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We investigated the effects of isolated meniscectomy on tibiofemoral skeletal kinematics and cartilage
contact arthrokinematics in vivo. We recruited nine patients who had undergone isolated medial or lat-
eral meniscectomy, and used a dynamic stereo-radiography (DSX) system to image the patients’ knee
motion during decline walking. A volumetric model-based tracking process determined 3D tibiofemoral
kinematics from the recorded DSX images. Cartilage contact arthrokinematics was derived from the in-
tersection between tibial and femoral cartilage models co-registered to the bones. The kinematics and
arthrokinematics were analyzed for early stance and loading response phase (30% of a gait cycle), com-
paring the affected and intact knees. Results showed that four patients with medial meniscectomy had
significantly greater contact centroid excursions in the meniscectomized medial compartments while five
patients with lateral meniscectomy had significantly greater cartilage contact area and lateral shift of
contact centroid path in the meniscectomized lateral compartments, comparing to those of the same
compartments in the contralateral intact knees. No consistent difference however was identified in the
skeletal kinematics. The current study demonstrated that cartilage-based intra-articular arthrokinematics

is more sensitive and insightful than the skeletal kinematics in assessing the meniscectomy effects.

© 2017 IPEM. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Meniscectomy—the surgical removal of a portion or the entirety
of an injured meniscus—is one of the most frequently performed
orthopedic procedures [1]. It is known, however, to have deleteri-
ous consequences such as degenerative joint changes and acceler-
ated onset of osteoarthritis (OA) [2,3]. Accurate assessment of the
effects of meniscectomy on joint motion and contact congruity is
an initial but critical step in understanding how patho-mechanics
instigates the development of OA [4]. Data resulting from such as-
sessment would also serve as baselines for evaluating the efficacy
of alternative repair strategies and post-meniscectomy interven-
tions such as meniscus transplantation [5].

The effects of meniscectomy on tibiofemoral joint function or
mechanics have been examined by in vitro cadaveric studies and
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in vivo motion analysis studies [5-8]. With an in vitro experimen-
tal model, Spang et al. [5] discovered that total medial meniscec-
tomy increased anterior cruciate ligament (ACL) strain and anterior
tibial translation. The latter effect on anterior tibial translation was
contrary to the conclusion from an earlier in vitro study [6]. This
disparity, as well as the methodological inconsistency speculated
to have caused it, reflects the limitations of in vitro studies: test-
ing conditions, including combinations of kinematics and loading,
and types of simulated meniscectomy, cannot be made physiolog-
ical variable. It is a formidable challenge for cadaveric studies to
replicate the complex combination of and interplay between the
gravitational, inertial and active muscular forces. Sturnieks et al.
|7] performed the first in vivo gait analysis of pain-free meniscec-
tomy patients and reported reduced range of motion and lower
peak moments in the sagittal plane on the operated limb com-
paring to the nonoperated limb. Netravali et al. [8] conducted in
vivo biomechanical study of patients with partial medial meniscec-
tomy and identified significant kinematic and kinetic differences
between the meniscectomized and contralateral intact knees. The
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Table 1

Arthroscopic assessment of the meniscal condition for the patients with medial or lateral meniscectomy.

(a) Four patients with medial meniscectomy

Injured knee Description of injured meniscus

S2 Left 66% of posterior horn, 0% mid portion and 66% anterior horn remaining.

S3 Right 66% of posterior horn, 0% mid portion and 100% anterior horn remaining.

S5 Right 66% of anterior horn, 33% of mid portion and 100% of posterior horn remaining.
S6 Right

(b) Five patients with lateral meniscectomy

lost most of the posterior and medial portion of the medial meniscus with only 20% of rim remaining, 66% of anterior horn remaining

Injured knee Description of injured meniscus

S1  Left 33% of posterior horn, less than 33% of mid body, 50% of anterior horn remaining.

S4  Left 33% in all posterior, mid, and anterior regions remaining; early arthritis of left knee; grade 3 change in weight-bearing area of posterior horn.
S7 Right 0% of posterior horn, 33% (or less) of mid portion, and 100% of anterior horn remaining.

S8 Right balanced and stable rim with 50% of meniscus remaining.

S9  Left total lateral meniscectomy.

study employed surface-based measurement of tibiofemoral kine-
matics and a point cluster method [9,10] to mitigate skin motion
artifacts that otherwise could be substantial enough to obscure
the effect or difference of interest [11,12]. However, no study has
yet to attain measures that delineate intra-articular cartilage con-
tact or interactions which are more pertinent to the fundamental
patho-mechanics of meniscectomy. Previous studies that investi-
gated the knee cartilage contact have typically involved magnetic
resonance imaging (MRI) and most of studies were for in vitro
conditions or in vivo low-speed movements [13-17]. A newly val-
idated approach at our center combining accurate bone kinemat-
ics data from biplane radiography with cartilage models from MRI
is ready for noninvasively assessing in vivo cartilage contact dur-
ing functional activities—the accuracy of cartilage contact estima-
tion has been comprehensively validated in vitro against a laser
scanning gold standard under multiple body weight loading and
over a range of knee flexion angles (with root mean square errors
in contact area averaged 8.4% and 4.4% of the medial and lateral
compartmental areas, respectively) [18]. One challenge associated
with experimental study of the biomechanical effects of meniscec-
tomy is the variability of meniscectomy presented. The difficulty of
accurately estimating and resecting the desired percentage of the
meniscus intra-operatively, even with a meniscal measuring device,
has been reported [19]. This, in addition to the natural variability
of the types of meniscus injury that necessitate the meniscectomy,
makes it particularly challenging to achieve a study cohort with
well controlled clinical or surgical variables. On the other hand,
coping with rather than controlling the variability may afford a
valuable opportunity to elicit insight into what is common or re-
mains invariant across patients or cohorts.

In this study, we investigated three-dimensional (3D) in vivo
tibiofemoral skeletal kinematics and arthrokinematics (cartilage
contact kinematics) of meniscectomized knees using a state-of-art
dynamic stereo-radiographic (DSX) imaging system in our facility,
where the similar approach has been validated [18]. We sought to
take advantage of the system’s sub-millimeter accuracy in trans-
lation and sub-degree accuracy in rotation [20] in detecting the
following hypothesized effects of meniscectomy: (1) altered three-
dimensional tibiofemoral kinematics, (2) increased cartilage con-
tact area and deformation, and (3) altered tibiofemoral cartilage
contact locations and trajectories.

2. Materials and methods

We recruited nine patients (six females and three males)—age:
25+11 (18-53) years old [average +standard deviation (range)];
weight: 80.2422.0 (46.2-112.0) kg; height: 177.8+9.1 (162.0-
187.0) cm; BMI: 25.0+5.2 (17.6-33.0), who had undergone uni-

lateral subtotal or total meniscectomy (four medial and five lat-
eral meniscectomy; Table 1) to participate in this study. These pa-
tients were identified from candidates who were scheduled for
meniscal allograft transplantation surgery. The condition of pa-
tients’ meniscectomized meniscus (such as the location and por-
tion of removed tissue) was arthroscopically examined and doc-
umented (Table 1) by the operating surgeon (CHD), and further
confirmed by processed MRI data (pixel size =0.365 x 0.365 mm?,
slice thickness =0.7 mm, pixel resolution=384 x 384 pixels, field
of view =14.0 cm, number of slices =160). The participants had no
other knee injuries (such as deficient anterior or/and posterior cru-
ciate ligaments), total joint arthroplasty, cardiovascular disease or
neurological disorders that affected lower extremity function. Preg-
nancy tests were performed prior to the experiment to exclude
pregnant participants. This study was approved by the University
of Pittsburgh Institutional Review Board (IRB) and informed con-
sent was obtained from all participants.

During the experiment, the participants performed decline-
walking trials (15° tilted with respect to the ground) on a dual-
belt instrumented treadmill at 1.0m/s (Fig. 1). The DSX system
imaged both knees in motion (1-s duration including heel strike)
at a frame rate of 100Hz (X-ray parameters: 80 KV, 125mA, 1ms
pulse width). The ground reaction forces (GRFs) were measured at
1000Hz by two force plates (Bertec Corporation, Columbus, OH)
embedded in the treadmill. CT scans (slice spacing: 0.625 mm; in-
plane resolution: 0.3125mm) of both knees were also collected
prior to the DSX testing. The 3D femoral and tibial bone mod-
els were reconstructed from the CT images using a combination
of commercial software (Mimics, Materialise, Leuven, Belgium) and
manual segmentation.

A volumetric model-based tracking process determined 3D
tibiofemoral kinematics using recorded DSX images and CT-
acquired bone models [20]. All collected frames (100 frames per
second) were processed in the tracking process. A 10Hz low-
pass filter (8th-order Butterworth) was employed to reduce noise
from the 3D tracking results before calculating the kinematics.
The six-degree-of-freedom (6-DOF) tibiofemoral kinematics in-
cluding anterior-posterior (AP), proximal-distal (PD) and lateral-
medial (LM) translations and internal-external rotation, abduction-
adduction and flexion-extension were expressed in the tibial and
femoral anatomical coordinate systems defined based on CT-
acquired bone models [21]. The translations were expressed in
the tibial anatomical coordinate system, while the rotations of
the tibia relative to the femur were defined with respect to
the femoral anatomical coordinate system. A gait cycle was de-
fined to begin at heel strike and end at the same heel hitting
the ground again, consistently identifiable from the vertical GRF
profile.
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Fig. 1. A subject performs decline walking (15°, 1m/s) while her knee joints were
being imaged by a dynamic stereo-radiographic system.

The arthrokinematics measures of cartilage contact were de-
rived using a validated in situ analysis [18,22]. The carti-
lage and bone models of tibia and femur were segmented
from MRI data and reconstructed in Mimics software. The
tibial and femoral cartilage was mapped onto the respective
CT-based bone models by co-registering the MRI-based bone
models to the CT-based ones (reported root mean square er-
ror of alignment: 0.63mm) [18]. The time-varying positions of
the bone models along with the cartilage models were de-
termined by the DSX-measured tibiofemoral bone kinematics,
and the intersection volume between tibial and femoral car-
tilage was calculated at each time interval (Figs. 2 and 3).
Three measures were assessed based on the intersection volume
between tibial and femoral cartilage at each frame (Fig. 3): (1) the
contact area as the area of intersection, (2) the average penetration
depth as the intersection depth, and (3) the location of contact
centroid as the depth-weighted geometric center of the contact
area. The contact area and location of the contact centroid were
measured on the tibial plateau plane—a plane determined through
principle component analysis (PCA) of the tibial cartilage outer sur-
face (The X and Y axes were designated as the first and second
principal component axes passing the centroid of cartilage surface;
Fig. 3.), whereas the penetration depth was measured orthogonally
to the plane. The medial and lateral tibial cartilage outlines (pink
and blue boundaries in Fig. 3, respectively) are the 2D representa-
tions of cartilage boundaries projected onto the plateau plane. The
location of contact centroid was expressed in the AP and ML direc-
tions on the tibial plateau plane. In addition, AP and ML excursions
of the contact centroids on the tibial plateau were assessed by sub-

tracting the minimum coordinates of the contact position from the
maximum in respective directions across all the frames, and the to-
tal contact length was assessed as the total distance travelled along
the trajectory.

Tibiofemoral kinematics and arthrokinematics measures were
analyzed for loading response phase and mid stance—from heel
strike to the 30% point of a gait cycle, where the greatest forces
and rate of change of forces occur [23]. Because crossing of the
contralateral limb interferes with knee imaging, obtaining two un-
obstructed views required for high-accuracy motion assessment
through the entire stance phase would require a second set of tri-
als, increasing both the testing time and radiation exposure mul-
tiplicatively. The 6-DOF kinematics and arthrokinematics as time-
varying responses were sampled at every 1% increment of the 30%
of gait cycle.

For all the time-varying variables (such as tibiofemoral kine-
matics, the location of contact centroid, contact area and pene-
tration), the differences on the corresponding compartments be-
tween the menisecetomized and intact knees were computed at
each percent increment during the first 30% of gait cycle. Statisti-
cal significance regarding to the time-varying differences between
the menisecetomized and intact knees could be visually inspected
on the 95% confidence interval (Clgs) band of the difference val-
ues across all participants: if the Clgs band of the difference val-
ues does not include zero, the difference is statistically significant
(p <.5). Paired t-tests were used to compare the AP and ML con-
tact point excursions and contact path lengths on the medial and
lateral compartments of meniscectomized knees against those on
the corresponding compartments of the contralateral intact knees.
A significance level of 0.05 and a marginal significance level of 0.1
were used in the present study.

3. Results
3.1. Tibiofemoral kinematics

No consistent significant differences in tibiofemoral kinematics
were found between the meniscectomized and contralateral intact
knees (p >.5) in four patients with medial meniscectomy (Fig. 4a),
nor in five patients with lateral meniscectomy (Fig. 4b).

3.2. Cartilage contact arthrokinematics

In four medial meniscectomy patients, significant differences
were only identified in the medial compartments between the
meniscectomized and contralateral intact knees: the ML excursions
were significantly greater (p=.03, Fig. 5) and the AP excursions
were marginally-significantly greater (p=.09, Fig. 5) in the med-
ical compartments of the meniscectomized knees. There was no
significant difference in the centroid location (in either ML or AP
direction), the total contact length of contact centroids, the contact
area, or the average penetration depth (Table 2a).

In five lateral meniscectomy patients, significant differences
were only identified in the lateral compartments between the
meniscectomized and contralateral intact knees: the contact areas
were significantly larger (p <.5; Table 2b) and the lateral shift of
the centroid paths was significantly greater (p <.5; Fig. 6, Table 2b)
in the lateral components of the meniscectomized knees.

4. Discussion

The present study quantified the differences in vivo tibiofemoral
kinematics and cartilage contact arthrokinematics between menis-
cectomized and contralateral intact knees during a functional ac-
tivity. The results confirmed our speculation that kinematical dif-
ferences due to the subtotal or total meniscectomy would be pro-
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Femoral
Cartilage

Intersection Region

Fig. 2. Determination of cartilage contact arthrokinematics from MRI-acquired tibial and femoral cartilage models co-registered with the CT-acquired bone models, driven

by DSX-measured skeletal kinematics.

Lateral Medial

Left Knee (uninjured contralateral)

Lateral

Medial

Unit: mm g

Right Knee (with lateral meniscectomy)

Fig. 3. The representative cartilage intersection projected on the tibial plateau plane (tibial cartilage outlines—thin-line boundaries; lateral: blue; medial: pink). The intersec-
tion depth is color-mapped (the depth increases from blue to red); the black solid dots indicate the depth-weighted contact centroids. (For interpretation of the references

to color in this figure legend, the reader is referred to the web version of this article.)

nounced only in the more discriminating arthrokinematics mea-
sures at the intra-articular level, and the lateral and medial menis-
cectomy had both between- and within-type varied effects. The
results also rendered some evidence supporting previous clinical
and modeling studies in that lateral meniscectomy was consid-
ered more detrimental than medial meniscectomy [24-27]. The ob-
served larger cartilage contact area in the lateral compartment of
the lateral meniscectomized knees—agreed with a subject-specific
finite element modeling study of a patient with lateral menis-
cectomy [22]|—indicated increased loading region on the cartilage,
which provides a logical explanation for the higher cartilage de-
generation risk after a lateral meniscectomy [24]. The lateral shift
in the contact centroid path also may cause normally unloaded
regions to withstand abnormally high loading [28], leading to
poorer clinical outcome following lateral meniscectomy than me-
dial meniscectomy [29, 30].

In patients who underwent medial meniscectomy, a shift of car-
tilage contact centroid was not seen in the meniscectomized knees.
This may be attributable to the anatomy of medial compartment—
specifically, the convex femoral condyle and concave medial tibial
plateau, which provides some degree of congruity naturally, even
in the absence of part of medial meniscus [25]. It is also consis-

tent with finite element simulation results [31] that showed the
removal of various portions of the medial meniscus did not al-
ter the location of maximum contact pressure. Subtle yet signifi-
cant changes in the medial meniscectomized knees were identified
in the trajectories of the contact centroids (i.e., excursion changes
in the medial compartment), indicating increased joint instability
[32].

This study demonstrated that categorically a medial and a
lateral meniscectomy manifest the effects on the knee cartilage
contact and interactions differently. In general, a uni-lateral uni-
compartmental meniscectomized knee only exhibited significant
arthrokinematic changes in the corresponding compartment. The
contact path shift and increased cartilage contact area in the lateral
meniscectomized knees are likely to be related to the greater mo-
bility of the lateral meniscus and greater fraction of the load trans-
mitted through it [33]. As to the medial meniscus, it is known that
its posterior portion, when intact, plays a crucial role in restrain-
ing AP translation and maintaining knee stability [34-37]. This may
also help explain why the medial meniscectomy patients seemed
relatively more stable as compared to the lateral meniscectomy pa-
tients, since most of them had major portion of posterior corner of
the medial meniscus intact (S2, S3, and S5; see Table 1a), in ad-
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Fig. 4. The 6-DOF tibiofemoral kinematics for (a) four patients with medial meniscectomy and (b) five patients with lateral meniscectomy.

dition to the aforementioned relatively greater congruency of the
medial compartment. The destructive effects of posterior-corner
medial meniscectomy were notable in S6 who only had about 20%
of rim remaining for the posterior and medial portions of the me-
dial meniscus: in addition to larger ML excursion in the menis-
cectomized knee as other medial meniscectomy patients, S6 also
showed markedly greater cartilage contact area and AP excursion
changes in the medial compartment along with the greatest to-
tal contact length change in the lateral compartment (358 mm?,
12.1 mm and 23.4 mm, respectively; see Table 2a). Nevertheless, the
limited patient sample in the present study did not permit a more
in-depth inspection of how joint contact characteristics vary de-
pending on the location and extent of meniscal resection.

Contrary to prior studies of tibiofemoral kinematics following
meniscectomy [5,6,8,38,39], the current study did not identify any
consistent skeletal kinematic difference between the meniscec-
tomized and contralateral intact knees during early stance phase
(no significance was detected even at selected discrete time points
(e.g., heel strike) or averaged over the early stance phase). It is
difficult to compare our study with the previous studies, given
the different experimental methodologies (e.g., in vitro vs. in vivo,
choices of task and task parameters) and patient pools (e.g., un-
known specific meniscectomy conditions). Specifically, the patient
pool in the present study did not seem to be the most repre-
sentative, especially for our patients with medial meniscectomy—
three out of four patients had major resection on the mid-portion
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Differences (meniscectomized - intact) in cartilage contact arthrokinematics measures during the early stance phase (0-30% of the gait cycle). ** denotes
significant difference (p <.05) and * indicates marginally significant difference (p <.1) between the meniscectomized and the contralateral intact knees.

(a) Four patients with medial meniscectomy

Measures (unit: mm or mm?) S2 S3 S5 S6
Medial compartment
Time-averaged contact area —64+209 —-55+80 146 £23 358435
Time-averaged penetration 0.05+0.5 0.7+11 02+0.2 0.02+0.2
AP coordinates -19+39 121+34 —-23+2.0 —-4.7+3.0
ML coordinates —6.7+72 1.6+5.0 -22+19 -14+15
AP excursion* 54 -03 77 121
ML excursion** 7.7 7.6 4.5 2.2
Total contact length -54 6.4 6.4 -2.2
Lateral compartment
Time-averaged contact area —34+54 —361+52 -20+16 61459
Time-averaged penetration 0.05+0.4 -11+05 —-03+0.1 01+0.3
AP coordinates 32422 10.2+21 —-05+2.6 2.7+25
ML coordinates -34+25 5.0+0.8 -0.8+2.7 -19+17
AP excursion 1.6 -33 5.7 6.0
ML excursion 4.6 -1.0 6.2 4.7
Total contact length -8.0 -13.2 2.6 234
(b) Five patients with lateral meniscectomy
Measures (unit: mm or mm?) S1 S4 S7 S8 S9
Medial compartment
Time-averaged contact area 145 +39 219426 —74+41 —114+24 100+27
Time-averaged penetration 0.5+0.1 0.4+0.1 -0.2+0.1 -03+0.1 0.4+0.04
AP coordinates -22423 6.1+18 11+34 02+22 -32423
ML coordinates —-22+32 6.8+23 11+17 -31+16 28+16
AP excursion 43 5.7 0.2 -1.9 0.03
ML excursion 4.8 -4.0 11 -17 17
Total contact length -0.9 221 -5.1 -6.2 -7.8
Lateral Compartment
Time-averaged contact area** 229+23 120 £61 178 £58 145+ 37 200+34
Time-averaged penetration 0.6+0.2 03+0.2 02+0.1 1.2+0.2 12+0.1
AP coordinates -14+3.0 -1.8+4.0 71+£25 47+2.7 -1.0+16
ML coordinates** 6.7+15 47+23 49+14 2.0+38 47+1.0
AP excursion -73 14 -1.2 -8.5 2.7
ML excursion =29 1.5 2.5 -79 -3.6
Total contact length -13.6 8.0 2.6 -10.3 -6.7
Anterior = Meniscectomized Anterior = Meniscectomized
(".‘-“‘\, R === Contralateral Intact === Contralateral Intact
P ' }c:___.‘ " /‘*\\ \&
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_ =
- -,
f -

/# i . Y W
o [ ] | o
| iy W) s
N ‘73“‘;,1' }M

Posterior

Medial

Fig. 5. The average centroid paths of four medial meniscectomy patients on a rep-
resentative tibial plateau. ** and * denote significant (p <.5) and marginally sig-
nificant difference (p <.1) on ML and AP excursion on the medial compartments
between medially meniscectomized and intact knees, respectively.

(Table 1), while a large prospective study reported that 98% me-
dial meniscal tears were on the posterior portion, 28% on the mid-
portion and only 1% involved the anterior horn [40]. This might di-
rectly contribute to the conflicting findings against previous in vivo
studies of patients with medial meniscectomy [8, 38|, where they
found greater tibial rotation in the meniscectomized knees and as-

Medial
|essye

Posterior

Fig. 6. The average centroid paths of five lateral meniscectomy patients on a repre-
sentative tibial plateau. ** denotes the centroid path in the lateral compartment on
the meniscectomized knees was significantly shifted laterally, comparing to that of
the corresponding compartment on the intact knees (p <.5).

sumed (no documentation of the location and extent of meniscal
debridement available) most of their patients involved resection
on the posterior horn of the medial meniscus based on the same
prospective study [40]. Regardless, the arthrokinematics measures
devised in this study allowed us to successfully discern significant
differences for five patients with lateral meniscectomy and four
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with medial meniscectomy respectively, and thus proved to be a
more sensitive and insightful approach.

Decline walking was selected as the movement activity for the
study. This activity is considered to be modestly stressful and de-
manding on the knee and can elicit higher levels of shear and
compressive forces and activations/co-activations of some muscles
than walking on flat ground [41]. A recent study of the menis-
cal root tear effects on joint kinematics [42] confirmed that more
pronounced differences between injured and intact knees were ob-
served during decline walking as compared to level walking.

We recognize the limitation of using non-deformable mod-
els for assessing the cartilage contact arthrokinematics and the
fact that accurate time-dependent cartilage geometry or deforma-
tion information in vivo is currently not achievable. The use of
non-deformity models tends to overestimate the areas in contact
[18,22]. We however feel this overestimation posed chiefly a sys-
tematic bias with minimal effects on differences between menis-
cectomized and intact states, particularly of measures such as con-
tact centroid locations or paths. We are also aware that both car-
tilage and bone can be modeled using MRI without exposing pa-
tients to radiation (the current radiation exposure was well be-
low the IRB limit and the exposed area—knee—was far away from
other vital organs), however, MRI-derived bone models are sub-
ject to geometric distortion—leads to decreased kinematic accu-
racy, comparing to the present CT-derived bone models that have
low distortion and can utilize full volumetric radiodensity infor-
mation in the model-based tacking procedure [20, 43]. It is also
acknowledged that the current study with a limited patient sam-
ple was exploratory in nature. Patients with isolated meniscectomy
are difficult to recruit since other injuries (e.g., deficient anterior
cruciate ligament) are associated with meniscal tears frequently
|44-46]. There was variability in the types of meniscectomy (dif-
ferent locations and portions of removed meniscus) in the par-
ticipating patients, as well as in the time and thus healing since
the surgery— there is evidence that gait mechanics can change up
to 2 years post-operation [47, 48]. For instance, subject/patient S4,
who showed evidence of early arthritis of the laterally meniscec-
tomized knee (grade three change in the weight-bearing area of
the posterior horn, Table 1b), had a relatively greater difference in
the internal/external rotation between the injured and intact knees
as compared to other patients with lateral meniscectomy (averaged
difference: 5.9°+ 1.8°; also shown in Fig. 4b), which might slightly
skew the group data. In future studies, it would be sensible to in-
corporate the change in muscle function of the lower extremity
and whole-body dynamic analysis [12], thus gaining more insights
into the patients’ coping or adaptation strategies. Further sophisti-
cate subject-specific finite element models with task-specific kine-
matic and kinetic inputs would provide more valuable information
of tissue-level response during in vivo functional activities [22].
The current study encourages us to further pursue this direction
and to start addressing issues such as why not all meniscectomy
patients have significant cartilage loss as shown by a longitudinal
clinical study [49].
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