The Effects of Medial Meniscal Transplantation
Techniques on Intra-Articular Contact Pressures

Nikhil N. Verma, MD
Edward Kolb, MD
Brian J. Cole, MD, MBA
Eric Berkson, MD
Ralph Garretson, MD
Jack Farr, MD
Benjamin Fregly, PhD

ABSTRACT: This study aimed to compare medial
compartment contact pressures in knees treated with
medial meniscal transplantation using either a bone
plug or bone trough technique. Peak pressure, mean
pressure, and contact area of the medial compartment
were determined in 8 cadaveric specimens at 0° and
30° of flexion under a 1000-N load. Contact mechan-
ics were measured for the intact knee, after meniscec-
tomy, and after medial meniscal transplant with either
a bone plug technique or a bone trough technique.
Total medial meniscectomy resulted in decreased

INTRODUCTION

The importance of the meniscus in normal knee func-
tion has been well documented. Most importantly, the
meniscus decreases tibiofemoral contact area and contact
pressure, thereby functioning in a chondroprotective role.
In 1948, Fairbank'?> described radiographic changes in-
cluding flattening of the femoral condyles as well as joint
space narrowing in knees after total meniscectomy. Since
then, numerous studies have shown the increased pro-
pensity toward early osteoarthritis after total meniscecto-
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contact area, increased medial contact pressure, and
increased medial peak contact pressure. When com-
paring meniscal transplant techniques at both 0° and
30°, no significant difference (P<0.05) was noted re-
garding contact mechanics after transplantation. The
bone trough technique shows similar contact mechan-
ics to the double bone plug technique and maintains
the natural hoop stress of the meniscus during medial
meniscal transplantation.

[J Knee Surg. 2008;21:20-26.]

my. 1119202224 Johnson et al'® reported on 440 patients fol-
lowed for a mean of 17.5 years; at final follow-up, 74% of
meniscectomized knees had at least one Fairbank change,
compared with 6% on the contralateral knee. Osteoarthri-
tis was diagnosed in 40% of the meniscectomized knees,
compared with 6% in the contralateral knees.

In an attempt to change this natural history, meniscal
transplantation was first described by Locht et al® in 1984
and has gained popularity over the past decade. The initial
transplant described by Locht et al involved replacement
of a portion of the tibial plateau with the attached me-
niscus. Various meniscal transplantation techniques have
since been described, including suture technique without
bone transplantation, double bone plug technique, and a
bone trough and its variant key hole technique.®!43 The
current trend is to transplant with attached bone-at the
meniscal horn sites, as recent studies have shown that
load transmission is superior when the meniscal graft is
secured with bone.210-25

Two popular techniques currently used to maintain
the bony attachments of the meniscus include a double
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Figure 1. K-scan thin film pressure transducer used to mea-
sure contact forces across the medial compartment.

bone plug technique or bone bridge (using a keyhole or
bone trough) technique. Initially, the bone trough tech-
nique was recommended on the lateral side where the
meniscal horns were in close proximity, whereas the
double bone plug technique was employed on the me-
dial side.?” However, the bone bridge technique may
have theoretical advantages over the double bone plug
technique for both lateral and medial transplantation.
First, the anatomic relationship of the anterior and poste-
rior meniscal horns are maintained using a bone bridge,
which in turn maintains the natural hoop stress property
of the meniscus. The adverse effects of posterior horn
tunnel misplacement of 5 mm either medially or posteri-
orly have recently been demonstrated by Sekaran et al.*
Second, from a technical standpoint, the slot technique
eliminates problems with tunnel convergence, which can
be particularly problematic in cases with concomitant
ligament reconstruction or osteotomy. To date, we are
not aware of any biomechanical data comparing the ef-
fect of these two medial meniscal transplant techniques
on contact mechanics across the knee. One study has
specifically reviewed changes in contact mechanics us-
ing various transplant techniques for lateral meniscal
transplantation.'? In that study, no significant differences
were noted between bone plug and the bone bridge tech-
nique.

The purpose of this study was to directly compare
the double bone plug transplantation technique with the
bone bridge transplantation technique for medial menis-
cal transplantation. We hypothesized that no significant
difference in the contact mechanics across the knee would
be found between these two techniques.

MATERIALS AND METHODS

Eight fresh-frozen cadaveric knees were obtained
for testing. All knees were evaluated prior to testing
with anteroposterior and lateral radiographs. No speci-
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Figure 2. Sample specimen loaded in the Instron machine,
with a K-scan sensor within the knee joint.

men had radiographic evidence of early osteoarthritis
or any prior surgery. The knees were cut so that ap-
proximately 10 cm of tibia and femur above and below
the joint line remained. The skin, subcutaneous tissue,
fat, muscle, and patella were removed leaving the cru-
ciate and collateral ligaments intact. Limited removal
of the joint capsule was necessary to provide access to
the medial compartment, although the meniscal attach-
ment to the tibial was preserved in the intact specimen.
The femur and tibia were then cemented into 4-inch
pieces of polyvinyl chloride pipe. Two parallel tun-
nels were placed in both the femur and tibia to allow
pin insertion for rotational control. The rotational pins
provided a reference point for specimen position and
allowed easy removal and reproducible replacement of
the specimens into the Instron machine (Instron Corp,
Canton, Mass).

K-scan 4000 sensors (Tekscan Inc, South Boston,
Mass) were used to measure contact pressure and con-
tact area in both the medial and lateral compartments
(Figure 1). The K-scan system is composed of a thin-film
sensor (pressure transducer) and an interface box and
software that produces digitized, real-time recordable
data. The knee specimens were prepared by placing the .
sensors into the medial compartment under the respective
meniscus through a limited anterior and posterior arthrot-
omy. The sensors were secured to the surrounding capsule
using an ethibond suture placed through a rim of cloth
tape on the periphery of the sensor. The meniscus of the
transplanted specimens were not sutured to the periphery.
Peripheral suture neither improved nor worsened the con-
tact mechanics across the knee.”
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Figure 3. Sample medial meniscal allograft prepared for
implantation using double bone plug technique.

The specimens were then mounted in an Instron
1321 (Instron Corp) materials testing device (Figure
2). The position of the femur fixture to the applied load
was measured using digital calipers to ensure reproduc-
ible positioning of the specimens for subsequent tests.
The sensor was conditioned by subjecting it to 3 cycles
of axial loading from O to 2800 N. It was then calibrat-
ed at 700 and 2100 N, generating a 2-point calibration
curve specific for each knee and sensor combination.
The K-scan sensors in our study had an effective stress
range from 0.5 to 30 MPa. A load of 1000 N was ap-
plied over 5 seconds in positions of full extension and
30° of flexion. The selection of load magnitude was
based on previous studies.>* Due to limitations in the
testing apparatus, higher degrees of knee flexion could
not be tested.

The contact mechanics were tested under various
conditions: with the meniscus intact, after meniscecto-
my, and after meniscal transplant. The specimens were
first tested in the intact state for a baseline measurement
of the contact pressure and area across the knee. Then
the specimens underwent meniscectomy, with the goal of
preserving the meniscus for reimplantation later during
the study. The meniscectomy was performed preserving
two bone plugs for four specimens and a bone bridge
in the remaining four specimens. Bone plugs were pre-
served by passing a guidewire through the anteromedial
tibial border and into the anterior and posterior horns
of the meniscus using a guidewire. A cannulated coring
reaming was then used to remove a plug of bone with the
meniscal horn attached. The trough specimens were ob-
tained using an osteotome and saw as needed to remove
the meniscus with an associated 7-mm to 8-mmX1-cm
bone bridge incorporating both meniscal horns. Given
the possibility of graft mismatch, preserving the native
meniscus for reimplantation allowed us to assure that
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Figure 4. Sample medial meniscal allograft prepared for
implantation using bone trough technique.

the transplanted meniscus was appropriately sized for
the knee.

After testing on the meniscectomized knees was com-
pleted, a medial meniscal transplant (reimplantation) was
performed using a double bone plug (Figure 3) technique
in four specimens and a bone trough technique (Figure 4)
in the other four specimens. For the bone plug technique,
the meniscus was secured with sutures tied over a button
on the anterior tibia. For the bone trough technique, the
bone bridge was secured within the trough using a bio-
interference screw placed on the lateral or intercondylar
notch side of the bone bridge. Loading cycles were then
repeated in both 0° and 30° of flexion.

Each trial was self-calibrated using a 2-point calibra-
tion system, calibrating at 200 N and 1000 N. This ap-
proach eliminated the significant drift problem present
in K-scan sensors. Missing rows or columns of data were
interpolated from the adjacent rows or columns. Each
stress value was averaged with its adjacent cell to ad-
just for erroneous stress peaks caused by sensor kinking.
A low-end cutoff stress value of 0.05 MPa was used to
compensate for the sensitivity of the sensors to any kind
of noise, including sensor kinking. The 0.05-MPa cutoff
had little effect on the forces and peak stresses across
the knee joint.

Contact mechanics across the knee joint under the
various loading conditions were recorded. Contact area,
mean contact stress, and peak contact stress were com-
pared for each specimen with the intact meniscus, after
meniscectomy, and after meniscal transplant. The con-
tact area was defined as the area under the sensor when a
0.05-MPa threshold stress cutoff value was used.

Prior to the conclusion of the study, a power anal-
ysis was performed using the calculated standard de-
viations for each measurement of pressure and surface
area reading taken from the trials. A 10% difference
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Figure 5. Medial contact area in intact, post-meniscectomy,
and transplant specimens for the double bone plug group.

between areas and pressures was assumed to be clini-
cally significant. Using a P value <0.05, this power
analysis determined an 80% chance of detecting a 10%
difference between meniscal transplant techniques with
2N=8.

Statistical analysis was performed using SYSTAT
(version 10 for Windows; Systat Software Inc, San Jose,
Calif). A repeated measures analysis of variance was
used to analyze differences between intact meniscus,
meniscectomy, and transplanted menisci. For significant
results, a post hoc test was performed using a Bonfer-
oni correction. Differences between individual param-
eters and between bone plug and bone trough samples
were analyzed using a two-tailed paired ¢ test. Percent
changes between meniscal states were calculated by av-
eraging the percent change within each specimen. When
possible, 95% confidence intervals were calculated for
each evaluation.

RESULTS

A total of 144 load transmissions were recorded us-
ing the K-scan device. Eight specimens were included
in the analysis, four in the bone plug group and four in
the bone trough group. Data was recorded and reviewed
focusing on three variables: medial contact area, mean
medial contact pressure, and peak medial contact pres-
sure.

Medial Contact Area

The mean medial contact area for the intact knee us-
ing all eight specimens at 0° and 30° of knee flexion were
551.7+60.7 mm? and 521.6+62.4 mm?, respectively. After
meniscectomy, mean contact area at 0° and 30° decreased
to 295.9+42 mm? and 267.8+35.2 mm?, respectively. This
resulted in a mean 46% (£7%) decrease in contact area
among all eight specimens.
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Figure 6. Medial contact area in intact, post-meniscectomy,
and transplant specimens for the bone trough group.

After meniscal transplant, significant increases in
contact areas in both the double bone plug and bone
bridge group were noted. In the double bone plug
group, the mean medial contact area of the intact spec-
imen was 549.6+119 mm? at 0° and 534.2+82.1 mm?
at 30° of knee flexion. In the same specimens, men-
iscectomy resulted in a decrease in mean contact
area to 241.2+53.2 mm? at 0° of knee flexion and
255.6+51.3 mm? at 30° of knee flexion. After meniscal
transplantation with the double bone plug technique,
mean contact area increased to 494.3+108.1 mm? at
0° of knee flexion and 492.2+49.8 mm? at 30° of knee
flexion (Figure 5).

In the bone bridge group, the mean contact area of
intact specimens was 529.08+119.4 mm? at 0° of knee
flexion and 504.4+93.1 mm? at 30° of knee flexion with
the intact meniscus. After menisectomy, mean contact
area decreased to 342.33+53.2 mm? at 0° of knee flexion
and 262.7+49.8 mm? at 30° of knee flexion. These values
increased to 471.83+65.3 mm? at 0° of knee flexion and
411+52.3 mm? at 30° of knee flexion after transplantation
(Figure 6).

There was a statistically significant difference in
mean contact area between the intact and meniscecto-
mized groups (P=0.001) and between meniscectomized
and transplanted groups (P =0.005) for both techniques at
both 0° and 30° of flexion. No significant difference was
noted between transplanted and intact samples for either
group (P=0.497).

No statistically significant difference in medial con-
tact area was noted between the double bone plug and
bone bridge group at 0° (P=0.740) or 30° (P= 0.712) of
knee flexion.

Medial Contact Stress

The mean medial contact stress for all eight specimens
with the meniscus intact was 1.30+0.2 MPa, increasing to

23



THE JOURNAL OF KNEE SURGERY
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Figure 7. Medial compartment stress and medial peak stress
in intact, post-meniscectomy, bone trough specimens.

2.57+0.6 MPa after meniscectomy at 0° of flexion. This
resulted in a mean 43% (+8%) increase in medial contact
stress among specimens.

For the bone plug group, the mean medial contact
stress increased from 1.29+0.30 MPa to 3.40+0.48 MPa at
0° after menisectomy. After meniscal transplantation the
mean medial contact stress improved to 1.46+0.40 MPa.
In the bone trough group, the mean medial contact stress
increased from 1.37+0.30 MPa to 1.99+0.48 MPa at
0° of knee flexion after menisectomy. After meniscal
transplantation, the medial contact stress decreased to
1.29+0.20 MPa. Similar results were noted at 30° of knee
flexion (Figure 6). A statistically significant difference
in medial contact stress between intact and meniscecto-
mized knees (P=0.000) and between meniscectomized
and transplanted knees (P=0.001) was found at both 0°
and 30° of flexion. No significant difference was noted
between transplanted and intact knees (P=0.683). No
statistically significant difference was noted between the
double bone plug and bone bridge group at 0° (P=0.442)
or 30° (P=0.884).

Medial Peak Stress

The mean medial peak stress of the intact meniscus
was 5.06+0.90 MPa, increasing to 8.78+2.5 MPa after
meniscectomy at 0° for all eight specimens. This re-
sulted in a mean 33% (+13%) increase in medial peak
stress.

In the double bone plug group, the medial peak stress
increased from 5.41+1.77 MPa to 12.27+2.88 MPa at 0°
after meniscectomy. After meniscal transplantation, the
medial peak stress improved to 7.83+2.16 MPa. In the
bone trough group, the medial peak stress increased from
4.95+1.76 MPa to 6.05+2.87 MPa after meniscectomy at
0°. After meniscal transplantation, the medial peak stress
decreased to 6.12+2.13 MPa. Again, similar changes
were noted at 30° of knee flexion (Figure 7). No statisti-
cally significant differences were noted in the medial peak
stress at 0° and 30°.
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A statistically significant difference in medial peak
stress was found between intact and meniscectomized
knees (P=0.034). No significant difference was noted
between transplanted and intact knees (P=0.317). No
statistically significant difference in medial peak stress
was noted between the double bone plug and bone bridge
group at 0° (P=0.219) or 30° (P=0.303).

DISCUSSION

Although previous studies have examined the con-
tact mechanics of the medial and lateral compartments
of the knee, few studies have examined changes occur-
ring after medial meniscal transplant.* To our knowl-
edge, this is the first study to examine the changes in
contact mechanics of the knee in relation to the me-
dial meniscal transplant technique. Various techniques
are available to measure pressures across the knee
joint.!>1315 Our study used K-scan sensors (TekScan,
Inc), shown by Harris et al'> to be more reliable and
reproducible than Fuji film, allowing us to attain com-
puterized real-time data via the thin film pressure trans-
ducer. This technique has been used previously as a
method of assessing contact pressure mechanics within
knee compartments.

Previous studies have demonstrated the alternation in
mean and peak stresses, as well as decreased contact area
after meniscectomy. Our study confirms this result. Total
medial meniscectomy resulted in a 46% (+7%) decrease
in contact area, a 43% (+8%) increase in medial contact
pressure, and a 33% (+13%) increase in medial peak con-
tact pressure. These results were statistically significant
and were within the range of those reported by other stud-
ies of the medial compartment after meniscectomy.025-29
The different shape and joint contour between the medial
and lateral compartment is well known and results in
compartment-specific changes after menisectomy. It is
imperative, when comparing contact mechanics before
and after meniscectomy and among studies, to isolate a
single compartment because of the anatomic variation be-
tween the two compartments.

Various meniscal transplantation techniques have been
described, including suture-only techniques, double bone
plug technique, and bone trough or its variant, the keyhole
technique. Each of these techniques offers differences in
the fixation of the allograft. Studies of biomechanical
effects of various meniscal transplant techniques reveal
the importance of secure fixation of the meniscal horns,
and currently, some form of bone fixation of the meniscal
horns is recommended.>'?
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Our study examined the contact mechanics of two dif-
ferent meniscal transplant techniques: the bone plug and
the bone bridge. The bone bridge technique has been used
historically for lateral compartment allograft meniscal
replacement due to the proximity of the horns. Although
some theoretical advantage may be received by maintain-
ing the anatomic placement sites of the meniscus through
a bone bridge transplantation technique, this study dem-
onstrated no statistically significant difference in medial
contact area, mean contact stress, and peak stress on the
medial side. In both cases, the medial meniscus autograft
transplant using either technique restored biomechanical
contact pressures and medial contact area to those mea-
surements in an intact meniscus. A more significant dis-
advantage of the double bone plug technique may have
been noted if the tunnels had been placed independently
of meniscal harvest. This may have resulted in abnormali-
ties in meniscal horn placement which may have altered
hoop stress distribution and load transmission.

In our experience, we have found that there are some
clinical advantages in using a trough technique. This tech-
nique allows maintenance of an anatomic relationship of
the meniscal horns. It has been shown that small changes
in meniscal horn placement can results in decreased pres-
sure distribution.? From a technical standpoint, the trough
technique eliminates the difficulty in obtaining anatomic
placement of the posterior horn tunnel and of posterior
horn bone plug passage. In addition, the use of a trough
technique eliminates problems with tunnel convergence.
This can be particularly helpful when performing con-
comitant ligament reconstruction or osteotomy.

CONCLUSION

Medial meniscus transplantation using a bone trough
techniques results in similar improvements in contact
area, mean contact stress, and peak contact stress, com-
pared with a double bone plug technique. Currently, we
use the trough technique for all meniscal transplantation
in both lateral and medial compartments.
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