1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Am J Sports Med. Author manuscript; available in PMC 2020 August 01.

-, HHS Public Access
«

Published in final edited form as:
Am J Sports Med. 2019 August ; 47(10): 2437-2443. doi:10.1177/0363546519860113.

Lateral Meniscal Graft Transplantation:

Effect of Fixation Method on Joint Contact Mechanics During Simulated Gait

Caroline Brial, MEng", Moira McCarthy, MDT, Olufunmilayo Adebayo, PhD*, Hongsheng
Wang, PhD*¥, Tony Chen, PhD"*, Russell Warren, MD#, Suzanne Maher, PhD"+8

"Department of Biomechanics, Hospital for Special Surgery, New York, New York, USA.
TSports Medicine and Shoulder Service, Hospital for Special Surgery, New York, New York, USA.

*Orthopaedic Soft Tissue Research Program, Research Institute, Hospital for Special Surgery,
New York, New York, USA.

Abstract

Background: Controversy exists regarding the optimal bony fixation technique for lateral
meniscal allografts.

Purpose/Hypothesis: The objective was to quantify knee joint contact mechanics across the
lateral plateau for keyhole and bone plug meniscal allograft transplant fixation techniques
throughout simulated gait. It was hypothesized that both methods of fixation would improve
contact mechanics relative to the meniscectomized condition, while keyhole fixation would restore
the distribution of contact stress closer to that of the intact knee.

Study Design: Controlled laboratory study.

Methods: Six human cadaveric knees were mounted on a multidirectional dynamic simulator and
subjected to the following conditions: (1) native intact meniscus, (2) keyhole fixation of the native
meniscus, (3) bone plug fixation of the native meniscus, and (4) meniscectomy. Contact area, peak
contact stress, and the distribution of stress across the tibial plateau were computed at 14% and
45% of the gait cycle, at which axial forces are at their highest. Translation of the weighted center
of contact stress throughout simulated gait was computed.

Results: Both bony fixation techniques improved contact mechanics relative to the
meniscectomized condition. The keyhole technique was not significantly different from the intact
condition for the following metrics: contact area, peak contact stress, distribution of force between
the meniscal footprint and cartilage-to-cartilage contact, and the position of the weighted center of
contact. In contrast, bone plug fixation resulted in a significant decrease of 21% to 28% in contact
area at 14% and 45% of the simulated gait cycle, a significant increase in peak contact stresses of
34% at 45% of the gait cycle, and a shift in the weighted center of contact, which increased forces
in the cartilage-to-cartilage contact area at 45% of the gait cycle.
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Conclusion: While both keyhole and bone plug fixation methods improved lateral compartment
contact mechanics relative to the meniscectomized knee, keyhole fixation restored contact
mechanics closer to that of the intact knee.

Clinical Relevance: Method of meniscal fixation is under the direct control of the surgeon.
From a biomechanics perspective, keyhole fixation is advocated for its ability to mimic intact knee
joint contact mechanics.
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The medial and lateral menisci of the knee joint serve a range of functions that include force
distribution, lubrication, and proprioception.#22:34 Meniscal deficiency and injury can lead
to the rapid development of osteoarthritis.821:25.30 |n the instance of absolute meniscal
deficiency, defined by the absence of an intact meniscal rim, meniscal allograft
transplantation is considered a salvage procedure to improve joint function and redistribute
joint loads across the tibial plateau.11-1426-29.35.36 \wWhile many variables, such as graft size,
concomitant injury, knee stability, joint alignment, and rehabilitation protocols, can affect
the outcomes after graft transplantation, fixation technique is a key factor directly
controllable by the surgeon.1.3:7:11,19.24,38

Two primary bony fixation techniques are used during lateral meniscal allograft
transplantation: (1) keyhole fixation, in which the posterior and anterior horns of the graft
remain connected via a bone bridge placed into a corresponding slot created in the tibia; (2)
bone plug fixation, in which 2 separate bone segments attached to the anterior and posterior
meniscal horns are harvested with the graft and fixed into their respective bone tunnels
located at the tibial attachment sites of the native meniscus.”18:19.29.31.32.38 Keyhole fixation
is currently recommended for lateral meniscal allograft transplantation because of concerns
related to the intersection of the anterior and posterior bone tunnels in the bone plug fixation
technique. However, the bone plug fixation method offers the advantage that the surgeon has
more control over the relative positions of the individual anterior and posterior attachment
sites.

Previous biomechanical studies on the effect of lateral allograft transplantation on knee joint
mechanics have shown that the keyhole and bone plug fixation techniques partially restore
contact mechanics to those of the intact knee after lateral meniscal allograft transplantation.
9.26,.28 Bt these studies were performed with static and quasi-static loading conditions,
which cannot capture the multidirectional forces applied across the knee joint during
activities of daily living. It has been further suggested that meniscal allograft keyhole
fixation, which maintains relative root positions, may allow the graft to better resist hoop
stresses and result in less extrusion of the body of the meniscus6-17; however, these
concepts have not been explored biomechanically. Our team previously developed a
dynamic model capable of simulating activities of daily living®13 and demonstrated that
transosseous fixation of medial meniscal allografts provides superior load distribution as
compared with suture-only fixation, particularly during the early stance phase of gait.3®
However, such analyses have not been applied to the lateral compartment.
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Our objective was to quantify knee joint contact mechanics across the lateral plateau for
keyhole and bone plug meniscal allograft transplant fixation techniques throughout
simulated gait. We hypothesized that both methods of fixation would improve contact
mechanics relative to the meniscectomized condition, while keyhole fixation would restore
the distribution of contact stress closer to that of the intact knee.

Under institutional review board approval, 6 human cadaveric knees (Anatomy Gifts
Registry and Science Care) (Appendix Table A1, available in the online version of this
article) were stripped of all soft tissue down to the joint capsule; care was taken to avoid
interfering with the cruciate and collateral ligaments. Knee quality was assessed by a
practicing sports medicine surgeon (M.M.) for the presence of osteoarthritis or meniscal
damage. As previously described,>6:36:37 3 2 mm-—diameter Kirschner wire (K-wire) was
drilled through the epicondylar axis of each knee to define the anatomic flexion axis.
Positioning of the K-wire was visually assessed by a surgical fellow using fluoroscopic
imaging in the coronal and sagittal planes. If the K-wire axis alignment was not accurate, it
was manually repositioned and reimaged. Subsequently, the patella was removed, and knees
were potted in custom-made fixtures with poly-methyl methacrylate. The K-wire was used
to align the epicondylar axis of the knees to the flexion axis of a modified 4 degrees of
freedom Stanmore knee simulatorl® (Figure 1). Four conditions were tested (Figure 1B): (1)
native intact meniscus, (2) keyhole fixation of the native meniscus, (3) bone plug fixation of
the native meniscus, and (4) meniscectomy. Pilot testing demonstrated that it was not
possible to create a stable keyhole graft after formation of the bone plugs, and as such, the
order of testing was not randomized. Rather, the testing sequence was as follows: intact,
keyhole, bone plug, meniscectomy.

To replicate the keyhole method, an oscillating surgical saw (Stryker Orthopaedics) was used
to remove a bone block from the lateral tibial plateau, creating a slot in the tibia. This bone
block maintained its connection to the anterior and posterior horns of the lateral meniscus.
The meniscus was then resected from the capsule and removed from the joint. Next the
“‘graft’” was reinserted, and a shim (fashioned from cadaveric bone) was placed laterally to
create an interference fit for the graft in the slot, replicating the secure fixation of the
keyhole technique. The outer rim of the lateral meniscus was then resutured to the joint
capsule. For the bone plug method, the central portion of the bone block was separated to
create 2 bone plugs, which were attached to the anterior and posterior meniscal horns. The
bone plugs were then repositioned into the slot in the tibia, and each plug was secured with
sutures through the anterior or posterior horn bone segments and into tunnels drilled through
the subchondral bone. The sutures were tied together across a bone bridge. The remaining
central portion of the bone block was then placed into the remaining space between the bone
plugs and secured with the cadaveric bone shim. Again, the outer rim of the lateral meniscus
was resutured to the joint capsule. For the meniscectomy condition, the lateral meniscus was
removed from the joint after detachment of the meniscal horns from the bone plugs and
resection of the meniscus from its attachment at the joint capsule.
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The knees were subjected to physiological loads to simulate gait at 0.5 Hz for 20 cycles (see
online Video Supplement). Flexion-extension, anterior-posterior force, axial force, and
internal-external torque were controlled, while medial-lateral force and varus-valgus torque
were left floating.5:6:13.15.36.37 Contact stress across the tibial plateau was recorded with a
thin electrical resistive sensor (model 4011; Tekscan Inc) that was equilibrated and
calibrated with a standard protocol as previously described.3:36 The sensor was augmented
with tabs for fixation and coated with waterproof film (Tegaderm; 3M Inc) to preserve
sensor performance. The sensor was placed underneath the menisci and across the tibial
plateau, and the fixation tabs were sutured to the posterior capsule and distal ACL to hold
the sensor in place throughout testing. Care was taken to avoid damaging the meniscal root
during the Tekscan insertion procedure. Data were collected at a rate of 100 Hz.

Outputs and Data Analysis

Contact area and peak contact stress on the lateral plateau were calculated at 14% and 45%
of the gait cycle: the 2 points in the simulated gait cycle of maximum axial load.5:6:13.15.36,37
A custom-written Matlab code (Math-Works Inc) was used to identify regions of interest
(ROIs) where the femoral cartilage contacted the tibial cartilage (cartilage-cartilage [C-C])
and where the tibial cartilage was in contact with the meniscus (cartilage-meniscus [C-M])
as seen by the outline of the meniscal footprint on the sensor. Throughout the gait cycle, the
ROIs that were drawn for the intact condition were applied to keyhole, bone plug, and
meniscectomy conditions by 2 independent observers (C.B., O.A.). The contact area and
peak contact stress in the C-C and C-M contact regions were calculated for each surgical
condition. Interobserver reliability was evaluated by calculating Cronbach alpha for each
outcome measure at 14% and 45% of the gait cycle for the lateral plateau and the C-C and
C-M ROls. Reliability was acceptable (a > .80) for all outcome measures except peak
contact stress in the C-M ROI at 14% of the gait cycle (a = .55); this could likely be
attributed to the dependency of peak contact stress on single sensel variations—particularly
if the peak sensel was located on the C-M border. As previously reported,!3 the weighted
center of contact stress (WCoCS) was calculated throughout the gait cycle by weighting
sensels based on the magnitude of their contact stress. The following equation was used to
calculate WCoCS: Z(s;x p)/Zs;, where s;represents the contact stress at sensel — 7and p;
represents the location of sensel — /in the sensor coordinate system.13:3% Principal
component analysis was performed in Matlab to determine differences in the WCoCS
among conditions throughout gait. All outcome measures were calculated by the same 2
authors using a customized Matlab code.1335 A paired 1-way repeated measures analysis of
variance with Dunnett post hoc test was used for statistical analysis to compare all
interventions with the intact condition, with £< .05 representing significance. The study was
powered on the basis of a similar study of meniscal fixation on the medial plateau.2> To
determine if we had sufficient power to detect a change in peak contact stress at 45% of the
gait cycle, a post hoc power analysis was performed with the difference in average peak
contact stress between bone plug and intact conditions (2.2 MPa) and the SD of the bone
plug condition (0.8 MPa), with an a of .05 and a sample size of 6 following a 1-way analysis
of variance study design. The analysis revealed that the power of our study was 96%.
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RESULTS

Contact mechanics data were successfully recorded for all 6 cadaveric knees for all
conditions. Contact stresses and contact areas were highly variable across knees and
conditions (Figure 2).

Total Contact Area and Contact Stress

At 14% and 45% of the gait cycle, meniscectomy significantly reduced the contact area on
the lateral plateau by 51% and 55%, respectively, when compared with the intact condition
(Figure 3A). At 14% and 45% of the gait cycle, meniscectomy significantly increased peak
contact stress by 39% and 46%, respectively, when compared with the intact condition
(Figure 3B). Bone plug fixation resulted in 21% and 28% reduction in the contact area
relative to the intact condition at 14% and 45% of the gait cycle, respectively, and a
significant increase (34%) in peak contact stress at 45% of the gait cycle. No significant
difference was found between keyhole fixation and the intact condition for contact area or
peak contact stress at either 14% or 45% of gait.

ROI Contact Area and Contact Stress

Meniscectomy led to a significant reduction in contact area at 14% and 45% of the gait cycle
in the C-C and C-M ROlIs and a significant increase in peak contact stress in the C-C ROI at
45% of the gait cycle and the C-M ROI at 14% and 45% of the gait cycle (Table 1). Bone
plug fixation significantly decreased the contact area in the C-M ROI and led to a small but
significant increase in peak contact stress in the C-C ROI at 45% of the gait cycle when
compared with the intact condition, suggesting a subtle shift in force distribution to the area
of C-C contact (Table 2). No significant difference between meniscal allograft
transplantation with keyhole fixation and the intact condition was found in peak contact
stresses and contact areas in the C-C and C-M zones.

Weighted Center of Contact Stress

Principal component analysis of the WCoCS demonstrated that meniscectomy resulted in a
significant lateral shift from the intact condition throughout the gait cycle (Figure 4). Bone
plug fixation resulted in a significant medial shift in WCoCS relative to the intact condition.
We did not detect any significant differences in WCoCS between the intact condition and
keyhole fixation. A small posterior shift (£=.05) of the WCoCS occurred with
meniscectomy relative to the intact condition. No other significant difference in anterior-
posterior WCoCS occurred.

DISCUSSION

By way of a cadaveric model designed to simulate gait, knee joint contact mechanics across
the lateral plateau were quantified for the intact, meniscectomized, allograft keyhole
fixation, and allograft bone plug fixation conditions. Using the output metrics of contact
area, peak contact stress, distribution of stress across the tibial plateau, and translation of the
WCoCS, we accepted the hypothesis that keyhole fixation restored the distribution of
contact stress closer to that of the intact knee.
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Our finding that total meniscectomy of the lateral meniscus significantly increased peak
contact stress and decreased contact area during the gait cycle was not surprising.1126:28 The
magnitude of change in the contact area with meniscectomy (51%—-55%) is within that
reported by Paletta et al?8 (51%-55%) and Chen et al® (~48%). However, the increase in
peak contact stresses after meniscectomy (39%-46%) is lower than that reported by Chen et
al (61%) and McDermott et al?6 (31%-150%) and substantially lower than that reported by
Paletta et al (235%—-335%). These differences are most likely caused by differences in the
test setup, differences in the magnitude of applied input forces, and differences in the force
and moment profiles to which the soft tissues are subjected during testing. Furthermore, the
dynamic nature of the test used in this study would differentially influence the viscoelastic
responses of the meniscus and articular cartilage and the ligaments, which in turn would
influence the magnitude and distribution of joint contact.2-33

The exact relationship between specific levels of contact area and contact stresses and the
biological responses of articular cartilage has yet to be elucidated.23 To help interpret the
data generated, contact mechanics of both graft fixation methods were compared with those
of the meniscectomized condition, which predisposes the knee joint to osteoarthritis, and the
““normal’’ intact condition. For the meniscal allograft conditions, both fixation techniques
improved contact mechanics relative to the meniscectomized condition, but differences
between fixation techniques were identified. The keyhole fixation technique was not
significantly different from intact for the following metrics: contact area, peak contact stress,
distribution of force between the meniscal footprint and C-C footprint, and the position of
the weighted center of contact. In contrast, bone plug fixation resulted in a significant
decrease of 21% to 28% in contact area at both 14% and 45% of the simulated gait cycle, a
significant increase in peak contact stresses of 34% at 45% of the gait cycle, and a shift in
the weighted center of contact, with forces increased in the C-C contact area at 45% of the
gait cycle. The change in the distribution of force between the cartilage that is covered by
the meniscus and that in the area of C-C contact may lead to a change in cartilage strain in
those zones and subsequent cartilage degeneration.20 Of note, the most pronounced changes
in contact mechanics in the lateral compartment occurred in the second half of the gait cycle.
This finding contrasts to a similar study,3’ in which medial meniscal contact mechanics were
most strongly influenced by fixation in the first half of the gait cycle, and emphasizes the
differences in the biomechanical behavior of each compartment.

There are several limitations to this study. A key limitation is that the order of testing was
not randomized, because a pilot study exhibited that it was impossible to do so, given the
need to create stable fixation for both the keyhole and bone plug fixation conditions on the
same sample. The test apparatus used herein maintains knee hydration and has previously
been used to test up to 5 conditions on a single specimen,>6 with no demonstrable
deterioration in the knee. Nonetheless, it is possible that our sequence of testing may have
led to bias toward the first method of fixation. An additional limitation is that the “*native’’
meniscus was used as a graft, which would optimize graft matching. However, the effects of
fixation can be studied without consideration of the effect of variability in graft geometry,
which is an inherent challenge with graft use. Additionally, the data represent the immediate
postoperative conditions, without due consideration of healing/fixation ingrowth. Finally, the
effect of meniscal fixation on joint kinematics was outside the scope of the study.
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In summary, using a human cadaveric model in which the activity of gait was simulated, we
accepted the hypothesis that both keyhole and bone plug fixation methods improved contact
mechanics relative to the meniscectomized knee at time zero. We also concluded that
keyhole fixation restored contact mechanics closer to those of the intact knee. The changes
in contact mechanics that were quantified could have long-term consequences for the
response of the joint tissue.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Intact Keyhole A Bone Plug Meniscectomy

Figure 1.
(A) Cadaveric specimen on the Stanmore knee simulator. The controlled forces and torques

are displayed by the arrows, with the white dotted line representing the epicondylar axis of
the knee. The waterproofed Tekscan sensor is placed underneath the menisci and across the
tibial plateau and then sutured to the anterior cruciate ligament and posterior capsule. (B)
Schematic diagram: the intact tibial plateau; keyhole fixation depicting the bone bridge
placed in the corresponding slot and the suture attaching the lateral meniscus to the capsule;
bone plug fixation depicting the 2 bone segments sutured through the bone tunnels and the
suture attaching the lateral meniscus to the capsule; and the meniscectomized condition. A,
anterior; L, lateral; M, medial; P, posterior.
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Figure2.
Contact stress maps for each knee and each test condition at 45% of the gait cycle. Despite

variability among knee contact patterns, a significant decrease in contact area and increase in
peak contact stress in the cartilage-meniscal region of interest are shown for the
meniscectomized condition. The decrease in contact area and increase in peak contact stress
are also shown for the cartilage-cartilage region of interest for the meniscectomized
condition as is the increase in peak contact stress for the bone plug condition. A, anterior; L,
lateral; M, medial; P, posterior.

Am J Sports Med. Author manuscript; available in PMC 2020 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Brial et al.

Contact Area [mm?)

Page 12
A I intact B W iract
[ *evhole [ xevhote
Bone Plug Bone Plug
Contact Area [[] Meniscectorny Peak Contact Stress [] Meniscectomy
T L T T
—_—— 2 —— ——,

Peak Contact Stress [MPa]

o . .
45% Gait 14% Gait

14% Gait

Figure 3.

45% Gait

(A) Decrease in contact area and (B) increase in peak contact stress at 14% and 45% gait.
Data are presented as mean + SE. *P< .05 vs intact condition. +P = .051 vs intact condition.
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Figure 4.
(A) Plot of medial-lateral shift in WCoCS on the lateral plateau for each condition,

normalized to the intact condition throughout the gait cycle, shows a significant lateral shift
after meniscectomy and a significant medial shift with bone plug fixation. (B) Plot of
anterior-posterior shift in WCoCS on the lateral plateau for each condition, normalized to
the intact condition throughout the gait cycle, shows a posterior shift of the WCoCS after
meniscectomy (£ =.05). Mean is presented as a solid line with the shaded bars representing
the SE. WCoCS, weighted center of contact stress.
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