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ABSTRACT: Small variability associated with identifying and locating anatomical landmarks on
the kneehas the potential to affect the joint coordinate systems and reported kinematic descriptions.
The objectives of this study were to develop an approach to quantify the effect of landmark location
variability on both tibiofemoral and patellofemoral kinematics and to identify the critical landmarks
and associated degrees of freedom that most affected the kinematic measures. The commonly used
three-cylindric open-chain kinematic description utilized measured rigid body kinematics from a
cadaveric specimen during simulated gait. A probabilistic analysis was performed with 11
anatomical landmarks to predict the variability in each kinematic. Themodel predicted the absolute
kinematic bounds and offset kinematic bounds, emphasizing profile shape, for each kinematic over
the gait cycle, aswell as the range ofmotion. Standard deviations of up to 2mmwere assumed for the
anatomical landmark locations and resulted in significant variability in clinically relevant absolute
kinematic parameters of up to 6.58 and 4.4 mm for tibiofemoral and 7.68 and 6.5 mm for
patellofemoral kinematics. The location of the femoral epicondylar prominences had the greatest
effect on both the tibiofemoral and patellofemoral kinematic descriptions. A quantitative
understanding of the potential changes in kinematic description caused by anatomical landmark
variability is important not only to the accuracy of kinematic gait studies and the evaluation of total
knee arthroplasty implant performance, but also may impact component placement decision-
making in computer-assisted surgery. � 2007 Orthopaedic Research Society. Published by Wiley

Periodicals, Inc. J Orthop Res

Keywords: knee kinematics; anatomical landmarks; probabilistic methods; kinematic
variability

INTRODUCTION

Knee kinematics are required in a wide range of
biomechanics areas to characterize gait, to diag-
nose knee pathologies, and to evaluate total knee
arthroplasty (TKA) designs and outcomes.1–7

Kinematics are measured and described using a
variety of techniques, with the most common
method to describe the relative motion of joint
coordinate systems (JCS) that are attached to the
bones.8 While different ways exist for locating the
JCS,9–12 researcher identified anatomical land-
marks are typical,13–16 specifically when describ-
ing kinematics using a three-cylindric open-chain
model.17–19 The kinematic description of Grood
and Suntay17 defines the flexion–extension (F–E)
axis as fixed to the femur, the internal–external

(I–E) axis as fixed to the tibia, and a varus–valgus
(V–V) axis as able to ‘‘float’’ between the two axes
in such a way that it is always perpendicular to the
other axes.8,17 The relative motion (translations
and rotations) between the tibia and femur are
then described using these axes. Although less
agreement exists on describing patellar motion
relative to the femur, a common method is to
determine the rotations using a three-cylindric
open chain model as in the tibiofemoral descrip-
tion, while describing the patellofemoral transla-
tions relative to the JCS fixed to the femur.19

The landmarks used to define the JCS can be
identified using different methods. For live sub-
jects, easily palpable bony features are often
identified using a probe with variousmeasurement
systems. Coordinate systems can also be defined
using images such as those obtained frommagnetic
resonance technology20–22 or fluoroscopy.23,24 A
fixed helical axis9,12,25 can be used to eliminate the
variability in probing anatomical landmarks,
although the accurate identification of the helical
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axis in a cadaveric specimen can be problematic.
The accuracy of identifying landmarks that are
used to create the JCS has been examined, with
significant variability reported for inter-observer
and intra-observer identification.20,22,26

While the effects of variability in the land-
marks on knee kinematics has been characterized
in several studies,20,26 a combined tibiofemoral
and patellofemoral evaluation using probabilistic
methods and accounting for variable interaction
effects has not been previously performed, to our
knowledge. Probabilistic modeling provides an
ideal platform for evaluating the effect of varia-
bility in landmark identification on kinematics.
While probabilistic modeling has been applied
to the structural reliability of orthopedic im-
plants,27–29 little research has applied the techni-
ques to evaluate the variability in kinematics.30 In
the probabilistic analysis, the locations of the
landmarks were modeled as distributions and a
more comprehensive envelope of results for each
kinematic degree of freedom was predicted. The
probabilistic approach accounts for potential
variable interaction effects as a priori knowledge
of the combination of landmark uncertainty values
resulting in extreme positions is not always

possible. In addition, the most important para-
meters affecting each kinematic are identified
through sensitivity factors. Thus, the objectives of
this study were to develop an approach to quantify
how variability in the location of the anatomical
landmarks affects the described tibiofemoral
and patellofemoral kinematics using probabilistic
techniques and to identify the critical landmarks
affecting the absolute and offset kinematics.

METHODS

Rigid body motion of the femur, tibia, and patella were
measured for a cadaver in a knee simulator.31 Anato-
mical landmarks were probed using an Optotrak 3020
optical system with a rigid-body probe (Northern Digital
Inc., Waterloo, Ontario, Canada) to define the JCS,
which were used to convert the rigid body motion to the
reported tibiofemoral and patellofemoral kinematics.
Eleven landmarks were used to define the three JCSs
fixed to the femur, tibia, and patella (Fig. 1).

The femoral coordinate system was defined by three
landmarks: the lateral and medial epicondylar promi-
nences and the geometric center of the proximal femur,
which was cut approximately 18 cm above the joint line.
Themedial–lateral (M–L)axis of the femurwasdefinedby
thetransepicondylar line,positivetotheright independent

Figure 1. Schematic of 11 anatomical landmarks used to define fixed-body coordinate
systems on the femur, tibia, and patella.
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of right or left leg, with the origin of the coordinate system
definedas themidpoint.Byconvention, thisaxis isdirected
left to right for proper construction of a right-handed
coordinate system. The anteroposterior (A–P) axis was
formed by taking the cross-product of the M–L axis and
the line from the origin to the center of the proximal femur
with anterior positive. The superior–inferior (S–I) axis
was thendefined as the cross-product of theM–LandA–P
axes yielding a superiorly directed axis. This method
forcreating the femoral coordinatesystemissimilar to that
described by Pennock and Clark18 with the exception
of identifying the proximal femur as the center of the cut
bone as opposed to the hip center, because the latter was
unavailable on the dissected cadaveric specimen.

The tibial reference frame, constructed using the
method described by Grood and Suntay,17 was defined
using the centers of the lateral and medial condyles, the
proximal tip of themedial spine of the tibial eminence, and
the center of the distal tibia, which was cut approximately
18 cm below the joint line. The origin of the system, based
on the Pennock and Clark JCS,18 was located at the
proximal tip of themedial eminence, and the S–I axis was
defined from the center of the distal tibia to the origin. The
A–P axis was defined as the cross-product of the S–I axis
and the line connecting the centers of the tibial condyles.
The M–L axis was determined by the cross-product of the
A–P and S–I axes.

Lastly, the patellar reference framewas defined using
four landmarks identified on the posterior, articular
surface: the proximal, distal, and lateral points around
the articular periphery, and the center of the patella.19

The proximal, distal, and center were located using the
patellar ridge with the origin of the patellar coordinate
system identified roughly as the geometric center. These
retropatellar points were visible following parapatellar
incision and lateral reflection of the patella and quad-
riceps tendon. To orient the patellar coordinate system,
the vector connecting the proximal and distal patellar
landmarks defined the S–I axis. The A–P axis was
definedby the cross-product of theS–Iaxisand thevector
connecting the lateral patellar prominence with the
center of the proximal and distal patellar landmarks.
The M–L axis was then defined by the cross-product of
the S–I and A–P axes.

The rotations and translations of the tibia relative to
the femur were described using a three-cylindric open
chain.8,17 The patellofemoral rotations were described in
a similar way to the tibiofemoral rotations, while the
translations were expressed as themotion of the patellar
origin relative to the anatomical reference frame fixed to
the femur.19,32

Each of the 11 anatomical landmarks was represent-
ed by normal distributions in three orthogonal degrees
of freedom (M–L,A–P, andS–I).A single surgeonprobed
the landmarks that were used as the mean positions,
while standard deviations for each of the directions
were estimated based on limited experimental data
collected within the laboratory on two different knees
with multiple researchers (Table 1). These internal
studies used human cadaver knees to identify the same T
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set of anatomical points using similar measurement
equipment and represent data that were most similar to
what was used for the knee examined in this study. Data
for similar landmarks from a study palpating landmarks
on live subjects26 are also shown in Table 1 for com-
parison. The accuracy in identifying the landmarks is
highly dependent on equipment used, technique, and
researcher. The values used in this study reflect the
difficulty in identifying certain features that are not
clearly visible, such as the epicondylar landmarks,
compared to estimating the center of a visible geometry
such as the center of the tibial condyles.

The motions of the femur, tibia, and patella were
measured with a cadaveric knee using a dynamic force-
controlled knee simulator.31,33 The knee simulator is an
electro-hydraulic system that uses actuators to impart a
vertical force and flexion angle at the hip, a quadriceps
load, and an adduction–abduction force, tibial torque,
and F–E moment at the ankle. An Optotrak system
recorded the motion of rigid body markers attached to
each of the bones during the gait cycle. The result was a
series of time-dependent transformation matrices that
defined the relative motion of the rigid bodies over the
gait cycle. Probed anatomical landmarks weremeasured
relative to the appropriate rigid bodies and used to locate
and orient the JCS. A single profile of measured rigid
bodymotionwas utilized in this study,with variability in
landmark location affecting the definition of the JCS and
thus the described joint kinematics.

The probabilistic analysis was performed by combin-
ingNessus1 (SwRI, SanAntonio, TX)with the kinematic
description presented. A Monte Carlo simulation and
Advanced Mean Value (AMV) method, described in
Haldar and Mahadevan,34 were used to perform the
probabilistic analysis. Results from the more efficient
AMVmethod were compared to the results from a 1,000-
trial Monte Carlo simulation to confirm convergence.
Kinematics are commonly described using absolute or
offset values. Absolute values are presented relative to
the specific coordinate system identified for that specific
knee andareused to show the ‘‘true’’ knee position.Offset
values are used to accentuate the motion occurring
during an activity and are found by translating the curve
during a gait cycle so that it starts at the initial baseline
position at 0% of the cycle. For each kinematic degree of
freedom, the probabilistic model predicted the 1, 50, and
99 percentile results. The 50 percentile or baseline
results represented the deterministic prediction, corre-
sponding to each landmark located at its mean position.
The 1% and 99% absolute and offset bounds were also
determined. Range of motion (ROM), referring to the
differences between the maximum and minimum posi-
tion during a gait cycle, was determined for the 1%, 50%,
and 99% offset kinematics.

Reported sensitivity factors were relative measures of
how each kinematicmeasurewas affected by variability in
each landmark, as well as each direction. Sensitivities
were calculated with the AMV method based on the unit
vector specifying the most probable point in the trans-
formed standard normal variate space.34 As a result,

the sumof the squares of the sensitivity factors forall of the
variables was unity. The sensitivity of each kinematic
metric to each landmark degree of freedom was computed
at every 1.33% of the gait cycle (77 computations/cycle). To
provide a ranking of importance, the absolute value of the
sensitivity factors were averaged over the gait cycle.

RESULTS

The probabilistic model predicted absolute and
offset bounds of the kinematics for six tibiofemoral
degrees of freedom (Fig. 2: F–E, V–V, and I–E
rotations; and M–L, A–P, and S–I translations)
and six patellofemoral degrees of freedom (Fig. 3:
F–E, M–L, and I–E tilt rotations; M–L shift, A–P
run, and S–I glide translations). Heel strike
occurred at 0% gait with toe-off at �65% gait.
Normally offset kinematics start at zero, but were
shown as starting at the baseline absolute values
at heel strike for clarity. The 1% and 99% lines
represent the kinematic bounds for the profiles at
each time-step and are not representative of a
single gait profile. The magnitudes of the absolute
and offset bounds are presented as the average
difference between the bounds and the baseline
over the gait cycle (Table 2). The offset kinematics
exhibited larger differences between the baseline
and the bounds during swing phase than during
stance phase; however, the absolute kinematics
displayed similar differences between the upper
and lower absolute bounds in stance and swing
phase, with the shape of the absolute bounds being
similar to the baseline shape for most kinematic
measures.

ROM serves as an indicator of the variability in
the offset kinematics between different specimens
or testing conditions. Observing the difference in
offset ROM results for a kinematic measure relates
the extent to which the shape of the kinematic
measure changes with variability in probed land-
marks. For tibiofemoral A–P position, a mean
ROM of 2.2 mm was predicted with bounds (1%–
99%) ranging from 2.1 to 4.6 mm, even though the
actual motion was identical. For I–E rotation, the
mean ROMwas 5.48with bounds ranging from 3.88
to 7.18 (Table 2). For some kinematics, ROM was
greater for bounds in both directions as seen in the
1% and 99% offset kinematics, for example,
tibiofemoral V–V (Table 2 and Fig. 2b).

The sensitivity factors reported are the absolute
values of the sensitivities averaged over the gait
cycle and show the effects of the variability of the
anatomical landmarks on the six tibiofemoral
kinematics (Fig. 4) and six patellofemoral kine-
matics (Fig. 5). Sensitivities are reported by row for
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each kinematic measure and by column for each
direction of the landmark variability. For example,
for tibiofemo A–P kinematics, the kinematics
were most sensitive to the S–I and A–P position
of the epicondyles, while the absolute kinematics
weremost impacted by the A–P and S–I position of
the epicondyles and the tibial medial eminence.
The two femoral epicondylar landmarks consis-
tently had the largest overall effects on the
tibiofemoral kinematics (Fig. 4), with the A–P
degree of freedomhaving the highest sensitivity for
both the offset and absolute description of kine-
matics. The tibial landmarks affected absolute
kinematics but generally minimally affected the
offset kinematics. Tibiofemoral ROM was predo-
minantly affected by the epicondylar points. The
patellofemoral sensitivity data (Fig. 5) also exhib-
ited a large dependence on the epicondylar points.
The three points around the periphery of the
patella affected the patellar rotations, mainly in
the absolute kinematic description, but had no
effect on the patellar translation. Conversely, the
geometric center of the patella significantly
affected the patellar translations, with no sensitiv-
ity on patellar rotations.

DISCUSSION

A quantitative understanding of the potential
variability present in reported kinematics is
important to biomechanical gait and simulator

studies. By utilizing a probabilistic approach to
consider the variability of identifying all of the
anatomic landmarks simultaneously, we provided
a comprehensive representation of experimental
practice. The absolute and offset bounds and
ROMs conveyed additional information that can
provide insight into the joint kinematics. A large
envelope for the absolute kinematic description
means that the apparent absolute position of the
knee had changed relative to the origin, which
may be predominantly caused by the origin
moving. The offset kinematic descriptions empha-
size changes in profile shape and provide a good
method for comparing and evaluating kinematic
data from multiple knees or comparing data
between labs, since these measures are less
sensitive to landmark variability. The ROMs
provide an indication of the overall relative motion
or sliding distance that has the potential to impact
wear in TKA patients.

Kinematic measures with large ROM were not
particularly susceptible to differences caused by
variability in locating anatomical coordinate
frames. For most motions, there were considerable
changes in magnitude between the baseline and
either bound for ROM (Table 2). This variability
can be seen by examining the ROM for the two
offset bounding curves. In the cases of tibiofemoral
V–V (Fig. 2b) and patellofemoral I–E tilt (Fig. 3c),
the small ROM of the baseline curve (50%) and the
large differences during swing phase in the 1% and

Figure 2. Absolute and offset bounds (1 to 99%) for kinematic descriptions of
tibiofemoral (a) F–E, (b) V–V, and (c) I–E rotations; and (d) M–L, (e) A–P, and (f) S–I
translations for a gait cycle. Absolute and offset bounds depicted by thin solid lines and
broken lines, respectively. Baseline gait reported with thick solid line.
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99% envelopes of the offset kinematics caused the
ROM for both the upper and lower bounds to be
larger than the baseline (Table 2). Conclusions
based upon small improvements to the kinematic
results should be scrutinized, as subject differences
may be an artifact of kinematic description uncer-
tainty, rather than component performance.

The small variability in landmark position
resulted in significant envelopes in multiple clini-
cally relevant kinematic measures. Studies have
documented significant changes in tibiofemoral
implantwearwith varying levels and combinations
of A–P position and I–E rotation.1,3,35 The pre-
dicted bounds (1%–99%) were 2.5 mm for A–P
position and 3.38 for I–E rotation, representing
113% and 61% of the mean value. In comparisons
between standard (A–P: 0–10 mm; I–E: �58) and
reduced (A–P: 0–5 mm; I–E: �2.58) kinematic
levels, McEwen et al. quantified a fourfold reduc-
tion in wear rate.35 Although the magnitudes
observed from the landmark variability in our
studywere smaller, the large percent differences in
these kinematic measures can lead to potentially
significant differences in experimental wear simu-
lators and component performance. The A–P
translation is highly dependent on the S–I and
A–P locations of the epicondylar axis; great care
should be taken to correctly and consistently
identify these points in the sagittal plane if A–P
motion is of interest. The potential use of a
tibiofemoral screw axis may help minimize this
variability. Care must be exercised when utilizing
measured subject kinematics for simulator testing
or implant evaluation, as well as when applying
laboratory findings to the patient-specific clinical
environment.

Similarly, the apparent variability observed in
V–V may have implications on condylar liftoff
especially since varus or valgus motion may have
occurred based on the offset bounds (Fig. 2b).
The greatest variability in V–V occurred during
the swing phase at high flexion angles, which is
also the region when condylar liftoff is most
commonly observed in fluoroscopy studies.23,36

Trying to predict condylar liftoff based on V–V
data for the knee examined in this study, or even
which side lifted off, would be questionable. The
shapes of the V–V curves are highly dependent on
the location of the epicondylar landmarks, specifi-
cally in the A–P direction.

Patellar maltracking, often cited as a common
cause of TKA revision surgery, is most influenced
by I–E tilt and M–L shift.2,4,7,37 Although the
variability in ROM was relatively small for these
two motions, ranging from 1.88 to 3.38 for I–E tiltT
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Figure 3. Absolute and offset bounds (1–99%) for kinematic descriptions of patello-
femoral (a) F–E, (b)M–L, and (c) I–E tilt rotations; and (d)M–Lshift, (e)A–P run, and (f)
S–I glide translation for a gait cycle. Absolute and offset bounds depicted by thin solid
lines and broken lines, respectively. Baseline gait reported with thick solid line.

Figure 4. Sensitivity (S) of tibiofemoral kinematic description to anatomical landmark
location.

LANDMARK LOCATION VARIABILITY ON KNEE KINEMATICS 7

DOI 10.1002/jor JOURNAL OF ORTHOPAEDIC RESEARCH 2007



and from 1.7 mm to 3.8 mm for M–L shift (Table 2),
large variability was observed in the envelope of
absolute position for I–E tilt and M–L shift with
average differences of �7.68 and �6.5 mm, respec-
tively. Although not affecting the actual contact
pressure distribution and wear, researchers should
understand the effects of landmark location varia-
bility when interpreting patellofemoral kinematics.

The findings of this study are based on the rigid
bodymotions and landmark locations from a single
cadaver. The results are relatively independent of
themethods used tomeasure the rigid bodymotion
and landmark locations, although the methods
would affect the accuracy of the rigid body motions
and the landmark positions. The method of defin-
ing the JCS from the landmarks greatly affects the
reported kinematic description and the sensitiv-
ities. As reported in the literature25,26,38–40 and
affirmed in this study, kinematic results weremost
sensitive to variability in locating the femoral
epicondylar landmarks. The JCS used for this
study relied on identifying the epicondylar axis to
define the F–E axis,18 but other systems define the
F–E axis on the femur differently. The common
Grood and Suntay systemuses two posterior points

on the distal condyles17 and Della Croce suggested
using a series of landmarks to define the F–E
axis.41 Our results suggest that the F–E axis
definition is the most critical in all of the systems.
One advantage of using posterior landmarks on the
distal femur is that the A–P variation should be
smaller, which would improve the data since A–P
variability was shown to be a sensitive variable for
most of the kinematics.

The proximal femur and distal tibial landmarks
had little effect on the offset kinematic descrip-
tions. The medial and lateral tibial condylar land-
marks were significant to the absolute description
of tibiofemoral I–E rotation and had little effect on
the offset kinematic descriptions and ROM. The
peripheral patella landmarks were used to create
the rotational alignment of the patella coordinate
frame and, therefore, these points had no effect on
the translational kinematic measures. Likewise,
the geometric center of the patella, defining the
origin of the patellar coordinate system, affected
the translations, but not the rotational kinematic
measures.

The magnitude of the kinematic envelopes and
the reported sensitivity factors are dependent on

Figure 5. Sensitivity (S) of patellofemoral kinematic description to anatomical
landmark location.
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the standard deviation levels of the anatomical
landmark locations assumed, although similar
sensitivities would be expected for different stan-
dard deviation levels if their relative values
remained the same. The largest standard deviation
assumed was 2.0 mm, which is considerably
smaller than the standard deviations determined
by della Croce26 on patient data collected by six
physical therapists via external palpation. Addi-
tionally, the standard deviations for the epicondy-
lar landmarks were the same in all directions
showing the relative sensitivity of the directional
variability, without biasing a particular direction.
The A–P direction of the epicondylar landmarks
was consistently more significant than the other
degrees of freedom.

In conclusion, the effects of landmark location
variability on kinematic descriptions were quanti-
fied and the critical landmarks affecting kine-
matics identified. The probabilistic approach
provided the ability to account for landmark
location variability in reported kinematic studies,
the understanding ofwhich has implications on the
testing and analyses used to evaluate implant
performance. In addition, the epicondylar land-
marks were determined to be the most critical
landmark affecting offset kinematics for both
tibiofemoral and patellofemoral kinematics; how-
ever,when the absolute description of kinematics is
of interest (e.g., potential impingement, implant
edge loading), the variability in the other land-
marks should also be considered.While the current
study focused on kinematic description, the varia-
bility in landmark locationmay similarly affect the
emerging field of computer-assisted surgery (CAS)
where landmarks are defined byprobing points and
surfaces, or extracting locations from images, with
the potential variability associated with landmark
location influencing component placement.
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