltrie, QC, Canada) and held under
anesthesia with a 2 % isoflurane/oxygen mixture. After the
experiment, animals were killed with an overdose injection
of Euthanyl (MTC Pharmaceuticals; Cambridge, ON, Can-
ada) into the lateral ear vein.

Surgery
A custom-designed, cuff-type electrode was implanted

on the femoral nerve of the right leg to allow for electri-
cal stimulation of the knee extensor muscles [27]. Then,
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the knee joint was exposed while carefully preserving the
extensor mechanism (quadriceps muscles and patellar ten-
don) and all ligaments so as to preserve the kinematics of
normal knee joint function. The medial and lateral menisci
were kept fully intact, and all meniscal insertions were pre-
served. The joint capsule was minimally opened to allow
for gentle insertion of the pressure-sensitive film in order to
not produce any artifacts [3, 18, 34] (Fig. 1).

Muscle stimulation and force measurements

Animals were placed in a stereotactic frame and the pel-
vis and femoral condyles were fixed with bone pins [27].
The knee center of rotation was carefully aligned with the
rotational axis of a servomotor (Parker Hannifin Corpora-
tion, Irwin, PA, USA) which controlled (Motion Planner,
Rohnert Park, CA, USA) the angle of the tibia and femur
[5]. Knee joint moments were measured using a custom-
built force sensor (Vishay 2100 amplifier; Vishay Preci-
sion Group, Wendell, NC, USA) using Windaq data collec-
tion software (Dataq Instruments, Akron; collection card,
DI-400, 12 bit) and a customized MATLAB program (The
MathWorks, Natick, MA, USA).

Stimulation of the femoral nerve was given through
a dual output stimulator (Grass S8800, Astro/Med Inc.,
Longueil, QC, Canada), which was synchronized with
the servomotor. Rest periods of at least 1 min were given
between contractions. Fatigue throughout the protocol was
assessed by repeating the first torque measurement at the
end of all testing.

The stimulation current was set at twice the level that
was found to produce maximal forces to ensure recruitment
of all motor units of the quadriceps muscle group (100 Hz)

quadriceps tendon

trochlear groove

femur

patella
patellar tendon
med. collateral ligame

med. meniscus

medial lateral

Fig.1 Experimental Setup. Fuji Film was inserted below (shown
here) and above the meniscus. With the same contractions, also patel-
lofemoral compartments were measured (not shown here)
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as performed in earlier studies [35, 6, 14, 16, 27, 29]. For the
two submaximal levels of activation, stimulation frequen-
cies were adjusted by repetitive stimulations individually to
produce forces of approximately 67 and 33 % of the “maxi-
mal” force, respectively.

Pressure measurement

Knee extensor forces and impulses, as well as tibiofemo-
ral and patellofemoral contact areas and pressures were
measured for isometric contractions at knee angles of 70°,
90°, 110°, and 130° which cover the range of motion of
the knee during rabbit locomotion. More extended knee
angles cannot be tested as the knee extensor muscles in rab-
bits become actively insufficient at about 150° (personal
observations) and thus cannot be used to load the knee. Our
measurement range is consistent with previous studies on
the rabbit knee joint [14, 16, 27]. According to biomechani-
cal rules, a rectangular knee joint was defined as 90° flexed,
while a fully extended knee joint was defined as 180°
flexed. That means, the smaller the knee joint flexion angle,
the more flexed the knee joint was.

Low- and medium-grade pressure-sensitive films (Fuji
prescale film, Fuji Photo Film Co. Ltd., Tokyo, Japan)
were used to assess contact areas (mm?”) and peak pres-
sures (MPa). Strips of films were individually shaped
to fit the joint size and geometry as good as possible and
were sealed with polyethylene film for moisture protec-
tion [15]. The average thickness of the sealed film pack-
ages was 0.26 mm. Separate film strips were placed into
the medial tibiofemoral joint (MTF]J), lateral tibiofemoral
joint (LTFJ), and PFJ. Measurements were performed with
the Fuji film above the menisci (menisco-femoral compart-
ment), below the menisci (menisco-tibial compartment),
and after removal of the menisci. Following exposure, Fuji
films were scanned (600 dpi) and analyzed using a custom-
written MATLAB program (The MathWorks, Natick, MA,
USA) [27]. Low-range pressure-sensitive film (pressure
range of approximately 1-10 MPa) was used to measure
total joint contact areas and peak pressures. If the low-
range sensitive film was saturated, trials were repeated with
the medium-range sensitive film (pressure range of approx-
imately 10-60 MPa) for peak pressure determination [32].
Mean pressure was calculated as the total force transferred
across a joint compartment (obtained by integrating pres-
sure over the entire contact area) divided by the total con-
tact area.

Fuji films were calibrated by applying a set of known
pressures with a flat ended indenter of 2 mm diameter
attached to a materials testing machine (MTS) at intervals
of 0.5 MPa covering the entire range of experimentally
observed contact pressures [29]. The resulting stain inten-
sities were approximated using a third-order polynomial

function [29]. In order to quantify the possible pressure
artifacts produced by film insertion or passive film motion,
films were analyzed following insertion into the three com-
partments of the passive knee. These passive experiments
never produced any measurable pressure stains. Also, every
staining was checked for quality, in terms of insufficient
quality (e.g. artifacts, touching of the boarder of the Film),
measurements were repeated.

All procedures were approved by the IRB and Animal
Care Committee of the University of Calgary (Calgary,
Alberta, Canada), ID# AC11-0035.

Statistical analysis

Based on data from a pilot study, we were able to show a
mean difference in our main endpoints (contact area and
medial compartment) of 3.8 £+ 1.75 or 6.9 + 1.9, consist-
ent with a minimum effect size of 2.2. Thus, we calculated
a sample size with the most conservative estimate of an
effect size of 2 for a power of 85 % and an alpha of 5 % for
a repeated measure F test (ANOVA) using intercooled Stata
10 (StataCorp LP, College Station, TX). The required total
sample size for these parameters is 6, which we increased
by 1 to n = 7 to account for potential attrition, i.e. loss of
an animal before analysis. With the maximum effect size
seen in the pilot study (3.6), this sample size would give a
power of 99 %. Further statistical analysis was performed
using Excel 2007 (Microsoft Co., Washington, USA) and
SPSS 19 (PASW Statistics, SPSS Inc., Chicago, Illinois)
using one-way ANOVA. Contact area and peak pressure
were taken as the primary dependent variables in our study,
while pressure sensor location (above, below, and without
meniscus) was treated as independent variables. Specific
subgroup analyses were performed for the three compart-
ments of the knee (medial, and lateral tibiofemoral, and
patellofemoral) and for the knee joint flexion angles (70°,
90°, 110°, and 130°). For post hoc testing, the HSD Tukey
test was used. The level of significance was set at « = 0.05.

Results
Torque

Knee extensor torque production was consistent throughout
the experiments with no measurable fatigue. The highest
knee extensor torques were obtained at knee angle of 70°,
and they decreased steadily with increasing knee extension
for all levels of stimulation (Fig. 2). The highest torques
were obtained for maximal stimulation and at 70° of knee
joint flexion (mean ~4.8 Nm), while the lowest torques
were noticed for the submaximal two stimulation condi-
tions at 130° (mean ~0.3 Nm).
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Contact area

Contact areas in the medial and lateral tibiofemoral compart-
ments were significantly reduced following meniscectomy

Torque [Nm]
w
- -
—
—
e
—8—

1 5@ T
L lxm

2 . : : =
70 20 110 130

Knee Flexion Angle [Deg]

Fig. 2 Torque Production. Torque production of the quadriceps fem-
oris muscle induced by electrical femoral nerve stimulation at three
different levels of stimulation [(a) 100 Hz (maximal stimulation); (b)
55-60 Hz (submaximal 1 stimulation); (¢) 35—40 Hz (submaximal 2
stimulation)]. No significant differences (« < 0.05) were found within
the groups. Circle without meniscus; cross above meniscus; square
below meniscus

for all trials at corresponding knee angles and muscle forces.
These findings were consistent across all stimulation lev-
els. Contact areas below the menisci were larger than those
above the menisci for all but the most flexed knee angle for
the maximal activation conditions (Table 1). Post hoc test-
ing showed significant differences at 90° for the “below
meniscus” group in the medial tibiofemoral compartment
compared to the “above meniscus” and “‘without meniscus”
group. Results for submaximal 1 and submaximal 2 contrac-
tions were not conceptually different (Tables 2, 3).

Contact area was found to decrease with increasing
knee extension (Table 1). Also contact areas decreased for
a given joint angle with decreasing knee extensor forces.
Contact areas in the patellofemoral compartment became
smaller with decreasing muscular forces and increasing
knee extension angles, but were not affected by meniscec-
tomy (results not shown).

Peak pressure

Peak pressures in all knee joint compartments (medial and
lateral tibiofemoral, and PFJs) were essentially unaffected
by meniscectomy and were similar whether measured
above or below the menisci. Peak pressures decreased with
decreasing levels of stimulation and increasing knee exten-
sion, as expected (Tables 1, 2, 3).

Table 1 Results of maximal

X . ; Knee flexion angle (°) ~ Without meniscus Above meniscus Below meniscus  p value Post hoc
stimulation testings (100 Hz)
Mean SD Mean SD Mean SD
Contact area (mm?)
Medial compartment
70 13.00 091 15.43 6.43 20.55 4.39 0.008 BW
90 12.92 1.97 16.04 4.77 23.82 8.71 0.006 BW
110 10.21 2.64 14.32 8.72 19.79 3.21 0.02 BW
130 7.72 2.25 14.09 3.85 17.71 7.90 0.013 BW
Lateral compartment
70 13.30 1.26 13.68 6.28 15.38 3.04 n.s. n.s.
90 11.16 1.34 15.37 8.53 19.92 5.74 0.011 BW
110 8.47 1.72 12.81 8.63 17.36 4.62 0.025 BW
130 5.39 1.05 8.86 4.81 12.82 5.24 0.008 BW
Results for the medial Peak pressure (MPa)
and lateral tibiofemora! Medial compartment
EZEﬁiﬁTnefﬁaﬁifiiinﬁiﬁf 70 4016 604 4485 040 3715 686  ns. ns.
are not shown (no differences 90 43.06 2.82 41.76 5.32 36.25 8.46 n.s. n.s.
between groups) 110 41.68 3.33 40.38 6.60 36.42 2.19 n.s. n.s.
Post hoc testing noted 130 31.16 6.43 26.00 12.76 32.00 9.83 n.s. n.s.
signiﬁf:ance betvxfeen ‘;above Lateral compartment
ﬁg?wvzgg et Swifﬁ)ﬁ)’ 70 4464 057 4407 196 4292 426  ns. n.s.
meniscus” (BW), and between 90 4291 1.77 43.69 2.39 43.33 2.76 n.s. n.s.
“above and below meniscus” 110 4223 275 39.46 6.99 4245 450 ns. n.s.
(AB); n.5. no significance in 130 4245 307 3886 296 3956 630 ns. n.s.

post hoc testing was found
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Tablg 2 Results of submaximal Knee flexion angle (°) Without meniscus Above meniscus Below meniscus  p value Post hoc
1 testing (55-60 Hz)
Mean SD Mean SD Mean SD
Contact area (mm?)
Medial compartment
70 9.05 1.38 12.18 3.41 18.11 4.31 <0.001 AB, BW
90 7.86 222 13.39 2.07 16.82 5.04 <0.001 AW; BW
110 5.97 2.05 14.11 5.17 13.78 4.88 0.001 AW; BW
130 3.87 0.74 10.69 8.26 13.08 1.84 n.s. n.s.
Lateral compartment
70 7.79 0.98 13.62 3.87 11.94 2.63 0.006 n.s.
90 497 1.35 11.05 3.52 15.75 5.14 <0.001 BW
110 3.52 091 9.29 1.16 10.36 5.01 0.01 AW; BW
130 3.26 0.68 7.54 7.50 6.89 3.29 0.34 n.s.
Results for the medial Peak pressure (MPa)
and lateral tibiofemoral Medial compartment
compartment. Results for the 70 2158 699 3568 505 3261 1157 0038  ns.
patellofemoral compartment
are not shown (no differences 90 23.67 6.51 23.35 4.17 25.18 10.23 n.s. n.s.
between groups) 110 17.26 2.92 21.82 6.57 17.84 2.42 n.s. n.s.
Post hoc testing noted 130 14.91 0.49 18.66 4.56 16.79 3.05 n.s. n.s.
significance between “above Lateral compartment
and without meniscus” (AW), 70 1465 142 2656 054 2370 13.70
between “below and without ) : ) : ) : n.§. n.s.
meniscus” (BW), and between 90 15.41 2.40 15.69 0.63 18.67 3.30 n.s. n.s.
“above and bel.OW'meHiSCU'S” 110 14.97 2.17 16.30 2.04 14.18 3.71 n.s. n.s.
(AB); n.5. no significance in 130 13.57 008 1650 065 1706 256  ns. n.s.

post hoc testing was found

Force transmission across knee compartments

The relative force transfer across the PFJ increased with
increasing knee flexion. At a knee angle of 70°, about 45 %
of the total force transmitted across the knee went through
the PFJ (and only 55 % through the two tibiofemoral joints
combined), while this contribution decreased to about 27 %
(increased to 73 % for the tibiofemoral joints) for the most
extended knee angle measured here (130°; Fig. 3). Force
transmission across the medial and LTFJs was approxi-
mately equal for all force levels and knee angles and varied
around 50 £ 4 %.

Discussion

The most important findings of the present study were
that contact areas and peak pressures in each compart-
ment depended greatly on joint loading, quantified by
the muscular knee extensor torque. Meniscectomy had a
significant effect on tibiofemoral but not on patellofemo-
ral contact areas, but did not—in contrast to our hypoth-
esis—affect peak pressures in any of the knee compart-
ments. Since force transmission across the three knee

compartments were essentially unaffected by meniscec-
tomy, the decreased contact areas following meniscectomy
resulted in an increase in the average contact pressures that
was proportional to the decrease in contact areas (results
not shown).

Force transfers across the knee, and the specific role of
the menisci in such transfers, has been studied extensively
[3, 7, 26, 34]. To our knowledge, these experiments have
been performed exclusively in human or animal cadav-
ers where loads were applied using wires and pulleys,
and lines of action, force magnitudes, and force sharing
among muscles had to be estimated. In contrast, in our
experiment, torques were produced by controlled elec-
trical stimulation of the quadriceps muscles. Therefore,
the joint loading occurred in a near physiological man-
ner, force magnitudes were realistic, and lines of action of
the individual quadriceps muscles were given and did not
have to be estimated. The forces applied for the different
experimental conditions ranged from approximately 20 N
(knee joint flexion angle 130°; stimulation, submaximal 2)
to 550 N (knee joint flexion angle 70°; stimulation, maxi-
mal), thereby essentially covering the entire range of pos-
sible force production by the rabbit knee extensors. As the
quadriceps muscle is the only knee extensor muscle [8], it
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Table 3 Results of submaximal

” Contact area (mm?) Without meniscus Above meniscus Below meniscus  p value Post hoc
2 testing (35-40 Hz)
Knee flexion angle (°) Mean SD Mean  SD Mean SD
Medial compartment
70 9.10 1.41 1235 2.79 14.89 4.27 n.s. n.s.
90 7.09 1.43 1534 578 12.56 5.08 0.001 AW; BW
110 4.39 1.46 1445  5.65 13.42 8.11 0.004 AW; BW
130 3.46 1.70 1547  6.53 14.17 9.05 0.004 AW, BW
Lateral compartment
70 7.48 0.82 16.16 1.31 21.05 12.16 <0.001 AW; BW
90 5.27 1.40 13.04 496 10.76 6.32 0.032 AW
110 2.82 1.26 13.58 3.53 14.25 8.13 0.001 AW; BW
130 2.56 1.35 924 372 11.52 5.91 0.004 AW; BW
Results for the medial Peak pressure (MPa)
and lateral tibiofemoral Medial compartment
compartment. Results for the 70 4369 181 4265 354 4158 601 ns. n.s.
patellofemoral compartment
are not shown (no differences 90 31.77 8.15 32.61 4.67 33.01 13.95 n.s. n.s.
between groups) 110 20.81 6.65 21.49 8.78 14.95 1.87 n.s. n.s.
Post hoc testing noted 130 20.91 8.56 18.20 3.43 10.70 0.57 n.s. n.s.
significance between “above Lateral compartment
and without meniscus” (AW), ]
between “below and without 70 37.52 7.07 26.54  0.75 26.87 6.49 n.s. n.s.
meniscus” (BW), and between 90 18.91 3.87 15.73 0.83 20.78 9.43 n.s. n.s.
“above and below meniscus” 110 1455 207 1728 389 1496 564 ns. ns.
(AB); n.5. no significance in 130 1559 648 2017 175 1378 416  ns. ns.

post hoc testing was found

50+
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204
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0 OI ol OI ol
N o N o

Knee Flexion Angle (°)
e Medial tibiofemoral compartment
m  |ateral tibiofemoral compartment
A Patellofemoral compartment

Fig. 3 Force sharing among compartments for maximal quadriceps
muscle stimulation. Amount of force (in %) transmitted through each
knee joint compartment as a function of knee joint angle (with 95 %
confidence intervals shown)

seemed feasible to use isolated quadriceps muscle stimula-
tion in this isometric model [17]. For a dynamic model, it
is much more difficult to mimic the complex interplay of
agonistic and antagonistic muscles. Pressure measurements
were performed with Fuji Prescale Pressure-sensitive film,

@ Springer

which has the advantage that it is thinner and more flex-
ible than other pressure sensors, and thus was perfect for
the small and curved rabbit knee. Tekscan measurements
(which are available in our laboratory) were not used
despite the advantage of time-resolved pressure results [26,
34], because of its thickness (once moisture proofed) and
the artifacts introduced by bending the Tekscan material in
the curved compartments of the rabbit knee. Losing time-
resolved pressure measurements was considered a minor
drawback in this purely isometric assessment of knee joint
pressure distributions.

Meniscectomy led to a 30—70 % decrease in contact area
in the medial and lateral tibiofemoral compartment at all
knee angles and muscle contraction levels, which agrees
with findings reported in cadaver studies (30 and 80 %; [7,
34]). Contact areas in the PFJ were not affected by menis-
cectomy but decreased with decreasing muscular loading,
which is consistent with findings by Clark et al. [6].

Contact areas below the menisci were approximately
10-25 % greater than the corresponding contact areas
measured above the menisci for maximal contractions of
the knee extensors, indicating that the average pressure is
decreased by the same amount on the tibial plateau com-
pared to the femoral condyle. However, for submaximal
levels of knee extension, this difference was not nearly as
apparent, and since rabbit hopping is associated with forces
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Above Meniscus

Fig. 4 Visual inspection of raw
data stains. This figure showed
examples from low pressure
stains at 90° knee joint flexion
of the medial tibiofemoral
compartment above, below,

and without meniscus. Note the
much larger area of complete
film saturation without the
meniscus

of about 10 % of maximal [9], it is doubtful whether this
difference in contact area and pressures above and below
the menisci plays a significant role in the rabbit’s everyday
life.

Interestingly, peak pressures in the tibiofemoral com-
partments of the rabbit knee were not affected by menis-
cectomy for any knee angle or level of muscle contraction,
while it has been assumed (based on theoretical works and
cadaver studies) that a primary function of the menisci is to
reduce peak contact pressures [7]. Increases in peak pres-
sures of 117-400 %, depending on the specific conditions,
have been reported following total meniscectomy [34] or
anterior or posterior root detachment [2, 23] in the human
knee joint. These findings are based on cadaver and ex vivo
testing. The basic interpretation was that the smaller area is
compensated by a higher peak pressure [19, 20].

Since the contact area is reduced and the average pres-
sure is increased with meniscectomy, but peak pressures
remain unchanged, our results imply that in the meniscec-
tomized joint, areas of high pressure are greater than in the
intact joint. This observation is supported by inspection of
our raw data pressure stains (Fig. 4). It appears, therefore,
that meniscectomy decreases tibiofemoral contact areas and
increases the areas of “high” contact pressures, but does not
affect the maximal value of peak pressures in the tibiofem-
oral compartments of the knee. Since meniscectomy is an
acknowledged risk factor for the onset of OA, maybe the
primary function of the menisci is to ensure a smooth gra-
dient of pressure distributions and minimizing the area of
high contact pressures (Fig. 5). Also, the onset of OA may
not necessarily be associated with the magnitude of peak
pressure, but the time integral of pressure at a given joint
location. Following meniscectomy, when the area of high
pressures is increased, a given point on the articular con-
tact surface is likely to see higher pressures over a longer
period of time, thereby potentially creating conditions for
the onset of OA. Our results do not question the increased
risk of osteoarthritis after meniscectomy, nor do we provide
direct results supporting or rejecting a mechanical cause for
increased risk following meniscectomy.

71
Below Meniscus Without Meniscus
‘ :f ‘ _' ']
by |
'-‘
’
Pressure
High
Low
Area

CMP

Fig. 5 Theoretical model of load transfer: Schematic drawing of the
difference in load transfer (contact pressure) as a function of con-
tact area for conditions with the menisci intact (full line) or resected
(dashed line). The conditions shown are for equal force transfer
across the joint (identical area under the pressure—area curve). CMP
center of maximal pressure

The results of this study need careful interpretation
keeping in mind its limitations. Loading of the joint was
applied through isometric contractions of the knee exten-
sors, while we would expect normal knee joint loading to
occur dynamically and with a combination of isometric,
concentric, and eccentric contractions. Pressures and con-
tact areas were measured using Fuji pressure-sensitive film
which has an estimated accuracy for the rabbit knee joint of
about 10 % [35]. Therefore, only differences greater than
about 10 % and occurring systematically across joint angles
and force levels should be considered with confidence.
Translation of our findings to the human knee also has to be
made with caution. Although the knee joints of rabbits and
humans are similar [25], subtle differences may potentially
result in vastly differing results. However, the fact that
we confirmed observations in the human knee of substan-
tial and systematic decreases in tibiofemoral contact areas
across all conditions following meniscectomy, suggests that
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some of our results do translate to the human knee. These
controversial findings are supported by new cadaveric
results of meniscal reconstruction. Meniscus suture [22],
meniscal root refixation and meniscus transplantation [12]
cannot fully reconstruct contact area, while peak pressure is
normalized. Also Bedi et al. [4] showed that more than 90°
of meniscus needs to be resected to change peak pressures.

The fact that we did not observe the expected increases
in peak pressures in the rabbit knee with meniscectomy
suggests either that the human and rabbit knee differ con-
ceptually in this aspect or that applying loads with wires
and pulleys, as compared to contractions of the fully
intact muscles, might be responsible for the observed
differences of our results with those typically cited in
the literature. For lack of evidence, we would like to
suggest that it is rather the latter than the former that
caused the conceptual differences in peak pressures fol-
lowing meniscectomy, primarily because the rabbit and
human knee are much closer in geometry and function
than wires and pulleys are to the actual loading produced
by the intricate and complex interplay of the intact knee
extensor muscles.

Conclusion

In conclusion, meniscectomy decreases contact areas,
increases average contact pressures, but does not affect
peak pressures in the tibiofemoral compartments of the rab-
bit knee. We suggest that these results also hold for human
meniscectomized knees and that the increased peak pres-
sures observed in human cadaveric studies are caused by
the artificial, rather than muscular, application of joint
loading. Based on that, one might conclude that the patho-
mechanism of cartilage degeneration and development of
osteoarthritis after total meniscectomy is primarily driven
by changes in contact area and average pressure distribu-
tion but is not affected by maximal peak pressure as this
does not change.

Acknowledgments This work was supported by the CIHR, the
Canada Research Chair Program (WH), The Killam Foundation, the
Alberta Heritage Foundation for Medical Research, the AHFMR
Team Grant for Osteoarthritis, the Swiss National Foundation
(PBBEP3-125614), and the Swiss Orthopaedic Society (AL). The
authors would like to thank Azim Jinha for technical assistance.

Conflict of interest None of the authors have anything to disclose.

References

1. Aagard H, Verdonk R (1999) Function of the normal meniscus
and consequences of meniscal resection. Scand J Med Sci Sports
9:134-140

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Allaire R, Muriuku M, Gilbertson L, Harner CD (2008) Biome-
chanical consequences of a tear of the posterior root of the medial
meniscus. J Bone Joint Surg Am 90:1922-1931

Baratz ME, Fu FH, Mengato R (1986) Meniscal tears: the effect
of meniscectomy and of repair on intraarticular contact areas and
stress in the human knee. Am J Sports Med 14:270-275

Bedi A, Kelly NH, Baad M, Fox AJS, Brophy RH, Warren RF,
Maher SA (2010) Dynamic contact mechanics of the medial
meniscus as a function of radial tear, repair, and partial meniscec-
tomy. J Bone Joint Surg Am 92:1398-1408

Butterfield TA, Herzog W (2005) Is the force-length relationship
a useful indicator of contractile element damage following eccen-
tric exercise? J Biomech 38:1932-1937

Clark AL, Herzog W, Leonard TR (2002) Contact area and pres-
sure distribution in the feline patellofemoral joint under physi-
ologically meaningful loading conditions. J Biomech 35:53-60
Fukubayashi T, Kurosawa T (1980) The contact area and pressure
distribution pattern of the knee. A study of normal and osteoar-
thritic knee joints. Acta Orthop Scand 51:871-879

Grover DM, Chen AA, Hazelwood SJ (2007) Biomechanics of
the rabbit knee and ankle: muscle, ligament, and joint contact
force predictions. J Biomech 40:2816-2821

Gushue D, Houck J, Lerner AL (2005) Rabbit knee joint biome-
chanics: motion analysis and modeling of forces during hopping.
J Orthop Res 23:735-742

Isaac DI, Meyer EG, Haut RC (2010) Development of a trau-
matic anterior cruciate ligament and meniscal rupture model with
a pilot in vivo study. J Biomech Eng 132:464-501

Kidb MJ, Ito K, Clark JM, Nétzli HP (2000) The acute structural
changes of loaded articular cartilage following meniscectomy or
ACL-transection. Osteoarthritis Cartilage 8:464—473

Kim JG, Lee YS, Bae TS, Ha JK, Lee DH, Kim YJ, Ra HJ (2013)
Tibiofemoral contact mechanics following posterior root of
medial meniscus tear, repair, meniscectomy, and allograft trans-
plantation. Knee Surg Sports Traumatol Arthrosc 21:2121-2125
Kurosawa H, Fukubayashi T, Nakajima HL (1980) Load-bearing
mode of the knee joint: physical behaviour of the knee joint with
or without menisci. Clin Orthop Relat Res 149:283-290
Leumann A, Fortuna R, Leonard T, Valderrabano V, Herzog W
(2013) Dynamic in vivo force transfer in the lapine knee loaded
by quadriceps muscle contraction. Clin Biomech 28:199-204
Liggins AB, Hardie WR, Finlay JB (1994) Sterilization of Fuji
pressure-sensitive film. Med Eng Phys 16:496-500

Longino D, Frank C, Leonard TR, Vaz MA, Herzog W (2005)
Proposed model of botulinum toxin-induced muscle weakness in
the rabbit. J Orthop Res 23:1411-1418

Maas H, Baan G, Huijing P (2004) Muscle force is determined
also by muscle relative position: isolated effects. J Biomech
37:99-110

Martens T, Hull M, Howell S (1997) An in vitro osteotomy
method to expose the medial compartment of the human knee. J
Biomech Eng 119:379-385

McDermott ID, Amis AA (2006) The consequences of meniscec-
tomy. J Bone Joint Br 68:1549-1556

McDermott ID, Masouros SD, Amis AA (2008) Biomechanics of
the menisci of the knee. Curr Orthop 22:193-201

Messner K, Fahlgren A, Persliden J, Andersson BM (2001) Radi-
ographic joint space narrowing and histologic changes in a rabbit
meniscectomy model of early knee osteoarthrosis. Am J Sports
Med 29:151-160

Ode GE, Van Thiel GS, McArthur SA, Dishkin-Paset J, Leurgans
SE, Shewman EF, Wang VM, Cole BJ (2012) Effects of serial
sectioning and repair of radial tears in the lateral meniscus. Am J
Sports Med 40:1863-1872

. Paletta GA, Manning T, Snell E, Parker R (1997) The effect of

allograft meniscal replacement on intraarticular contact area and



Knee Surg Sports Traumatol Arthrosc (2015) 23:65-73

73

24.

25.

26.

217.

28.

29.

30.

pressures in the human knee. A biomechanical study. Am J Sports
Med 25:692-698

Petty CA, Lubowitz JH (2011) Does arthroscopic partial menis-
cectomy result in knee osteoarthritis? A systematic review.
Arthroscopy 27:419-424

Proffen BL, McElfresh M, Fleming BC, Murray MM (2012) A
comparative anatomical study of the human knee and six animal
species. Knee 19:493-499

Pozzi A, Tonks CA, Ling HY (2010) Femorotibial contact
mechanics and meniscal strain after serial meniscectomy. Vet
Surg 39:482-488

Rehan Youssef A, Longino D, Seerattan R, Leonard T, Herzog
W (2009) Muscle weakness causes joint degeneration in rabbits.
Osteoarthritis Cartilage 17:1228-1235

Roemhildt ML, Coughlin KM, Peura GD, Badger GJ, Churchill
D, Fleming BC, Beynnon BD (2010) Effects of increased chronic
loading on articular cartilage material properties in the Lapine
tibio-femoral joint. J Biomech 43:2301-2308

Ronsky JL, Herzog W, Brown TD, Pedersen DR, Grood RS,
Butler DL (1995) In vivo quantification of the cat patellofemoral
joint contact stresses and areas. J Biomech 28:977-983

Roos EM, Ostenberg A, Roos H, Ekdahl C, Lohmander LS
(2001) Long-term outcome of meniscetomy: symptoms, function,
and performance tests in patients with or without radiographic

31.

32.

33.

34.

35.

osteoarthritis compared to matched controls. Osteoarthritis Carti-
lage 9:316-324

Roos H, Lauren M, Adalberth T, Roos EM, Jonsson K, Lohm-
ander LS (1998) Knee osteoarthritis after meniscectomy: preva-
lence of radiographic changes after twenty-one years, compared
with matched controls. Arthritis Rheum 41:687-693

Sawatsky A, Bourne D, Horisberger M, Jinha A, Herzog W
(2012) Changes in patellofemoral joint contact pressures caused
by vastus medialis muscle weakness. Clin Biomech 27:595-601
Shirazi R, Shirazi-Adl A (2009) Analysis of partial meniscec-
tomy and ACL reconstruction in knee joint biomechanics under a
combined loading. Clin Biomech 24:755-761

Von Lewinski G, Stukenborg-Colsman C, Ostermeier S, Hurs-
chler C (2006) Experimental measurement of tibiofemoral con-
tact area in a meniscectomized ovine model using a resistive
pressure measuring sensor. Ann Biomed Eng 34:1607-1614

Wu JZ, Herzog W, Epstein M (1998) Effects of inserting a pres-
sensor film into articular joints on the actual contact mechanics. J
Biomech Eng 120:655-659

@ Springer



	Tibiofemoral loss of contact area but no changes in peak pressures after meniscectomy in a Lapine in vivo quadriceps force transfer model
	Abstract 
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Animals
	Surgery
	Muscle stimulation and force measurements
	Pressure measurement
	Statistical analysis

	Results
	Torque
	Contact area
	Peak pressure
	Force transmission across knee compartments

	Discussion
	Conclusion
	Acknowledgments 
	References


